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This book was inspired by a stream of nearly simultaneous reports in 2004 and
2005 demonstrating that the fundamental biological process of autophagy, pri-
marily known for its role in cytoplasmic maintenance, represents a previously
unrecognized innate and adaptive immunity mechanism that functions as a de-
fense against intracellular pathogens and probably has other roles within the
immune system. Although hints to the role of autophagy in immune defenses
and other roles in immunity have existed in the literature, the most recent burst
of publications made a compelling and definitive case for the importance of au-
tophagy in immunity. A further motivation for this project came from the op-
portunity to merge these new findings with the superb recent progress on ge-
netics, biochemistry and cell biology of autophagy. The product is a book cover-
ing the basic aspects of autophagy as a cytoplasmic maintenance process play-
ing a role in cell survival and death, its role in health and disease in general,
and the new cutting edge – the role of autophagy in immunity. Using this book,
the reader can find a full range of information on autophagy in one place cover-
ing both its fundamental molecular mechanisms and its many physiological
roles.

Autophagy is a homeostatic intracellular mechanism, whereby a cell digests
parts of its own cytoplasm for removal or turn-over, as eloquently summarized
in the Foreword by P. Seglen. The term autophagy represents a set of distinct
yet related pathways. These range from the robust process of macroautophagy
to a rather subtle process of chaperone mediated autophagy, as detailed in
Chapter 1 by J. Legakis and D. Klionsky, which also provides the fundamentals
of autophagy based on the powerful genetics in yeast and other organisms.
Macroautophagy sequesters significant portions of the cytosol or whole organ-
elles into a characteristic double membrane vacuole termed the autophagosome,
for eventual degradation in autolysosomes, covered extensively in Chapter 2 by
S. Tooze and colleagues and Chapter 3 by N. Mizushima. Chaperone mediated
autophagy, covered in some detail in Chapter 4 by A. Cuervo and colleagues
and touched upon in Chapter 12 by D. Schmid and C. Münz, is a degradative
pathway whereby individual proteins are imported directly into the lysosomes.
In macroautophagy, or its variant manifestation of microautophagy, the trapped
cytosol or organelles are eventually delivered to degradative compartments (in
mammalian cells – autolysosome) for digestion and removal. In its probably
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most common presentation, autophagy recycles stable cytosolic macromolecules,
such as proteins with long half-lives, to supply nutrients and maintain essential
cellular anabolic needs and viability under starvation conditions. The organelle
removal function of autophagy is a just as important housekeeping function, by
controlling the pool of peroxisomes or removing compromised mitochondria, in
the latter case potentially protecting cells from unscheduled apoptosis. Although
autophagy is a cell maintenance mechanism, under certain conditions, excessive
autophagy can cause non-apoptotic programmed cell death, covered in Chapter
5 by Y. Debnath and C. Fung. Autophagy has been implicated in cancer, degen-
erative disorders, such as Huntington, Parkinson, and Alzheimer diseases, nor-
mal development, and aging, covered in detail in Chapter 4 by A. Cuervo and
colleagues.

A number of very precise studies on anti-viral action of autophagy have been
the true forerunner of our present more general understanding of the role of
autophagy in defense against intracellular pathogens, as covered in Chapter 13
by B. Levine. More recent studies demonstrate that autophagy is also an innate
immunity effector against intracellular bacteria, a central theme of the second
half of this book, encompassing: Chapter 6 on Mycobacterium tuberculosis elimi-
nation by autophagy (Harris et al.); Chapter 7 by T. Yoshimori and A. Amano
on autophagic elimination of streptococci if they invade host cells and find
themselves in the cytosol; Chapter 8 on the role of autophagy in capturing the
intracellular Shigella and its ability to escape this process; and Chapter 9 by K.
Rich and P. Webster on Listeria. Some highly evolved pathogens have mecha-
nisms for harnessing autophagy to their own benefit, as suggested in Chapter
10 by M. Gutierrez and M. Colombo and discussed in Chapter 11 by M.-P. Stein
and C. Roy. The duality of effects of autophagy is also reflected in the Adden-
dum to B. Levine’s Chapter 13 provided by J. Sparks and M. Denison. Signifi-
cantly, autophagy has a strong impact on MHCII presentation (Chapter 12 by
D. Schmid and C. Münz) and is controlled by cytokines (Chapters 6 and 13)
clearly extending the role of autophagy to adaptive immunity.

The goal of this volume was to provide the reader not only with the applica-
tions of autophagy in infectious diseases and immunity, but also to generate a
definitive text for autophagy in general. In other words, a reader who is inter-
ested primarily in the fundamental principles and broad biological aspects of
autophagy, should find this book an indispensable companion and a compre-
hensive source of information. For those who are primarily interested in the
burgeoning field of autophagy in innate and adaptive immunity, the chapters
covering the basic principles of autophagy are just as important to understand
fully the underlying processes.

The book starts with a foreword by Professor Per Seglen, a doyen in the field
of autophagy, who has defined many biochemical and cell biological features of
autophagy and has also produced both classical and contemporary highly cited
papers in this field. A careful reader of the foreword will extract many useful
concepts on autophagosomes, amphisomes and autolysosomes, and precious
cautionary notes on interpretations of cause and effect in diseases and in cell
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survival vs. cell-death promoting faces of autophagy. The editor is indebted to
Per for his willingness to write a foreword to this volume and give the reader
both his sage advice on general aspects of autophagy and sum it all up includ-
ing the latest developments in the context of defense against intracellular patho-
gens.

Furthermore, the reader is a true beneficiary of the combination of excitement
and enthusiasm that pervades the field of autophagy research, and enormous
expertise of the contributing authors in this area. The editor of this book is in-
debted immensely to all contributing authors. The chapters by Drs. Ana Maria
Cuervo, Daniel Klionsky, Beth Levine, Sharon Tooze and Naboru Mizushima,
taken together, can give a textbook on autophagy as a standalone product. Like-
wise, the chapters that link autophagy with innate and adaptive immunity by
Drs. Christian Münz, Chichiro Sasakawa, Tamotsu Yoshimori, and others sum-
marize the new breakthroughs in immunological applications of autophagy.
They also define the nidus for the developing field of immunophagy, a term
used by the Editor of this book in a recent review in Current Opinion in Immu-
nology to describe collectively these processes.

I acknowledge the excellent coordination and open lines of communication
with the publisher including the gentle prompts from Andreas Sendtko, impor-
tance of NIH funding (AI45148 and AI42999) for all my scientific activities in-
cluding this one, great support and understanding at home beyond what a per-
son can expect or deserves, and above all the collective responsiveness and en-
thusiasm for this book by the main protagonists in the field of autophagy. My
great personal and professional respect for many of the contributors to this
book has been reaffirmed in the process.

Placitas (between Albuquerque and Santa Fe), April 2006 Vojo Deretic
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Autophagy, the mechanism by which cells envelop and degrade their own cyto-
plasm, plays a dual role in cellular physiology. On the one hand, autophagy
serves vital functions such as the supply of essential amino acids during nitro-
gen starvation, the mobilization of iron from intracellular stores, the sequestra-
tion of aggregated (and potentially harmful) abnormal proteins that cannot be
digested by the proteasomes, and the containment and degradation of infectious
organisms. On the other hand, autophagy is frequently turned on during pro-
grammed cell death, complementing the apoptotic caspases in the orderly liqui-
dation of the cell. In certain cases, particularly if the major caspases are some-
how incapacitated, autophagy can, by itself, complete the death process. Autoph-
agy may thus either support or prevent cell survival, depending on the biologi-
cal context.

In a pathological setting, this autophagic duality may cause problems of inter-
pretation. Many diseases are accompanied by alterations in cellular membrane
fluxes, often causing massive accumulations of intracellular vacuoles of varying
morphologies. Do these changes represent an attempt to combat the disease or
do they contribute to disease progression (or both – or neither)? What is the na-
ture of the vacuoles that are the affected steps in the vacuolar dynamics and in
what direction are they altered?

As a first step in the analysis, the observed vacuoles need to be identified;
however, unfortunately, this is not a straightforward matter. In addition to the
three major types of autophagic vacuoles, i.e. autophagosomes, amphisomes
and (auto)lysosomes, endosomes may contain cellular material derived from dis-
integrated surrounding cells or, in late, multivesicular endosomes, internalized
by invagination of the endosomal delimiting membrane. In certain diseases,
such as Alzheimer’s, both the endocytic and autophagic pathways are afflicted,
causing the accumulation of an extremely heterogeneous array of vacuoles. It
should be noted that a prolonged disturbance of vacuole fluxes may induce the
formation of unusual vacuoles, which may be difficult to classify by morphologi-
cal criteria.

Autophagosomes, the autophagic vacuoles formed when the sequestering
membrane cisternae (the phagophores) have completed the enclosure process,
can be recognized in the electron microscope as areas of absolutely normal cyto-
plasm, circumscribed by delimiting membranes, but not deviating morpologi-
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cally from their surroundings. The delimiting membrane can sometimes be
seen as a double-membrane (cisternal) structure, sometimes as a thick, osmio-
philic layer and sometimes (artificially) as an open, electron-lucent cleft. How-
ever, since later autophagic vacuoles may contain sequestered membraneous ele-
ments closely apposed to their (single) delimiting membrane, an apparent “dou-
ble membrane” is a less reliable diagnostic criterion for an autophagosome than
its contents of unaltered cytoplasm.

Amphisomes, the products of fusion between endosomes and autophago-
somes, quickly get their contents denatured due to acidification by the proton
pump brought in by the endosomal fusion partner. The denaturation is visible
in the electron microscope as a darkening and a somewhat altered morphology
relative to the cytoplasmic surroundings. Multiple inputs from both autophagy
and endocytosis often make the amphisomes large and complex. The contents
will usually serve to distinguish amphisomes from autophagosomes, but they
cannot be reliably distinguished from early autolysosomes by morphological cri-
teria alone, particularly because the endosomal fusion partner contributes small
amounts of lysosomal enzymes that may initiate degradation of the amphisomal
contents. With more advanced degradation, autolysosomes usually become dis-
tinctive.

Organelle markers can make the identification of autophagic and endocytic
vacuoles considerably easier. Few markers are entirely specific, but by using
them in combination, information can be obtained both from the presence and
the absence of a marker. In immunogold labeling studies, a relatively degrada-
tion-resistant cytosolic enzyme such as superoxide dismutase (SOD) can be used
to mark autophagic vacuoles (autophagosomes, amphisomes and autolyso-
somes), an endocytosed, gold-conjugated protein like bovine serum albumin
(BSA) can be used to mark endosomes, amphisomes and lysosomes, and a lyso-
somal membrane protein, e.g. LGP120, can be used to mark lysosomes. The
combination of positive and negative markers will then identify endosomes
(SOD–/BSA+/LGP–), autophagosomes (SOD+/BSA–/LGP–), amphisomes (SOD+/
BSA+/LGP–) and autolysosomes (SOD+/BSA ± /LGP+). A similar approach can
be used in light microscopic studies, using, for example, the lipidated mamma-
lian Atg8 analogue, LC3-II, as a marker for all types of autophagic vacuoles, in
combination with a marker of acidic vacuoles, e.g. monodansylcadaverine and
suitable endosomal and lysosomal markers.

Markers may also give information about flux perturbations. The accumula-
tion of a specific vacuolar organelle is not necessarily the result of an increased
rate of its formation, but may equally well reflect a reduced rate of its disappear-
ance due to a defective fusion step. For example, a microtubule poison like vin-
blastine will block all vacuole transport and fusion, and cause autophagosomes
and endosomes to accumulate. An inhibitor of intralysosomal protein degrada-
tion, like leupeptin, will not only increase the size and visibility of autolyso-
somes, but the impaired fusion capacity of the congested lysosomes will also
cause amphisomes to pile up. Similar changes in cellular vacuole populations
may occur as a result of pathological alterations in vacuolar fusion rates. Even
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moderate fusion defects may have large morphological consequences if they per-
sist over long periods of time, as may be the case in many of the slowly pro-
gressing autophagy-related diseases.

Experimental interruption of the autophagic-lysosomal flux offers useful ways
of measuring flux rates. Since inhibition of intralysosomal protein degradation
has been shown not to affect autophagic sequestration on a short-term basis,
the intravacuolar accumulation of an autophagocytosed cytosolic enzyme after
leupeptin treatment provides a precise measure of the autophagic sequestration
rate (an autophagic membrane marker like LC3-II is less suitable for this pur-
pose, because its vacuolar dynamics are influenced by factors other than the
rates of sequestration and intralysosomal degradation). However, by blocking
the autophagic flux altogether with a sequestration inhibitor such as 3-methyl-
adenine (3-MA), the flux rate can be calculated, e.g. as the 3MA-sensitive part of
the degradation of long-lived cellular protein. The effectiveness of this inhibitor
also makes it useful in assessing the secondary effects of autophagy: if a cellular
response is insensitive to 3-MA, an autophagic causation can be excluded. In
contrast, 3-MA sensitivity is compatible with an involvement of autophagy,
although it does not prove it (as is the case with inhibitors in general).

Although most disease-related alterations in autophagic-lysosomal traffic are
likely to be secondary, they can be the primary causes of some pathological con-
ditions, most notably the lysosomal storage diseases. In these diseases, a defi-
ciency in a single lysosomal enzyme will cause a massive intralysosomal accu-
mulation of undegradable material that eventually disrupts all lysosomal func-
tions, resulting in complex cellular and pathological alterations. Autophagic and
endocytic influxes to the lysosome will gradually slow down, and prelysosomal
autophagic and endocytic vacuoles will accumulate, their contents of unde-
graded material representing a spreading of the storage syndrome beyond the
lysosomes. In the closely related Danon disease, lysosomes have apparently be-
come fusion-incompetent due to a mutation in the lysosomal membrane pro-
tein, LAMP-2, resulting in reduced influxes to the lysosome, and an accumula-
tion of amphisomes and autophagosomes. During aging, the gradual intralyso-
somal accumulation of undegradable lipofuscin inclusions will similarly disturb
lysosomal function and has been shown to cause a reduced chaperone-mediated
lysosomal protein uptake as well as a reduced flux through the autophagic path-
way.

In many neurodegenerative diseases, mutant proteins that somehow escape
proteasomal degradation may instead become autophagocytosed and gradually
form undegradable aggregates inside lysosomes. The resulting lysosomal stor-
age syndrome, including the accumulation of prelysosomal autophagic vacuoles,
may in the long run impair the autophagic sequestration of toxic protein aggre-
gates and thus contribute to progression of the disease. Events that take place
in the piled-up amphisomes may exacerbate the situation: in Alzheimer’s dis-
ease, toxic peptides seem to be generated by intra-amphisomal proteolysis. If
exocytic recycling from amphisomes takes place, it could possibly be involved in
the formation of the extracellular aggregates (plaques) characteristic of several
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neurodegenerative diseases. Preciously little is known about amphisome physi-
ology; hopefully, a better understanding of this pivotal organelle, strategically lo-
cated at the junction between the autophagic and endocytic pathways, may shed
some light on the complex pathology of degenerative diseases.

In relation to infectious pathogens, autophagy has been shown to play a dual
role. On the one hand, autophagy is a part of the innate and adaptive immune
defense, participating in the generation of antigenic peptides for MHC class II
presentation as well as in the sequestration, containment and degradation of
bacteria like Streptococcus, Shigella and Mycobacterium. The bacteria fight back by
attempting to suppress autophagic activity. On the other hand, bacteria like Cox-
iella, Legionella and several RNA viruses enter cells by a phagocytic route, but
eventually become autophagocytosed intracellularly and take up residence inside
autophagic vacuoles. In these cases, autophagy may promote infectivity.

Can better knowledge about autophagy help to combat autophagy-related dis-
eases? Clearly, the slow progression of many of the degenerative diseases should
leave a lot of room for therapeutic intervention. A stimulation of autophagic ac-
tivity by intermittent amino acid starvation is one obvious strategy that seems to
work well in mice (which can prolong their lifespan by fasting), but adequate
data for humans are lacking. Autophagy-stimulatory drugs, such as rapamycin,
represent another possibility that has shown considerable promise in several de-
generative disease models. Conversely, in the case of infections or programmed
cell death promoted by autophagy, autophagy suppressants like 3-MA have been
demonstrated to be protective under experimental conditions. The development
of autophagy modifiers that are pharmacologically acceptable and effective in
vivo would seem like a promising therapeutic avenue.

Consideration should also be given to the possibility of overcoming or circum-
venting lysosomal dysfunctions. Some improvement has been reported with ly-
sosomal enzyme replacement therapy to lysosomal storage disease patients, but
the endocytic delivery of missing enzymes to lysosomes may be hampered by
poor lysosomal uptake or fusion capacity. The amphisomes should, at least at
an early stage, be more accessible. By supplying amphisomes, through the en-
docytic pathway, with lytic enzymes and other factors required for efficient de-
gradation of problematic substrates, these organelles could possibly be turned
into artificial lysosomes, tailored for a specific purpose. Hopefully, additional
therapeutic strategies will be suggested by future research into the inner work-
ings of the autophagic–endocytic-lysosomal network.

Oslo, December 1st, 2005 Per O. Seglen
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Color Plates

Fig. 1.1 Schematic representation of various
transport routes to the lysosome/vacuole.
There exist a number of pathways by which
substrates are delivered to the lysosome/va-
cuole. Some of the sequestration events oc-
cur at the organelle membrane, these are de-
noted by the prefix “micro”. In other cases,
the enclosure of the substrate occurs spa-
tially away from the lysosome/vacuole mem-
brane. These pathways begin with the prefix
“macro”. Macro- and microautophagy are
nonspecific degradation pathways, which in-
clude a variety of cargoes, depending on the

organism and the particular stress condi-
tions or stage of development. Selective de-
gradation of peroxisomes, small parts of the
nucleus or foreign pathogens occurs via
macropexophagy, micropexophagy, piecemeal
microautophagy of the nucleus or phagocy-
tosis, respectively. Chaperone-mediated au-
tophagy is a receptor-driven degradative
pathway that is a secondary response to
starvation conditions. The biosynthetic Cvt
pathway is a method of delivery for at least
two vacuolar hydrolases.
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Fig. 1.2 Autophagy and the Cvt pathway.
Autophagy and the Cvt pathway can be de-
picted as a series of separate steps. The
roles of Atg and other proteins, shown to
participate in different parts of the pathway,
are depicted. The proteins classified by only
a number are the corresponding Atg gene
product. Otherwise, the protein name is spe-
cified, except for Vac8, which is indicated as
“V8”. “P” denotes phosphorylation of the in-
dicated protein. (1) Induction. TOR kinase
becomes inactivated upon nutrient limita-
tion, eliciting a series of events, which result
in the induction of autophagy. These include
partial dephosphorylation of Atg13, which al-
ters its association with Atg1. Atg1 is
thought to play a key role in the switch be-
tween growth and starvation. Autophagy-spe-
cific proteins are shown in blue, whereas
Cvt-specific proteins are depicted in purple.

(2) Cargo selection and packaging. Examples
of specific autophagy include the Cvt path-
way, pexophagy and possibly mitophagy.
During growth, the Cvt pathway is active.
The cargo, prApe1, is synthesized as an inac-
tive precursor and rapidly oligomerizes.
Atg19, the cargo receptor, binds to the oligo-
mer, followed by Atg11 binding to the com-
plex. Upon induction of pexophagy, the per-
oxin, Pex3, is degraded, thus exposing the
docking protein, Pex14. Although it is not
proven, Atg11 is proposed to bind to the
newly exposed Pex14. The mechanism of mi-
tophagy is unknown. Once these binding
events occur, the cargo are enwrapped by a
double-membrane vesicle and delivered to
the lysosome/vacuole. (3) Vesicle nucleation.
Membrane is acquired from an unknown
location and the cargo associates with the
forming vesicle. Membrane formation re-
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quires the PI3K complex I; the components
of this complex are shown in Step 3. The
PI3-phosphate (PI3P) generated by this com-
plex recruits a number of Atg proteins to the
PAS, including Atg18, Atg20, Atg21, and
Atg24 [24]. (4) Vesicle expansion and comple-
tion. There are two sets of Atg proteins,
which participate in a series of ubiquitin-like
(Ubl) conjugation reactions. These generate
Atg12–Atg5–Atg16 and Atg8–PE (see text for
details). The functions of these proteins are
not known but they are needed for expansion
and completion of the sequestering vesicle.
(5) Retrieval. As most of the Atg proteins are
not included in the completed vesicle, there
must be a mechanism to release and return
these components back to their original site.
Atg9 and Atg23 have been shown to be
cycling proteins, moving between the PAS and
other punctate structures. Atg9 has been
shown to cycle betweent he mitochondria

and the PAS. The non-PAS localizations of
Atg23 are as yet unidentified. These two pro-
teins may aid in the recovery of Atg compo-
nents, allowing them to be reused for an-
other round of delivery. (6) Targeting, docking
and fusion of the vesicle with the lysosome/va-
cuole. The docking and fusion of the com-
pleted vesicle requires a number of compo-
nents (see text for details). The fusion event
results in a single-membrane vesicle within
the lumen of the lysosome/vacuole. (7)
Breakdown of the vesicle and its contents.
Once inside the lysosome/vacuole, the au-
tophagic or Cvt body must be degraded in
order for the cargo to be released. The lipase
responsible for vesicle lysis is thought to be
Atg15. Upon release into the lumen, the car-
goes of pexophagy and bulk autophagy are
broken down for re-use in the cell, while the
cargoes of the Cvt pathway carry out their
function as hydrolases.
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Fig. 4.1 Autophagy in protein conforma-
tional disorders. Protein conformational dis-
orders result from abnormal conformational
changes in particular proteins (due to muta-
tions or post-translational modifications)
that make them prone to aggregation. In the
early stages of the disorder, the abnormal
proteins often block the activity of proteoly-
tic systems normally responsible for the de-
gradation of soluble proteins (proteasome
and CMA by the lysosome), resulting in

compensatory activation of macroautophagy
to eliminate the oligomeric toxic forms. As
the diseases progress (late stage), a macro-
autophagic failure often occurs, probably
due to problems in the clearance of the au-
tophagocytosed materials, leading to the ac-
cumulation of AVs with partially degraded
contents and eventually to cell death. Abbre-
viations: L = lysosome; LM= limiting mem-
brane; AP= autophagosome; APL =autopha-
golysosome; MLB = multilamelar bodies.
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Fig. 4.2 Dual role of macroautophagy in can-
cer. In normal cells, there is a balance be-
tween protein synthesis and degradation,
which is deranged in cancer cells. However,
in early stages of carcinogenesis (preneo-
plastic cells), low levels of macroautophagy
would serve as a prosurvival mechanism for
the cells. In contrast, in late stages (neopla-
sia) upregulation of macroautophagy in the
hypoxic, low-nutrient center regions of

tumors would be advantageous for cell sur-
vival. Possible therapeutic attempts try to ac-
tivate macroautophagy by means of �-irradia-
tion, tamoxifen or rapamycin (red callout).
However, these treatments at later stages of
tumorigenesis, during which macroauto-
phagy activity is required for survival can, in
fact, promote tumor cell proliferation rather
than cell death.
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Fig. 4.3 A model for the PI3K–Akt–mTOR
pathway. Akt, a serine/threonine kinase,
downstream of class I PI3K regulates cell
proliferation and cell survival, and also acti-
vates mTOR indirectly, in response to extrin-
sic stimuli such as nutrients and growth fac-
tors. PTEN, a lipid phosphatase, depho-
sphorylates and inactivates class I PI3K.
mTOR forms complexes with two cytosolic
proteins: raptor (rapamycin-sensitive) and
rictor (rapamycin-insensitive). mTOR inhibits

macroautophagy and upregulates protein
synthesis. In various cancers, mutations in
PTEN, amplifications of both PI3K and Akt,
and hyperactivation of the mTOR have been
observed, resulting in the blockage of macro-
autophagy, thus providing an anabolic ad-
vantage (shown in red callouts) to the can-
cer cells. Abbreviations: mTOR= mammalian
target of rapamycin; PTEN= phosphatase
and tensin homolog deleted on chromosome
10; TSC= tuberous sclerosis complex.
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Fig. 4.4 Changes in autophagy during aging.
The activity of both macroautophagy and
CMA decreases with age. (Top) Impaired
macroautophagic activity results from the
combined effect of reduced formation of au-
tophagic vesicles, impaired clearance and
deregulation of the hormonal control. (Bot-
tom) Levels of LAMP-2A, a receptor for CMA
substrates at the lysosomal membrane, de-
crease with age. The decrease in levels of

the receptor is initially compensated for by
an increase in the levels of the chaperone
that assist in substrate uptake. However, at
advanced ages, the levels of the receptor de-
crease to a point for which compensation is
no longer possible and failure of CMA be-
comes evident. Abbreviations: ATG = auto-
phagy-related proteins; LM= limiting mem-
brane; AP= autophagosome; APL =autopha-
golysosome.
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Fig. 7.2 GcAVs. (A) LC3-positive compart-
ments (a left panel and green in a right pan-
el) sequestering intracellular GAS (a middle
panel and magenta in a right panel) in HeLa
cells expressing enhanced GFP (EGFP)–LC3
at 1 h post-infection [40]. The bacteria were
visualized by staining bacterial DNA with

propidium iodide. Bar = 2 �m. (B) Three-di-
mensional image of a large GcAV at 3 h
post-infection. The image was made by
Shunsuke Kimura, Research Institute of Mi-
crobial Diseases, Osaka University, Japan.
Grid = 5 �m.
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Fig. 7.5 Model for the fate of GAS in host cells with (“Wild-
type cells”) or without (“Atg5–/– cells”) autophagic activity.
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Fig. 8.1 Strategy unsed by Shigella to invade intestinal epithe-
lial cells. Simplified illustration of infection of colonic epithe-
lial cells by Shigella. Shigella are able to multiply in the cytosol
of host cells and move into neighboring cells.
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Fig. 8.2 The VirG–N-WASP–Arp2/3 complex formed at one
pole of the bacterium mediates local actin nucleation and
elongation.

Fig. 8.4 Proposed model for the camouflage against autophagic
recognition during Shigella infection. In the presence of IcsB
(wild type), IcsB binds to VirG and competitively inhibits the
binding of Atg5 to VirG. In the absence of IcsB (icsB mutant),
Atg5 can bind to the VirG accumulated at one pole of the bac-
terium, and intracellular Shigella are recognized by autophagy
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Fig. 10.2 C. burnetii RVs interact with the
autophagic pathway. (A) Stably transfected
CHO cells overexpressing GFP–LC3 (green)
were infected with C. burnetii phase II for
48 h. Cells were fixed and the Coxiella (red)
were detected by indirect immunofluores-
cence with a specific antibody. (B) CHO cells
were infected as indicated in (A), fixed and
subjected to indirect immunofluorescence to
detect endogenous LC3 (red) using a specif-
ic antibody. (C) Stably transfected CHO cells

overexpressing GFP–Rab7 (green) were in-
fected with Coxiella and processed as indi-
cated in (A). (D) HeLa cells were infected
with C. burnetii phase II for 72 h, fixed and
subjected to indirect immunofluorescence to
detect endogenous Rab24 (red) using a
mouse polyclonal antibody against Rab24.
Confocal images are depicted. (E) A model
showing the interaction between the Coxiella-
containing vacuole and the autophagic path-
way.

Fig. 11.1 Model depicting two alternative
pathways for the intracellular trafficking of
Legionella. (A1) Legionella induces autophagy
by injecting effector proteins into the host
cell cytoplasm using the type IV Dot/Icm se-
cretion apparatus. Autophagic membranes
labeled with Atg7 and Atg8 are recruited to
the LCV, remodeling the limiting membrane
into an autophagosome-like compartment
where Legionella replication takes place. (A2)
After a long delay of 16–24 h after infection,
autophagosomes containing Legionella fuse
with lysosomes. (B1) Legionella inject effec-

tor proteins into the host cell cytoplasm
using the type IV Dot/Icm secretion appara-
tus to inhibit transport to lysosomes and di-
rect the recruitment of ER-derived vesicles to
the LCV limiting membrane. Remodeling of
the LCV involves the recruitment of Rab1-
and Sec22b-containing ER-derived vesicles to
the LCV. (B2) Remodeling of the LCV mem-
brane to resemble the ER, including thinning
of the membrane and attachment of ribo-
somes, facilitates bacterial growth and repli-
cation.
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Fig. 13.5 Beclin 1 limits tobacco mosaic
virus replication and limits the spread of to-
bacco mosaic virus-induced programmed
cell death in tobacco plants. UV images
show sites of replication of a GFP-expressing

TMV and normal light images show areas of
cell death (yellow) in nonsilenced (control)
and BECLIN 1-silenced (BECLIN 1 RNAi)
plants. p.i.= post-infection. Adapted with per-
mission from Ref. [24].
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Introduction to Autophagy



Julie E. Legakis and Daniel J. Klionsky

1.1
Overview of Autophagy

Just as cells must manufacture necessary components for proper function, so
must they break down damaged or unnecessary organelles and other cellular
constituents. In order to maintain this balance, the cells employ two primary
degradative pathways – the proteasome, which is responsible for the breakdown
of most short-lived proteins, and autophagy, a process induced by nutrient lim-
itation and cellular stress, which governs the degradation of the majority of
long-lived proteins, protein aggregates and whole organelles. It enables cells to
survive stress from the external environment, such as nutrient deprivation, as
well as internal stresses like accumulation of damaged organelles and pathogen
invasion. Autophagy is induced by starvation in all eukaryotic systems exam-
ined, including several species of fungi, plants, slime mold, nematodes, fruit
flies, mice, rats and humans [1]. By degrading superfluous intracellular compo-
nents and reusing the breakdown products, these organisms are able to survive
periods of scarce nutrients [1, 2]. Along these lines, autophagy aids in mainte-
nance of homeostasis in cellular differentiation, tissue remodeling, growth con-
trol [3, 4] and a type of programmed cell death separate from apoptosis [5–7].
There exist multiple types of autophagy, which differ mainly in the site of cargo
sequestration and in the type of cargo. These include micro- and macroautopha-
gy, chaperone-mediated autophagy, micro- and macropexophagy, piecemeal mi-
croautophagy of the nucleus, and the cytoplasm-to-vacuole targeting (Cvt) path-
way (Fig. 1.1) (reviewed in Ref. [8]). This chapter will focus on the process
known as macroautophagy, which will be referred to as autophagy from this
point on.

Autophagy is induced during certain developmental states, in response to var-
ious hormones, under conditions of nutrient deprivation or by other types of
stress. This process involves the sequestration of bulk cytoplasm within a cyto-
solic double-membrane vesicle termed the autophagosome, which ultimately
fuses with the lysosome (or the vacuole in yeast). Fusion results in the release
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of the inner vesicle, now termed an autophagic body, into the lysosome lumen.
Within the lysosome the engulfed material is degraded and the products are re-
cycled. Autophagy has been implicated in a number of human diseases and
conditions, including cancer, neurodegenerative disorders, certain myopathies,
aging and defense against pathogens. The potential ability to control autophagy
for therapeutic intervention will require a better understanding of the mechanis-
tic details of this degradative process.

1 Overview of Autophagy4

Fig. 1.1 Schematic representation of various
transport routes to the lysosome/vacuole.
There exist a number of pathways by which
substrates are delivered to the lysosome/va-
cuole. Some of the sequestration events oc-
cur at the organelle membrane, these are de-
noted by the prefix “micro”. In other cases,
the enclosure of the substrate occurs spa-
tially away from the lysosome/vacuole mem-
brane. These pathways begin with the prefix
“macro”. Macro- and microautophagy are
nonspecific degradation pathways, which in-
clude a variety of cargoes, depending on the

organism and the particular stress condi-
tions or stage of development. Selective de-
gradation of peroxisomes, small parts of the
nucleus or foreign pathogens occurs via
macropexophagy, micropexophagy, piecemeal
microautophagy of the nucleus or phagocy-
tosis, respectively. Chaperone-mediated au-
tophagy is a receptor-driven degradative
pathway that is a secondary response to
starvation conditions. The biosynthetic Cvt
pathway is a method of delivery for at least
two vacuolar hydrolases. (This figure also
appears with the color plates).



1.2
The Discovery of Autophagy

The first description of autophagy was published almost 50 years ago. For
nearly four decades, studies of the mammalian lysosome were primarily phar-
macological, biochemical and morphological in nature. Nonetheless, many of
the questions raised, and conclusions drawn, from those investigations are still
valid today. In more recent years, the discovery of autophagy in yeast, allowing
the application of genetic and molecular genetic techniques, led to a greater un-
derstanding of the machinery required for this essential cellular process. In par-
ticular, the systematic isolation and characterization of autophagy-related (ATG)
genes in the yeasts Saccharomyces cerevisiae, Pichia pastoris and Hansenula poly-
morpha has allowed identification of 27 gene products that appear to be specific
to autophagy (Tab. 1.1) [9]. Accordingly, the proposed functions of lysosomes
and the accepted cellular roles of autophagy have evolved as a more detailed
characterization of this degradative pathway has been achieved. This chapter
will serve to highlight the progression of our knowledge concerning autophagy,
give a general introduction to the process and set the stage for a discussion of
its role in cellular immunity.

Lysosomes were first identified in rat liver, recognizable in electron micro-
scopy images by their intense acid phosphatase staining [12]. It was soon dem-
onstrated that these “particles” harbored additional hydrolases. So-called “dense
bodies” were identified during attempts to purify lysosomes; from the initial
studies, it was unclear whether these structures were distinct from lysosomes,
as they shared many of the same properties [13]. Subsequently, these intracellu-
lar structures were identified as compartments similar to, but distinct from, ly-
sosomes and they were named autophagic vacuoles (AVs; also referred to as au-
tophagosomes, particularly in yeast). One of the first clues as to the degradative
capacity of the AVs was demonstrated in newborn mouse kidney cells, where it
was shown that some vacuole-like structures contained dense, amorphous mate-
rial and even whole organelles, including mitochondria [14]. Similar investiga-
tions continued, attempting to determine lysosomal function and the origin of
the AVs through electron microscopy.

Two aspects of autophagy which have been intensely studied since the origi-
nal studies mentioned above are the membrane source for the nascent AV and
the induction of autophagy. Despite the focus of research on these facets of the
process, they are still not completely known or understood. Early studies pro-
vided evidence supporting both the Golgi and the endoplasmic reticulum (ER),
as well as an area of the cell termed GERL (Golgi endoplasmic reticulum lyso-
somes), as the source of the AV membrane (reviewed in Ref. [15]), although
none of this evidence was conclusive. Later investigations similarly were unable
to reach a consensus, although many of the conclusions implicated the ER [16–
18]. The identity of the donor membrane is still not known with certainty, there
being evidence implicating the Golgi, the plasma membrane, as well as the ER
as the source for the AV (reviewed in Ref. [19]).

1.2 The Discovery of Autophagy 5
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Table 1.1 Atg proteins, their orthologs and putative roles in
autophagy-related processes

Atg
protein

Orthologs in other species Putative function
or component of

Step involved in

1 Sp, Nc, At, Dd, Ce, Dm, Mm, Hs protein kinase induction, retrieval
2 Sp, Pp, Ce, Dm, Hs Atg9 cycling retrieval
3 Sp, Nc, At, Ce, Dm, Mm, Hs Atg8 conjugation expansion
4 Sp, At, Ce, Dm, Mm, Hs Atg8 conjugation expansion
5 Sp, Dd, At, Ce, Dm, Mm, Hs Atg12 conjugation expansion
6 Sp, Nc, Dd, At, Ce, Dm, Mm, Hs PI3K complex nucleation
7 Sp, Pp, Nc, At, Dd, Ce, Dm, Mm, Hs Atg8 and Atg12

conjugation
expansion

8 Sp, Nc, Dd, At, Ce, Dm, Mm, Hs Atg8 conjugation expansion
9 Sp, Nc, At, Ce, Dm, Hs membrane delivery expansion

10 At, Ce, Mm, Hs Atg12 conjugation expansion
11 Sp, Pp cargo specificity cargo selection
12 Sp, Nc, Dd, At, Ce, Dm, Mm, Hs Atg12 conjugation expansion
13 Sp, Nc regulates Atg1

activity
induction, retrieval

14 PI3K complex nucleation
15 Sp, Nc lipase vesicle breakdown
16 At, Ce, Dm, Mm, Hs Atg12 conjugation expansion
17 Sp, Nc Atg1–Atg13 complex induction, formation
18 Sp, Nc, At, Ce, Dm, Mm, Hs Atg9 cycling retrieval
19 Cvt receptor cargo selection
20 Atg1–Atg13 complex induction
21 PI3P binding
22 Sp, Nc transmembrane protein
23 cycling protein formation, expansion
24 Atg1–Atg13 complex induction
25[a] Hp coiled-coil protein regulation
26 Pp glucosyltransferase
27 PI3P binding

These proteins were first identified in the yeast S. cerevisiae. The
species with known orthologs are abbreviated as follows: At, Ara-
bidopsis thaliana; Ce, Caenorhabditis elegans; Dd, Dictyostelium dis-
coideum; Dm, Drosophila melanogaster; Hp, Hansenula polymorpha;
Hs, Homo sapiens; Mm, Mus muscularis; Nc, Neurospora crassa;
Pp, Pichia pastoris; Sp, Schizosaccharomyces pombe. The orthologs
were compiled from the references listed below and from Homo-
logene (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=ho-
mologene). The information presented in this table is a compila-
tion of information from Refs. [1, 9–11], as well as those cited
throughout the text.
a) This protein has not been identified in S. cerevisiae, only in

the species of yeast indicated.



Despite their inherent limitations, the morphological studies provided impor-
tant information on the basic membrane dynamics involved in autophagy. For
example, these studies suggested that AVs must acquire their resident enzymes
through fusion with mature lysosomes [20]. These and more recent analyses
have led to a model in which AVs develop into mature degradative autophagoly-
sosomes in a series of discrete steps: (1) following induction, an initial isolation
membrane or phagophore forms in a nucleation step; (2) this membrane ex-
pands into an AV; (3) the AV fuses with an endosome to form an intermediate
structure known as an amphisome; (4) the amphisome acidifies; (5) fusion with
a lysosome allows the AV/amphisome to acquire hydrolases [18, 21, 22].

Another mechanistic aspect of autophagy that has been the focus of much re-
search concerns regulation and, in particular, induction. Initially it was not
known whether autophagy was a random process, indiscriminately enwrapping
and degrading cytoplasmic components, or whether it was a more directed ac-
tion, selecting substrates according to the cellular needs at that particular mo-
ment. At present, we know that autophagy occurs at a basal level, but that in
many cell types it is also an inducible process. In addition, although autophagy
is generally considered to be nonspecific, there are various examples of specific
types of autophagy. As the control of autophagic induction is important for de-
fense against extracellular pathogens [22, 23], it is addressed in more detail later
in this chapter.

Many of the questions that were raised shortly after the discovery of autopha-
gy are still relevant today. The source of the sequestering membrane is still not
known and it is possible that the forming AV may derive its membrane from
multiple sources within the cell. Some of the molecular components that in-
duce autophagy are now known, but the precise manner in which they act to
bring about autophagic degradation is still unclear. Finally, the steps involved in
the maturation of the newly formed AV are partially understood, but there are
still aspects of this process that need to be clarified. As mentioned previously,
over 20 genes have been identified that are involved in some form of autophagy,
but the functions of the gene products are still largely unknown; however, based
on recent genetic, molecular genetic and biochemical studies, along with new
morphological analyses, a model describing a series of discrete steps and the
components involved in these steps has been postulated.

1.3
Mechanistic Aspects of Autophagy

Autophagy is an evolutionarily conserved process in which the basic components
are similar from unicellular (i.e. yeast) to multicellular eukaryotes. Very few of the
autophagy proteins have motifs that provide insight into their function. Accord-
ingly, the role of most of the Atg proteins is unknown; however, their interacting
partners and order of action have been determined through various studies.
Although autophagy is a dynamic process, the pathway has been delineated into
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Fig. 1.2 Autophagy and the Cvt pathway.
Autophagy and the Cvt pathway can be de-
picted as a series of separate steps. The
roles of Atg and other proteins, shown to
participate in different parts of the pathway,
are depicted. The proteins classified by only
a number are the corresponding Atg gene
product. Otherwise, the protein name is spe-
cified, except for Vac8, which is indicated as
“V8”. “P” denotes phosphorylation of the in-
dicated protein. (1) Induction. TOR kinase
becomes inactivated upon nutrient limita-
tion, eliciting a series of events, which result
in the induction of autophagy. These include
partial dephosphorylation of Atg13, which al-
ters its association with Atg1. Atg1 is
thought to play a key role in the switch be-
tween growth and starvation. Autophagy-spe-
cific proteins are shown in light gray,
whereas Cvt-specific proteins are depicted in

dark gray. (2) Cargo selection and packaging.
Examples of specific autophagy include the
Cvt pathway, pexophagy and possibly mito-
phagy. During growth, the Cvt pathway is ac-
tive. The cargo, prApe1, is synthesized as an
inactive precursor and rapidly oligomerizes.
Atg19, the cargo receptor, binds to the oligo-
mer, followed by Atg11 binding to the com-
plex. Upon induction of pexophagy, the per-
oxin, Pex3, is degraded, thus exposing the
docking protein, Pex14. Although it is not
proven, Atg11 is proposed to bind to the
newly exposed Pex14. The mechanism of mi-
tophagy is unknown. Once these binding
events occur, the cargo are enwrapped by a
double-membrane vesicle and delivered to
the lysosome/vacuole. (3) Vesicle nucleation.
Membrane is acquired from an unknown
location and the cargo associates with the
forming vesicle. Membrane formation re-



several static steps for the convenience of description: (1) induction, (2) cargo se-
lection and packaging, (3) vesicle nucleation, (4) vesicle expansion and comple-
tion, (5) retrieval, (6) targeting, docking and fusion of the vesicle with the lyso-
some/vacuole, and (7) breakdown of the vesicle and its contents (Fig. 1.2) [1, 25].

1.3.1
Induction

During vegetative growth, autophagy operates at a basal level both in yeast and
mammalian cells. In addition, during growth in yeast, a second, more specific
pathway operates, the Cvt pathway, which mediates delivery of the resident vac-
uolar hydrolase aminopeptidase I (Ape1) [26]. Upon a change in nutrient status,
or other stress conditions, autophagy is induced. Therefore there must be some
intracellular stimulus signaling the need to degrade intracellular components.
As stated earlier, the mechanism of induction is not precisely understood, but
some of the molecules involved are known. The best characterized regulatory com-
ponent in yeast is the protein kinase target of rapamycin (Tor) [27]. Tor either di-
rectly or indirectly controls a putative protein complex that is sometimes called
“the switching complex”. This complex includes Atg1, a serine/threonine protein
kinase, Atg13, a protein that modulates Atg1 kinase activity, and pathway-specific
proteins including the autophagy-specific protein Atg17, and Cvt-specific factors
Atg11, Atg20, Atg24 and Vac8 [28, 29]. Although the associations among these pro-
teins have been demonstrated as bimolecular interactions, it is not known whether
all of these proteins are ever present in a single complex.
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quires the PI3K complex I; the components
of this complex are shown in Step 3. The
PI3-phosphate (PI3P) generated by this com-
plex recruits a number of Atg proteins to the
PAS, including Atg18, Atg20, and Atg21,
Atg24 and Atg27 [24]. (4) Vesicle expansion
and completion. There are two sets of Atg
proteins, which participate in a series of ubi-
quitin-like (Ubl) conjugation reactions. These
generate Atg12–Atg5–Atg16 and Atg8–PE (see
text for details). The functions of these pro-
teins are not known but they are needed for
expansion and completion of the sequestering
vesicle. (5) Retrieval. As most of the Atg pro-
teins are not included in the completed vesi-
cle, there must be a mechanism to release
and return these components back to their
original site. Atg9 and Atg23 have been shown
to be cycling proteins, moving between the
PAS and other punctate structures. Atg9 has
been shown to cycle betweent he mitochon-
dria and the PAS. The non-PAS localizations

of Atg23 are as yet unidentified. These two
proteins may aid in the recovery of Atg com-
ponents, allowing them to be reused for an-
other round of delivery. (6) Targeting, docking
and fusion of the vesicle with the lysosome/va-
cuole. The docking and fusion of the com-
pleted vesicle requires a number of compo-
nents (see text for details). The fusion event
results in a single-membrane vesicle within
the lumen of the lysosome/vacuole. (7)
Breakdown of the vesicle and its contents. Once
inside the lysosome/vacuole, the autophagic
or Cvt body must be degraded in order for the
cargo to be released. The lipase responsible
for vesicle lysis is thought to be Atg15. Upon
release into the lumen, the cargoes of pexo-
phagy and bulk autophagy are broken down
for re-use in the cell, while the cargoes of the
Cvt pathway carry out their function as hy-
drolases. (This figure also appears with the
color plates).



Nutrient limitation results in inactivation of Tor and induction of autophagy,
whereas during vegetative growth conditions, Tor is active. Tor may mediate the
activity of autophagy directly or indirectly: Tor activity alters the phosphorylation
state of Atg13, thereby changing its binding affinity for Atg1; Tor also controls
global transcription and translation through various downstream effectors [29–
31]. Regulation through additional factors in yeast is not well understood. For
example, protein kinase A is another negative regulatory component, but it is
not known whether this protein acts downstream of TOR or in parallel [32]. In
higher eukaryotes, mammalian (m) TOR is controlled through a phosphatidyli-
nositol-3-kinase (PI3K) pathway that includes phosphoinositide-dependent kin-
ase 1 (PDK1) and Akt/protein kinase B [33].

1.3.2
Cargo Selection and Packaging

Just as a signal must exist to dictate which of the various types of autophagy
are functioning at a given moment, there also must be components that confer
specificity on the cargo to be sequestered. The biosynthetic Cvt pathway involves
the specific sequestration of the resident vacuolar hydrolases Ape1 and �-man-
nosidase (Ams1), and their subsequent delivery to the vacuole [26]. This is a re-
ceptor-mediated route of transport, although the primary cargo, precursor Ape1
(prApe1), is not concentrated via binding to Atg19, the Cvt receptor [34]; the
ability of prApe1 to assemble into a large oligomeric complex appears to be an
inherent property of the precursor protein. None of the other Atg proteins are
needed for the interaction between Atg19 and the prApe1 propeptide [26]; how-
ever, in the absence of Atg11 the prApe1–Atg19 complex (termed the Cvt com-
plex) is not localized at the pre-autophagosomal structure (PAS), the presumed
site of Cvt vesicle and autophagosome formation. Therefore, Atg11 is thought to
act in part as a tethering factor. Following delivery to the PAS, Atg19 binds
Atg8 conjugated to phosphatidylethanolamine (Atg8–PE) that is present on the
PAS membrane. Atg11 is not found in the completed Cvt vesicle, so it is
thought to leave the Cvt complex at this time [35]. The interaction between
Atg19 and Atg8–PE may trigger completion of the sequestering vesicle.

Upon fusion with the vacuole, the inner vesicle is released into the lumen
and is now termed a Cvt body. Precursor Ape1 is activated by removal of the
propeptide [36]. Although this pathway has only been reported in the yeast S.
cerevisiae, it provides an ideal model system to analyze specific autophagy-related
pathways, variations of which are likely to operate in all cell types. For example,
the degradation of peroxisomes (pexophagy) is another form of specific autopha-
gy, which has been detected in yeast as well as in plants and mammalian cells
[37]. When yeasts are grown on carbon sources that require peroxisome func-
tion, this organelle proliferates. Shifting to a preferred carbon source results in
rapid elimination of the now superfluous organelle. This is a highly specific
process – the sequestering vesicles contain solely peroxisomes and it is pre-
sumed that this is also receptor driven, although a receptor similar to Atg19 has
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not been identified [38]. The peroxisomal tag for pexophagy in yeast appears to
be Pex14 [39]. Other examples of selective autophagy involve exclusive packag-
ing and delivery of ER and mitochondria, as well as certain cytosolic proteins
and even the nucleus [40–43]. As investigations continue to reveal these differ-
ent forms of selective autophagy, they serve to highlight the point that autopha-
gy is not only a random process, but can also be highly discriminatory, capable
of degrading only the specific components necessary at a given time.

1.3.3
Vesicle Nucleation

The putative site for vesicle formation is the PAS [44, 45]. This is the structure
believed to be the organizing center for the assembly and organization of the
autophagic machinery. Very little is understood about this process, but it seems
that autophagic vesicles may form de novo, meaning that they are not generated
in one step by segregation of membrane from a pre-existing organelle. Rather,
the sequestering vesicles appear to begin at some nucleation site and then ap-
propriate additional intracellular membrane to form a cup-shaped structure
around the cargo. The intermediate structure is termed a phagophore, or isola-
tion membrane. Formation of the double-membrane cup requires PI3K activity,
which is mediated by a complex containing Atg6/Vps30, Atg14 (in yeast), Vps15
and the PI3K Vps34 [46, 47]. Atg5 is one of the first Atg proteins that can be vi-
sualized on this structure, but whether it is the first protein to arrive at the PAS
is unknown [47].

1.3.4
Vesicle Expansion and Completion

In order to completely enclose the cargo, the membrane must undergo an ex-
pansion step. Involved in this process are two groups of Atg proteins that in-
clude some ubiquitin-like (Ubl) proteins, which participate in conjugation reac-
tions [48]. One set of proteins is involved in the covalent attachment of the Ubl
Atg12 to Atg5. Atg5 binds Atg16 noncovalently and the subsequent tetrameriza-
tion of Atg16 forms a large multimeric complex. Atg8 is another Ubl important
for membrane expansion. This protein is proteolytically cleaved at its C-termi-
nus to expose a glycine residue and is then used as a modifier of PE [49]. In
mutants lacking Atg8, autophagosomes can still be generated but they are of re-
duced size [50]. These and the other proteins depicted in Fig. 1.2 are thought to
be delivered to the forming autophagosome, and possibly control the size and
curvature of the nascent vesicle; however, the exact function of these proteins is
not known.
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1.3.5
Retrieval

Protein targeting pathways generally utilize components that are reused, en-
abling them to be used for multiple rounds of substrate delivery. Atg8 and
Atg19 are the only components that are known to be included in the completed
autophagosome, suggesting that all of the proteins involved in the previously
described steps must dissociate from the forming vesicle before completion.
This is particularly problematic for integral membrane proteins such as Atg9
[51], which cannot simply dissociate from the vesicle. Retrieval of Atg proteins
has been recently demonstrated for two factors, Atg9 and Atg23, which have
been shown to cycle between punctate cytosolic structures and the PAS [52, 53].
Interestingly, the Atg9-containing structures have been identified as correspond-
ing at least in part to mitochondria [54]; it remains to be determined whether
this is also the case for Atg23. Atg1 and Atg13 are required for cycling of both
of these proteins (although higher Atg1 kinase activity is needed for Atg23),
whereas Atg2 and Atg18 are required only for cycling of Atg9 [52]. The function
of Atg9 and Atg23 cycling is unknown – Atg9- and Atg23-containing structures
may contribute membrane to the expanding autophagosome or these proteins
may serve to mediate delivery of other necessary components to the PAS.

1.3.6
Targeting, Docking and Fusion of the Vesicle with the Lysosome/Vacuole

There must be some mechanism for preventing fusion of the incomplete Cvt
vesicle or autophagosome with the lysosome or vacuole. This may be achieved
by the presence of coat proteins that sterically interfere with the interaction of
soluble N-ethylmalemide-sensitive fusion protein (NSF) attachment receptor
(SNARE) proteins; however, the presence of coat proteins has not been clearly
demonstrated. Once the vesicle is complete, it fuses with the degradative organ-
elle. As noted previously, in mammalian cells the initial fusion step may involve
an endosome. The proteins required for fusion appear to be common to those
involved in other lysosomal/vacuolar fusion events including SNARE proteins,
NSF, soluble NSF attachment protein (SNAP) and GDP dissociation inhibitor
(GDI) homologs, a Rab protein, and the class C Vps/HOPS complex [55]. After
fusion of the double-membrane vesicle with the lysosome/vacuole, the inner
vesicle is released into the organelle’s lumen.

1.3.7
Breakdown of the Vesicle and its Cargo

The outer membrane of the sequestering vesicle becomes continuous with the
limiting membrane of the lysosome/vacuole. This membrane may be removed
through a microautophagic process. The membrane of the Cvt or autophagic
body must be broken down within the lumen to release the contents. The lipase

1 Overview of Autophagy12



thought to be responsible for breakdown of the membrane is Atg15 [56]. In the
Cvt pathway, lysis of the Cvt body allows release and subsequent activation of
prApe1. For pexophagy and nonspecific autophagy, release of the vesicle cargo
results in its subsequent degradation by resident vacuolar hydrolases. These
macromolecular components are then made available for reuse in the cell.
These processes are only depicted in general in Fig. 1.2; a more detailed sum-
mary can be found in other reviews [1, 25, 55].

The details of the steps outlined above have been best characterized in yeast,
but many of the components also have homologs in higher eukaryotes cells
(Tab. 1.1). In addition, the development of novel techniques is allowing investi-
gators to determine if the mammalian components function similar to their
yeast counterparts.

1.4
Autophagy and Immunity

One of the most important functions of autophagy appears to be its role in the
host defense against cellular pathogens. In general, bacterial pathogens enter
the cell via an endocytosis-like pathway, enclosed within a vesicle called a phago-
some that ultimately fuses with and is degraded by the lysosome [57]. This was
demonstrated to be the method cells use to avoid infection by Streptococcus pyo-
genes [58]. In contrast, it has recently been shown that certain bacteria under-
mine the autophagic machinery to promote their replication and survival [22,
59, 60]. This evasion is accomplished in different ways by different bacteria. In
the case of Listeria monocytogenes, Shigella and certain other bacteria, the mi-
crobes induce lysis of the phagosome, causing their release into the cytoplasm
and enabling them to replicate in that environment [61, 62]. Other invasive bac-
teria including Mycobacterium tuberculosis modify the phagosome in which they
are contained, to prevent fusion with the lysosome [63]. Still other pathogens
such as Legionella pneumophila induce the autophagic pathway and replicate
within autophagosome-like compartments [59, 64]. In organisms such as L.
pneumophila and Coxiella burnetii, induction of autophagy enhances the replica-
tion and survival of the invading bacteria [65].

The role of autophagy in defense against viral infection is also dual in nature,
both protecting against infection and being exploited to promote viral invasion.
For example, induction of autophagy increases MHC class II antigen presenta-
tion and contributes to the immune response by aiding in antigen processing
of certain viruses [66, 67]. Like bacteria, some viruses can also use the autopha-
gic machinery to their advantage. For example, coronavirus replication and via-
bility is increased by autophagy [68], and stimulation of autophagy increased the
yield of poliovirus [69].

With these recent discoveries, it is now clear that autophagy can aid in de-
fense against pathogens, but the microbes can also employ this pathway to pro-
mote their viability. This is similar to the role of autophagy in cancer and other
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diseases – depending on the progression of the disease, autophagy may be a
protective mechanism, eliminating damaged organelles or even damaged cells,
or it may have harmful effects by causing cell death or in the case of cancer by
promoting the survival of tumor cells under limiting nutrient conditions [70].
These varying effects of autophagy only serve to emphasize the importance of
being able to control the activity of this degradative pathway if it is ever to be
used therapeutically. In addition, as will become evident in the following chap-
ters, the various analyses of autophagy and its role in immunity have led to a
series of intriguing new questions. For example, is the mechanism of induction
of autophagy the same during pathogen infection as it is during nutrient depri-
vation? What signals allow bacterial pathogens to induce autophagy and how do
pathogens prevent maturation or fusion of autophagosomes? Is the sequestra-
tion of these pathogens specific, enclosing only the bacteria or virus, or is it a
bulk degradation process, which includes other cytoplasmic components? Con-
tinued investigations of autophagy will aid in our understanding of this impor-
tant process, and hopefully lead to treatments for the human conditions and
diseases in which autophagy is implicated.
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Edmond Y.W. Chan, Robert Köchl and Sharon A. Tooze

2.1
Introduction

Autophagy, or self-digestion, is widely recognized as an important process in
normal and pathological cell physiology, for both cell survival and cell death
(see Chapter 5). Macroautophagy, or what is commonly referred to now as sim-
ply autophagy, was first identified in mammalian cells during a morphological
analysis of the kidney of newborn mice [1] and the term “cellular autophagy”
was coined by DeDuve in 1963 (for a review of early literature, see Ref. [2]). The
early morphological investigations were primarily focused on the relationship of
autophagosomes to lysosomes, largely because autophagosomes stained for acid
phosphatase, a popular histochemical stain, and it was recognized that the pro-
cess was distinct from heterophagy, also known as phagocytosis. As early as
1962, the origin of the membranes of autophagosomes was the subject of spec-
ulation and research. Several hypotheses were discussed including the possibili-
ty that the membranes were entirely unique or formed de novo [3, 4], or were
derived from existing smooth endoplasmic reticulum (ER) [5, 6] or endocytic va-
cuoles [2]. While the controversy remains, the current most popular view favors
the ER as the primary source of membrane for mammalian autophagosomes
(for a recent review, see Ref. [7]). On the other hand, recent studies in yeast
show that autophagosomes originate from a unique compartment called the
pre-autophagosomal structure (PAS) [8, 9].

Other unresolved issues concern the molecular components which are down-
stream of the initial autophagy induction signal and the signaling pathways
which they impinge upon. Perhaps the best understood aspect of autophagy is
the final maturation process into an autolysosome and lysosome, where the
morphological results are informative and where the parallels with yeast (in
which autophagosomes fuse with the yeast vacuole) are robust enough to pro-
vide a clear indication of the molecular details.

The focus of this chapter is a summary of our current understanding of the
autophagic process in mammalian cells. In particular, our discussion focuses on
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the relationship between autophagy and the normal compartmentalization of a
mammalian cell, in addition to the signaling pathways that regulate the initia-
tion of the process. Finally, we summarize the wide range of current cell biolog-
ical approaches currently used to study autophagy in mammalian cells.

2.2
Autophagic Pathway

2.2.1
Formation of Autophagosomes

Starvation or other inductive signals (see Section 2.3) give rise to almost flat,
double-membrane structures or individual “saccules” (defined as irregularly
shaped flattened vesicles) of membranes in the cytosol. During the early forma-
tion process these membranes increase in size and area, changing shape to
form a cup-shaped structure (0.5–1.5 �m in diameter) that can envelop substan-
tial portions of cytosol and subcellular organelles. These early membranes were
originally called phagophores and, more recently, isolation membranes [7] and
their origin is still unclear (see below). A major advance was the development
and use of Green Fluorescent Protein (GFP)-tagged Atg5 (a gene first identified
in yeast which is essential for autophagy) expressed in mouse embryonic stem
cells. Here the isolation membrane was clearly characterized by electron micro-
scopy using immunogold labeling for GFP as a cup-shaped structure which de-
veloped from a small crescent-shaped membrane [10]. Importantly, the same
group generated Atg5-deficient embryonic stem cells, and showed that the
Atg5–Atg12 complex is required for autophagy and for the elongation of the iso-
lation membrane. How the isolation membrane identified in this study relates
to the original description of the phagophore is not yet clear.

In theory, an increase in size and area of the isolation membrane can be achieved
by either (a) expansion of the original membrane through fusion of the isolation
membrane saccules together, (b) extension (tubulation) of existing compartments
or (c) expansion by incorporation of additional lipid (Fig. 2.1 and see Ref. [11] for a
related discussion). Expansion by the addition of lipid could occur by three differ-
ent mechanisms: delivery of lipid monomers by phospholipid transfer proteins,
delivery by vesicular transfer or through de novo lipid synthesis on the isolation
membrane. The phagophore (isolation membrane) surrounds and sequesters cy-
tosol and/or organelles, finally closing to form an autophagic vacuole (AV). It is not
understood how the membrane bends to become a spherical structure. The seques-
tration of cytosolic enzymes has been shown to be nonselective [12] and, while
there is no direct evidence to the contrary, sequestration of organelles is also as-
sumed to be nonselective, although targeted removal of damaged organelles (such
as mitochondria) through autophagy remains an attractive hypothesis.

The closure of the cup-shaped membrane to form an AV must occur through
a bilayer–bilayer fusion, although this has never been directly demonstrated. Fu-
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sion of the rims of the cup-shaped structure to finally seal the AV is thought to
occur at a single point, although again this also has not been experimentally
demonstrated. The final closure entails fusing the curved edge of the cisternae
such that the outer and inner membrane bilayers are now continuous, generat-
ing two vesicles. The content between the inner and outer vesicle is derived
from the lumen of the original cisternae, the content of which is not known,
and the lumen of the inner vesicle contains cytosolic components.

Formation of AVs can occur in the absence of ongoing protein synthesis [13],
which supports the concept that the membrane is derived from pre-existing
membranes. The pre-existing membrane could be a compartment such as the
ER or Golgi. It could also be a unique structure such as the phagophore,
although as Seglen points out, recycling of components would be necessary to
maintain the unique structure [14]. Early morphological experiments using
OsO4 as a fixative showed that the phagophore stains particularly well with os-
mium [15], which can be explained by its high content of unsaturated fatty acids
[16]. It has also been shown that the phagophore membrane contains no detect-
able cholesterol [17]. Surprisingly, freeze-fracture studies suggested the phago-
phores and autophagosomes were devoid of transmembrane proteins [18].

2.2 Autophagic Pathway 21

Fig. 2.1 Three possible models for the ex-
pansion of the isolation membrane or pha-
gophore to form an AV. Expansion can occur
by assembly (top panel) of individual isola-
tion membranes through fusion of the ends
(arrowheads), extension (tubulation) of exist-
ing membranes (middle panel), followed by
fusion at the ends, or by addition of mem-
brane (bottom panel), e.g. by fusion of

vesicles with the ends of the isolation mem-
branes (arrows) followed by closure of the
membrane at the ends (arrowhead). Note
that in the first two examples only homoty-
pic fusion events occur, while in the last ex-
ample (addition) both heterotypic fusion
(between isolation membrane and incoming
vesicles) and homotypic fusion, occurs.



The most widely accepted view is that the phagophore and autophagosomes
are derived from the smooth ER, a conclusion reinforced by immunoperoxidase
cytochemistry with antisera against membrane proteins of the rough ER pro-
teins [19]. This view was originally developed following a comprehensive histo-
chemical and subcellular fractionation study performed in 1968 that demon-
strated two markers of the ER, inosine diphosphate and glucose-6-phosphate in
AVs [6], while no markers for Golgi membranes were detectable. However, acid
phosphatase staining of cis-Golgi membranes [20] suggested that because the
phagophore also stains for acid phosphatase [21], the latter may be derived from
the Golgi. Additional evidence for a post-Golgi origin was obtained using lectin
cytochemistry, which demonstrated that the isolation membrane contained com-
plex-Golgi-derived carbohydrates [22]. However, data obtained from an analysis
of purified phagophores and autophagosomes using immunoblotting tech-
niques have demonstrated that neither markers for the ER nor Golgi were en-
riched in the purified membranes [23]. Further independent evidence suggests
that an intact Golgi is not required for autophagosome formation, as treatment
with Brefeldin A, a compound which inactivates ADP-ribosylation factor and
leads to Golgi disassembly, does not impair AV formation [24]. Finally, the mor-
phological studies using GFP–Atg5 mouse cells clearly demonstrated that the
small crescent shaped structures identified by electron microscopy (see above)
are not connected or contiguous with any other membrane structure [10].

Most recently, several informative mouse lines with manipulations in autophagy
genes have been generated: transgenic mice expressing GFP–microtubule-asso-
ciated protein 1 light chain 3 (LC3) (Atg8) [25], mice with heterozygous and homo-
zygous disruption of beclin 1 (Atg6) [26], mice with a homozygous knockout of
Atg5 [27], and mice with a conditional knockout for Atg7 [28] (see Chapter 3).
As expected, in both the Atg5 and Atg7 knockout mice there are no autophago-
somes detectable under conditions in which AV formation is normally seen, i.e.
immediately after birth or after starvation. These mouse models will provide addi-
tional tools to allow a further understanding of the formation process.

In conclusion, while we have a firm morphological description of the autoph-
agosomal structures, our lack of knowledge about the molecular machinery
needed to form autophagosomes in mammalian cells remains a stumbling
block towards understanding where and how the cell is able to produce AVs,
and subsequently carry out regulated autophagy. While the genes required in
yeast (see Chapter 1) have provided important tools and considerable increases
in our knowledge, a great deal remains unknown.

2.2.2
Fusion of AV with Endocytic Pathways and Maturation

Newly formed AVs are called initial or immature autophagosomes (AVi), in part
to reflect the fact that their content is not yet degraded. In the final stages of au-
tophagy, the AVs, which for the most part correspond to a lysosomal compart-
ment, are degradative AVs (AVd) (Figs. 2.2 and 2.3). The most important func-
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Fig. 2.2 Maturation of an autophagosome.
Autophagosomes sequester cytosol and
close (see Fig. 2.1) to form an AVi. Endoso-
mal vesicles and endosomes then fuse with
AVis to generate AVds. The intermediate

stage between an AVi and an AVd is called
an amphisome (AVi/d). The final stages of
the mature AVd are called autolysosomes
and are virtually indistinguishable from lyso-
somes.

Fig. 2.3 AVis and AVds can be distinguished
by electron microscopy. AVis (A and B) with a
double membrane contain sequestered cyto-
sol and organelles which appear virtually
identical to those present in cytosol. AVds (C–
F) have a more heterogenous content which
appears degraded and is often densely

stained. In addition, the content is often
composed of several discrete regions, which
may have been derived from distinct individ-
ual AVis which have subsequently fused to-
gether (F). Bar corresponds to 1 �m. Elec-
tron micrographs are courtesy of Dr. X. Hu,
Cancer Research UK, London, UK.



tional consequences of the maturation of an AVi to an AVd are the acidification
of the AV lumen and delivery of lysosomal hydrolases. Both are required for de-
gradation of the sequestered protein content to amino acids. A recent review
has covered this topic and the reader is referred to it for more detail [29].

Structures during intermediate stages in the maturation process are called
amphisomes [30] (AVi/ds), reflecting their transient intermediate nature. Several
fusion steps are believed to be required to achieve a fully functional AVd, in-
cluding fusion with early endosomes, late endosomes and lysosomes. Fusion
with endocytic vesicles has also been demonstrated, although the precise iden-
tity of these endocytic vesicles is not known. The confusion in the literature
about whether endosomal carrier vesicles, late endosomes and multivesicular
bodies (MVBs) represent equivalent compartments in terms of membrane com-
position and content [31] suggests it may be hard to precisely define them.
While this multistep fusion process is similar to the fusion steps which a pha-
gosome (produced by the internalization of particles in leukocytes, cells capable
of phagocytosis) may undergo [32], multistep fusion has not been demonstrated
to be an obligate sequence of events for AVs. For example, the AVi may possibly
fuse directly with a lysosome and in one step acquire full functionality.

Morphologically, the amphisome (AVi/d) has the hallmarks of both an AV and
endocytic compartment. They usually have a more complex morphology than the
AVi which typically simply reflects the composition of the cell cytosol (see Fig. 2.3).
Amphisomes often have multiple morphologically discrete regions which could
only have arisen by coalescence through fusion with other organelles such as en-
docytic vesicles, late endosomes, MVBs or other AVis. This morphological data sug-
gests that the AVi can participate in heterotypic, as well as homotypic, fusion events.

Heterotypic fusion events are required for all biosynthetic vesicular transport
from the ER to the plasma membrane, e.g. when an ER-derived vesicle fuses with
an early Golgi compartment, as well as during endocytosis from the plasma mem-
brane. Homotypic fusion events are less frequent, but are also essential during or-
ganelle biogenesis, e.g. during immature secretory granule biogenesis [33] and en-
docytosis [34]. The cytoplasmic machinery which ensures the specificity of mem-
brane fusions events in general, as well as the actual bilayer fusion events, is rel-
atively well understood. In addition, much of the protein machinery required for
fusion is conserved between yeast and mammals. Membrane fusion occurs in
three distinct steps, tethering, docking and finally fusion of the bilayers. Tethering
occurs over relatively long ranges (greater than 25 nm), while docking brings the
membranes in proximity (less than 5–10 nm) for fusion. Many of the tethering
and docking events are facilitated by multi-subunit protein complexes (for a re-
view see, Ref. [35]) and the specificity of the events is provided by GTPases belong-
ing to the Rab family, which interact in their GTP-bound conformation with mem-
branes [36]. Fusion is driven by assembly of cognate pairs of membrane proteins
called soluble N-ethylmalemide-sensitive fusion protein (NSF) attachment recep-
tors (SNAREs) on each fusion partner.

While there has not been any detailed analysis of whether AVis or AVds can
undergo homotypic fusion, there is abundant data demonstrating that AVis and
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AVds can undergo heterotypic fusion. In the context of the need for accurate
and specific targeting, docking and fusion, a major question arises as to how
the AVis or AVi/ds acquire the SNAREs to allow them to fuse with multiple
members of the endocytotic pathway. We do know, however, that in yeast fusion
of the AV with the vacuole requires the SNARE complex including Vam3 [37]
and Vti1 [38]. A similar question of specificity arises when one considers the
role of Rab family members. It has been established that Ypt7 (the yeast equiva-
lent of mammalian Rab7) is required for yeast autophagosome fusion with the
vacuole [39] and, recently, Rab7 has been shown to be required for fusion of
AVis to late endosomes [40, 41].

During maturation there is conversion of an AVi, which has a neutral pH in-
ternal compartment and contains no hydrolytic enzymes, to an AVd, which has
an acidic pH and active, mature hydrolyases. Additionally, lysosomal membrane
proteins such as lysosome-associated membrane protein types 1 and 2 (LAMP-1
and -2) are characteristic components of AVds. Maturation has been proposed to
occur in a stepwise process [42]. First, delivery of endosomal vesicles to the AVi
provides lysosomal membrane proteins and proton pumps. This allows acidifi-
cation to occur. Next, fusion of the AVi/d occurs with late endosomes and
MVBs (and possibly lysosomes), which delivers hydrolases and produces an
AVd [43]. Based on this model, one can assume that the vesicles involved in the
first step (delivery of lysosomal membrane proteins and proton pumps) could
also deliver the machinery required for the second fusion step, e.g. SNARE pro-
teins. How the endosomal vesicles in the first step can identify the AVi as a fu-
sion partner remains unknown. The precise definition of the donor compart-
ment (i.e. the vesicles or the late endosomes/MVBs) also remains vague. This is
in part due to the complexity of the entire endocytic pathway, both in morpho-
logical and functional terms, which has led to a plethora of descriptions and
names for various endocytic compartments, and a lively debate about how endo-
cytosed material flows from the early endosome to the late endosome and lyso-
some.

2.2.3
Endosomes and Lysosomes

Understanding of the function and composition of endocytic compartments has
a direct impact on our understanding of autophagosome maturation. The pro-
cess of autophagy is ultimately to degrade self-constituents, be it for the purpose
of survival or suicide. To do this the AV must acquire hydrolases from the endo-
cytic pathway and essentially become a lysosome, and thus a clear understand-
ing of lysosome biogenesis will help to understand autophagosome maturation.

Lysosomes were identified in the middle of the 20th century [44]. They are
morphologically heterogenous organelles that contain acid hydrolases and are
characterized by highly glycosylated membrane proteins called LAMPs, LGPs or
LIMPs [45]. How the cell maintains such terminal degradative compartments
has been a question that has attracted much investigation and these investiga-
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tions have produced several models to explain lysosome biogenesis. Lysosomes
receive traffic from both the biosynthetic and endocytic pathways, and the in-
puts almost all funnel through late endosome compartments. The biosynthetic
pathway is responsible for the delivery of newly synthesized lysosomal mem-
brane proteins, and hydrolases bound and sorted by the mannose-6-phophate
receptor (M6PR). M6PR and the glycoproteins of the lysosome have intrinsic
sorting signals that direct them to the lysosome [46]. The biosynthetic route ori-
ginates in the Golgi complex where proteins such as LAMPs and MP6PRs are
incorporated into transport vesicles and targeted to late endosome.

Several models exist to explain lysosome biogenesis from endocytic compart-
ments and it is likely that different cells use one or all of these processes [47]. Ba-
sically, the distinction lies between maturation versus vesicular transport models.
Lysosome maturation models are based on the conversion of an initial compart-
ment (such as an early endosome) to a lysosome, via an intermediate (a late endo-
some), facilitated by vesicle-mediated delivery and remodeling. In contrast, vesicle
transport models rely on the hypothesis that the early endosomes and late endo-
some are stable compartments that communicate (for the purpose of delivering
materials) via endocytic carrier vesicles. The late endosome can then mature into,
or form, a lysosome. Late endosomes and lysosomes can also transiently fuse to
exchange components (kiss and run) or stably fuse to create a hybrid organelle
[48]. The hybrid organelle then can form a lysosome and a residual body.

Although the endocytic pathway is complex, it is generally agreed that the early
endosomes contain molecules internalized from the plasma membrane, including
cell surface receptors. Early endosomes, which arise from clathrin-coated pits
formed from the plasma membrane, can be classified into two types: sorting en-
dosomes, from which the major route would be to late endosomes, and recycling
endosomes, from which the major route would be back to the plasma membrane.
Late endosomes are often characterized as multivesicular compartments; however,
a distinction has been drawn to distinguish a MVB from a late endosome. The
functional significance of this distinction is the identification of a complex sorting
machinery (the ESCRT complex) which serves to generate the internal vesicles of
an MVB, and is crucial in the process of downregulating cell surface receptors
using HRS and Annexin-II, and ubiquitination [31].

Both early and late endosomes can be described as acidic compartments con-
taining M6PRs and their bound hydrolases, while lysosomes do not contain
M6PR. A major compositional difference between early and late endosomes is
the Rab proteins associated with each compartment. Generally, Rab4, Rab5 and
Rab11 are associated with early compartments, while Rab7 and Rab9 are asso-
ciated with late endocytic compartments. As markers for these compartments,
Rab proteins have proven invaluable in many studies. Lipids also make a major
contribution to generating differences between the compartments, in particular
the phosphorylated inositols, phosphatidylinositol-3-phosphate (PI3P) and PI-
3,5-bisphosphate, which are produced by lipid kinases such as PI-3-kinases
(PI3Ks), in particular VPS34, and PI3P-5-kinases such as PIKfyve [49], the
mammalian homolog of Fab1 [50].
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Do the current models of how the endocytic compartments form impact upon
our ideas about how autophagosomes form and mature? All the current data about
the formation of the initial AVs refutes any possibility that AVs are formed in any
way analogous to the formation of early endosomes via clathrin-mediated interna-
lization from the plasma membrane or that this endocytic compartment contrib-
utes to the isolation membrane. However, it is worth considering the new data
about the phagocytic compartment, traditionally thought to form by invagination
or enwrapping of the plasma membrane, and the controversy they have generated
in the field. Using proteomic approaches it was shown that isolated latex-bead
phagosomes contain markers of the ER [51]. This was explained by the identifica-
tion of a transient connection between the phagocytic cup at the plasma mem-
brane and the ER, and was supported by in vitro data which demonstrated that
the ER SNAREs can pair with plasma membrane SNAREs [52]. However, recent
models now suggest that the phagocytosed particle may in fact enter the ER
and form a phagosome from the ER [32]. This is clearly an area of intense spec-
ulation and controversy which challenges the well-established models [53]. The
dramatic shifts in models for phagosome maturation serve to illustrate the need
for a biochemical analysis to support morphological data. As our knowledge of
the isolation membrane and phagophore is in fact largely morphological, more ac-
curate compositional data about the isolation membrane, or phagophore, is re-
quired to advance the existing model for AV formation.

More parallels between the autophagic and endocytic pathway are found when
one considers AV maturation. An essential aspect of AV maturation is fusion of
the AVi and AVd with endocytic compartments to form an amphisome (AVi/d),
which would be analogous to a hybrid organelle. Lysosomes, and residual bodies,
form from hybrid organelles and it is possible that the same structures form dur-
ing autophagosome maturation. However, it has been suggested that before fusion
to generate a hybrid organelle in the autophagic pathway, there is vesicular trans-
port for the delivery, for example, of proton pumps [43], although the delivery of
the pumps to a double membrane structure poses a potential topological problem.
Another key issue is the question of vesicular transport out of the AVs, e.g. to re-
cycle components from the AVi or AVd. Can components be recycled from the ma-
turing AV in a similar manner as they are postulated to be from the endosomes?

2.3
Regulation of Mammalian Autophagy by Amino Acids and Hormones

The primary purpose of autophagy may be to degrade cellular proteins and or-
ganelles in response to nutrient starvation, since this application is present in
yeast to higher organisms. In light of this conserved function, much interest
has been directed at understanding the mechanisms linking nutrient starvation
and the activation of autophagy. In the following sections, we review our current
knowledge regarding the mechanisms that control autophagy, ranging from
well-established ideas to newly proposed models based on recent findings.
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2.3.1
Amino Acids

To stimulate autophagy, the most common type of nutrient starvation is depriva-
tion of amino acids. One of the first demonstrations of this effect was per-
formed by Woodside and Mortimore in 1972 [54], who measured free amino
acid that was released after protein degradation in a perfused rat liver system. A
high level of basal degradation in the liver was observed when using standard
perfusate (roughly a 50:50 mixture of defibrinated rat blood and Krebs–Ringer
bicarbonate buffer). However, the high levels of protein degradation were
quickly inhibited when a cocktail of amino acids was added into the perfusate
(Fig. 2.4). This inhibition of autophagy in rat liver by amino acids was later
quantitatively confirmed using electron microscopy [55, 56]. The ability of ami-
no acids to negatively regulate autophagy is robust since it can be also recapitu-
lated in rat hepatocytes that have been freshly isolated or maintained in culture
for days [57–60]. The regulation of autophagy by amino acids could be universal
since it has been documented in isolated rat diaphragm [61], perfused rat heart
[62], and, recently, a number of cultured cells including HeLa [63], HT-29 [64],
C2C12 myotubes [65], mouse embryonic stem cells [10] and 293 human em-
bryonic kidney cells [59]. The universality appears to apply across organisms
since this amino acid-sensitive response mechanism is conserved from yeast,
Dictyostelium [66] and Drosophila [67] to humans. Recently, our understanding of
autophagy regulation across various tissues has been developed to greater detail
by analyses in the transgenic mice expressing GFP–LC3 (see Chapter 3).

The autophagic response to amino acid starvation is characteristically rapid.
In rat liver, increases in the amount of nascent autophagosomes (AVis) could be
observed within 5 min after perfusion with amino acid-depleted buffer and max-
imal rates of autophagosome formation appear to be reached within 20 min
using electron microscopy [42, 55]. Findings from the perfused liver system in-
dicate that the sensor for amino acid changes is also highly sensitive [55, 60,
68]. When the perfusion buffer contained amino acids at the normal plasma
concentration, low levels of basal autophagy and protein degradation were ob-
served. This basal activity was robustly increased when all amino acids were re-
moved. Conversely, the low levels of basal autophagy could be further inhibited
by inclusion of higher concentrations of amino acids (Fig. 2.4). These data sug-
gest that autophagy, in liver and possibly other tissues, is constantly maintained
at a low, but active, basal level that can rapidly respond to small decreases in
plasma amino acid levels. These data imply that autophagy in certain tissues
(such as liver and muscle) might comprise a part of the metabolic homeostasis
mechanism that helps maintain plasma amino acid levels within a small range.
A critical metabolic role has been supported by recent data showing bursts of
autophagic activity in mouse tissues within hours of birth, suggestive of a re-
sponse to the first neonatal nutritional challenges [27]. Consistent with this
metabolic role, autophagy-impaired knockout mice that lack Atg5 or Atg7 show
lower levels of plasma amino acids and die early after birth (see Chapter 3).
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In the pioneering work that used perfused livers and isolated hepatocytes, it
was determined that certain amino acids were especially potent at inhibiting au-
tophagy. In the lists of “regulatory amino acids” identified using the two sys-
tems, Leu, Phe, Tyr, Trp, His and Gln were common [60]. Furthermore, Leu
alone appeared to be the most potent inhibitor of protein degradation in liver
and other tissues [61, 62]. Based on the primacy of this particular amino acid, a
number of studies have gone on to postulate that the strong inhibitory effect of
Leu is initiated from a receptor at the plasma membrane. For example, the in-
hibitory effect of the Leu analog isovaleryl-l-carnitine on protein degradation is
nearly identical to that of Leu [70]. Since isovaleryl-l-carnitine is rapidly hydro-
lysed once inside the cell, it seems more plausible that the compound elicited
its effects before transport into the cytoplasm. To strengthen their argument,
these authors coupled eight Leu moieties to multiple antigen peptide (MAP), a
dense branched lysine core that is used during antibody generation to support a

2.3 Regulation of Mammalian Autophagy by Amino Acids and Hormones 29

Fig. 2.4 Inhibition of autophagy in perfused
rat liver by amino acid. The graph has been
extracted from Woodside and Mortimore
[54]. Autophagy was assessed by measuring
protein degradation in a perfused liver that
had been radiolabeled with [14C]valine. Ini-
tially, the livers were perfused in a buffer
consisting of defibrinated blood and Krebs
solution, which essentially produced amino
acid starvation conditions and a high

“basal” rate of degradation observed as
[14C]valine release. Extrapolation of this ini-
tial slope expresses this initial rate (dotted
line). Addition of an amino acid mixture (AA
infusion) into the perfusion reduced the rate
of degradation and maximal inhibition was
reached within roughly 20 min. The residual
degradation is a background rate that is
amino acid-independent.



covalently bound peptide antigen. Leu8MAP, cannot be transported into the cell,
could inhibit autophagic protein degradation as effectively as Leu [58, 70]. The
identity of the putative plasma membrane Leu receptor remains to be identified.
Yet, the especially robust property of Leu alone to inhibit autophagy has been
especially useful in recent work that attempts to dissect the intracellular signal-
ing mechanisms controlling the process (further discussed below). However, it
is important to note that Leu alone is generally not as effective as a mixture of
regulatory amino acids at inhibiting autophagy [57, 58, 68]. Thus, it is possible
that signals from multiple amino acid receptors converge to provide synergistic
regulation.

2.3.2
Hormones

To complement the role of amino acids, it had been recognized early that hor-
mones can robustly and rapidly regulate autophagy. Ashford and Porter first
noted by electron microscopy an increased numbers of cytoplasmic “lysosome-
like bodies” in livers that were perfused with a buffer containing glucagon [3].
Thus, it was demonstrated that autophagy in the liver could be simulated by in-
creased levels of the pancreatic starvation hormone, glucagon. Conversely, insu-
lin, which is synthesized in the pancreas typically in response to high blood glu-
cose, has been observed to rapidly inhibit liver autophagy in injected whole rats
and perfusion-based systems [71, 72]. These effects are consistent with a meta-
bolic role of autophagy in response to starvation conditions in the context of a
whole animal. For example, in situations of low blood glucose, glucagon may be
stimulating protein degradation in the liver and the production of free amino
acids, which can be further metabolized to generate ATP.

There appears to be mechanisms that integrate the multiple positive and neg-
ative signals controlling autophagy, but the dominant regulator is amino acids
(Fig. 2.5). For example, in isolated hepatocytes, Blommaart et al. could demon-
strate that addition of glucagon to an incubation medium containing regulatory
amino acids at the plasma concentration could robustly stimulate protein degra-
dation to near maximal levels [57]. However, the strong stimulatory effect of glu-
cagon could not be observed in the context of higher amino acid concentrations.
Thus, in the hepatocyte, the inhibitory signal arising from high levels of regula-
tory amino acids dominates over a simultaneous stimulatory signal from gluca-
gon. Similarly, the inhibitory effects of insulin were clearly apparent when stud-
ied in the context of normal concentrations of regulatory amino acids, but al-
most completely masked in amino acid-deficient medium. Thus, the inhibitory
effect of insulin can be overridden by the stimulatory effects of total amino acid
starvation. Clearly, the animal employs multiple metabolic cues to regulate au-
tophagic protein degradation. In later sections, we discuss some of the intracel-
lular molecular signaling mechanisms that have been proposed to transmit the
hormonal and amino acid stimulations. Regarding the prevalence of such mech-
anisms, different cell types will undoubtedly possess varying hormonal sensitiv-
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ities, but evidence has already been presented to suggest that the regulation of
autophagy by insulin is conserved in both Caenorhabditis elegans and Drosophila
[73, 74].

2.3.3
Longer-term Regulation

Amino acids, insulin and glucagon are all able to modulate autophagic protein
degradation within minutes. As such, these stimuli have been proposed to trig-
ger signal transduction mechanisms that primarily employ post-translational
modifications. In contrast, it is now apparent that autophagy can also be acti-
vated over longer timecourses (from 3 to 48 h) by a wide range of treatments.
As discussed in Chapters 6–13, infection by different types of bacteria and
viruses leads to increased autophagy, possibly as a defense response. C2-cera-
mide treatment of U-373 malignant glioma cells also leads to several hallmarks
of autophagy within 24 h, along with correlative increased protein levels of LC3
and the pro-death Ccl-2 interacting protein, BNIP3 [76]. Since BNIP3 overex-
pression alone can stimulate autophagy in these cells, much of the C2-ceramide
effects seem to be mediated through BNIP3 upregulation. In HT-29 cells, C2-
ceramide has also been reported to stimulate an upregulation of Atg6/beclin lev-

2.3 Regulation of Mammalian Autophagy by Amino Acids and Hormones 31

Fig. 2.5 Coordinate regulation of autophagy
by amino acid, glucagon and insulin. The
graph was derived from data presented in
Blommaart et al. [57] and supported by data
from [55, 57]. In their experiment, degrada-
tion of long-lived proteins (labeled with
radioactive valine) in isolated rat hepatocytes
was used to measure autophagy. High levels
of autophagy were observed when the cells
were incubated in Krebs buffer alone (with-
out any additions or amino acid). When a
mixture of amino acids was added back to

concentrations of 1� normal plasma levels,
autophagy was inhibited and this inhibition
was more pronounced when 4� levels of
amino acid were added. Co-addition of glu-
cagon can stimulate autophagy, but the ef-
fect is most robust in the context of amino
acid levels near 1� plasma concentration.
Similarly, insulin co-addition inhibits autop-
hagy, but its effect is best in the context of
1� amino acid. The cell’s intracellular signal-
ing machinery integrates these signals to co-
ordinately regulate autophagy.



els and autophagy within 3 h of treatment [77]. Furthermore, the ability of the
estrogen receptor antagonist tamoxifen to stimulate upregulation of Atg6/beclin
and autophagy in MCF-7 cells has been proposed to be mediated through en-
dogenous ceramide second messengers. These cases all demonstrate that in-
creased expression of particular genes, manifested over a relatively wider time
frame, can provide an alternative mechanism for activating autophagy.

Autophagy is also a category of programmed cell death (termed type II) that is
elicited in response to a variety of cellular stresses, purportedly as an alternative to
type I programmed cell death, i.e. apoptosis. For example, it has been shown that
inhibition of caspases using zVAD in several cell types activates type II autophagic
cell death [78]. As discussed in Chapter 5, there appears to be a dynamic balance
between suicide in type I or II programmed cell death. This balance is forcibly
tipped in embryonic fibroblasts derived from Bax/Bak–/– double-knockout mice,
which are resistant to entering type I programmed cell death. Interestingly, treat-
ment of these cells with etoposide, which typically activates overt type I death, ap-
pears to shunt the death program into type II death, and this bypass is associated
with increased levels of Atg5, Atg6 and Atg12 [79]. Thus, altered expression of au-
tophagy genes might be another means for the cell to control the balance between
alternate forms of cell suicide. The signal transduction mechanisms that coordi-
nate cell death, gene expression and autophagy remain largely uncharted.
Although the links remain to be made, it is likely that these slower-acting addi-
tional layers of signaling mediate their effects by modulating the molecular ma-
chinery that is understood to regulate autophagy in response to acute stimuli.
The increased complexity arising from these novel mechanisms is intriguing,
but further investigation is required to define the details.

2.3.4
The Nutrient Sensor Target of Rapamycin (TOR)

In response to amino acid starvation, one of the best appreciated molecules im-
plicated in autophagy regulation is TOR, which, along with the downstream
molecule p70S6 kinase (p70S6K), forms the core of a signaling cascade com-
monly termed the nutrient sensor. The original link between autophagy and
TOR–p70S6K signaling was provided in 1995 by Blommaart et al., who ob-
served increased phosphorylation on a 31-kDa protein upon re-addition of an
amino acid-rich medium to rat hepatocytes [57]. This amino acid-stimulated
phosphoprotein turned out to be ribosomal protein S6, which was being phos-
phorylated by p70S6K. These authors went on to investigate the relationship be-
tween levels of autophagy and p70S6K activity in isolated rat hepatocytes. Using
a large number of experimental conditions involving combinations of amino
acid starvation, insulin treatment, glucagon treatment and osmolarity shock, a
strong correlation was constructed between increased p70S6K activity and au-
tophagic inhibition (Fig. 2.6).

Another breakthrough was when Noda and Ohsumi could show in yeast that
the drug rapamycin (discussed in more detail below) could stimulate autophagy,

2 Cell Biology and Biochemistry of Autophagy32



even under nutrient-rich conditions, by inhibiting the signaling through TOR
and p70S6K [80]. Although there are variations in the magnitudes of response,
inhibition of TOR via rapamycin treatment has been shown to activate autopha-
gy in a wide variety of mammalian cell types such as macrophages [81], COS7
cells [82], 293 cells [59] and rat hepatocytes [57]. Overall, an inhibitory role on
autophagy is conceptually consistent with the other important roles of activated
TOR signaling in regulating cell growth (reviewed in Refs. [83, 84]). Under ami-
no acid-rich conditions, TOR signals through both downstream molecules
p70S6K and eukaryotic translation initiation factor 4E-binding protein (4E-BP1)
to stimulate protein translation. Under amino acid-deprived situations (when
synthesis of new proteins is repressed), it is reasonable that evolution has pro-
vided the cell with a mechanism to coordinately increase autophagy, degrade ex-
isting cellular proteins and recycle free amino acids into the cytosol. Interest-
ingly, there are data indicating that Leu alone can be a robust activator of TOR
[85], further bolstering the correlation between high TOR function and autop-
hagy inhibition. There is some controversy, however, regarding the extent of au-
tophagy regulation by TOR and rapamycin. Despite the accumulated data to im-
plicate rapamycin as an autophagy inducer, we and others have also observed
that certain cells, such as hepatocytes, can exhibit a degree of rapamycin-insen-
sitive signaling that controls autophagy [58, 59].

The molecular pathways upstream and downstream of TOR that regulate au-
tophagy are beginning to be defined in greater detail. Indeed, the steady pro-
gression of our understanding of TOR in autophagy likely stems from the con-

2.3 Regulation of Mammalian Autophagy by Amino Acids and Hormones 33

Fig. 2.6 Correlation between autophagy and
decreased activity of p70S6K. Figure ex-
tracted from Blommaart et al. [57]. Shown
are multiple data points obtained in the iso-
lated hepatocyte system described in the leg-
end of Fig. 2.5. Each point represents a dif-
ferent combination of amino acid starvation,
insulin treatment, glucagon treatment and
osmolarity stress (refer to original report for
further details). Autophagy is expressed in

this graph as a percentage of inhibition in
(radiolabeled) valine release. Activities of
p70S6K were assessed by measuring levels
of phosphorylation on ribosomal protein S6
and expressed as fold change relative to the
control (no additions in iso-osmotic condi-
tions). The correlation between decreased
autophagy (inhibition of valine release) and
higher p70S6K activity is clear.



siderable interest in TOR function within the contexts of cell growth, immune
response and tumorigenesis. Although the evidence supporting a role of TOR
and p70S6K in autophagy is strong, many complexities and controversies cur-
rently exist. Before discussing these in more detail, it is helpful to review the
salient features of TOR biochemistry. The reader is referred to Fig. 2.7, which
summarizes much of the following discussion.

Mammalian TOR (mTOR) is a protein kinase that can exist in two distinct
protein complexes, of which only one is involved in autophagy. TOR complex 1
(TORC1), which is comprised of mTOR, G�L and raptor (regulatory associated
protein of mTOR), is characterized by its rapamycin sensitivity and central role
within the nutrient sensor [86–89]. The exact roles of raptor and G�L remain
unclear, but some findings suggest that these subunits regulate mTOR by stabi-
lizing the binding with or modulating kinase activity towards the substrates
p70S6K and 4E-BP1. The immunosuppressant rapamycin is structurally similar
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Fig. 2.7 Model showing proposed intracellu-
lar pathways that regulate autophagy. More
details of the model are presented in the
text. Amino acids are one of the most robust
regulators of autophagy and it has been pro-
posed that leucine (Leu) alone mediates the
majority of the effects. Lower levels of extra-
cellular Leu are detected by a putative Leu
receptor (Leu-R) in the plasma membrane
which signals into the cytoplasmic pathways
via an unknown mechanism (black box).
This mechanism likely also responds to
changes in intracellular Leu levels. Lower
Leu levels result in decreased activity of the
PI3K-III complex [consisting of Atg6, PI3K-III
(also known as hVps34p) and the protein
kinase p150). As such, the signaling up-
stream of Leu is depicted to stimulate PI3K-
III. One of the effects of activated PI3K-III
appears to be positive regulation of TORC1
(which consists of TOR, raptor and GL).
Lower cellular energy levels (low ATP) also
signal to TORC1 by activating AMPK, which
phosphorylates the TSC1–TSC2 complex on
TSC2. Within the complex, TSC2 has GAP
activity and stimulates conversion of Rheb-
GTP to Rheb-GDP. Since Rheb-GTP binding
is required for activation of TORC1, AMPK
effectively is a negative regulator of TORC1.
Amino acids such as Leu have been pro-
posed to regulate TORC1 by promoting the
binding of Rheb to TORC1. Insulin (Ins) can
also signal into this pathway by first activating
its tyrosine kinase receptor in the plasma

membrane, which goes on to activate PI3K-I.
Second messengers produced by PI3K-I acti-
vate the protein kinase AKT, which then
phosphorylates TSC2. Phosphorylation by
AKT promotes instability of TSC2 and de-
creases its overall GAP activity. As such, Ins
positively regulate TORC1. The lipid phos-
phatase PTEN antagonizes this pathway by
degrading the products of PI3K-I. When
added to cells, rapamycin (Rap) binds to
FKBP and, while complexed together, inhibits
TORC1. When in an activated state, TORC1
phosphorylates p70S6K at residue Thr389,
which creates a docking site for another pro-
tein kinase, PDK. PDK then phosphorylates
p70S6K on a site within the activation loop
of the catalytic domain, thereby fully activat-
ing p70S6K activity. Once activated, p70S6K
phosphorylates ribosomal protein S6 to posi-
tively regulate ribosome biogenesis and pro-
tein translation. Activated TORC1 also phos-
phorylates 4E-BPa to regulate protein trans-
lation. In the context of autophagy, it has
been proposed that TORC1 regulates Atg1
via an unknown pathway (depicted here to
also include p70S6K although this may not
be the case). In this mechanism, TORC1 ac-
tivity promotes hyperphosphorylation of
Atg13, which results in lower complex forma-
tion with Atg1. Since Atg13 binding is re-
quired for Atg1 to stimulate autophagy,
TORC1 activity inhibits autophagy in this
model, which is consistent with existing ex-
perimental data.



to FK506 and, when added to cells, is bound by the FK506 binding protein
(FKBP) to form an active-drug–protein toxin complex (for a review, see Ref.
[84]). Within this complex, rapamycin binds to a specific domain of around 100
amino acids within mTOR just N-terminal to the kinase catalytic domain, there-
by inhibiting the ability to signal downstream, although the molecular mecha-
nism for this remains unclear. In contrast, TORC2, which is composed of
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mTOR, G�L and rictor (rapamycin-insensitive companion of mTOR), does not
bind FKBP–rapamycin and does not signal to p70S6K. TORC2 appears to have
a distinct role in actin cytoskeleton regulation [89, 90].

The overall regulation of p70S6K is complex, involving phosphorylation on at
least eight different sites that coordinately modulate activity via a multistep
mechanism [91]. Within p70S6K, four functional domains can be delimited. An
acidic region in the N-terminus is followed by the catalytic domain, a linker re-
gion and then a basic C-terminal domain that contains an inhibitory pseudosub-
strate. In the inactive state, the acidic N-terminus interacts with the basic C-ter-
minal region and stabilizes an inhibitory interaction between the kinase domain
and the pseudosubstrate. Activation of p70S6K is thought to initiate with phos-
phorylation at four sites within the C-terminus (Ser411, Ser418, Ser421 and
Thr424), which would promote a conformational change that is prerequisite for
phosphorylation at Thr389. TORC1 directly phosphorylates p70S6K at Thr389,
thereby creating a proposed docking site for another kinase, PDK1 [92, 95].
PDK1 then performs the final phosphorylation of the activation sequence at
Thr229, which is within the p70S6K activation loop [94]. It is important to note,
however, that despite the ability of this model to account for a large collection
of data, other findings suggest additional mechanisms. In addition to inhibiting
phosphorylation of p7056K at Thr389 by TORC1, rapamycin treatment also pro-
motes rapid dephosphorylation at this site, suggesting an activated phosphatase
activity [95]. Other kinases and autophosphorylation have also been proposed as
pathways leading to phosphorylation at Thr389. On a practical note, it has be-
come routine to assay activation in the TORC1–p70S6K module by exploiting
robust phosphorylation-specific antibodies towards Thr389 of p70S6K. However,
it is becoming apparent that Thr389 phosphorylation does not always reflect the
activity of TORC1 nor the final activation status of p70S6K. These concerns sug-
gest that multiple methods may be required in conjunction to get a truer pic-
ture of TORC1 and p70S6K activity. In later sections, the signaling downstream
of TORC1 and p70S6K that regulates autophagy will be revisited.

2.3.5
Upstream of TOR

The role of TORC1 and p70S6K in autophagy has recently been corroborated by
evidence (from largely autophagy-independent research) of several upstream mo-
lecular pathways that can link in signals from known regulatory stimuli. Data
from multiple recent studies can be condensed into a model that puts the protein
complex containing TSC1 and TSC2 at a nexus where upstream signals converge
towards TORC1. TSC1 (also termed hamartin) and TSC2 (also termed tuberin) are
both tumor suppressors, and mutations in either can lead to the pediatric autoso-
mal dominant disease tuberous sclerosis (TSC). This condition is associated with
benign tumors known as hamartomas that can form in a variety of tissues in ad-
dition to other debilitating symptoms (for a review, see Ref. [96]).

2 Cell Biology and Biochemistry of Autophagy36



TSC2, when heterodimerized with TSC1, has activity as a GTPase-activating
protein (GAP) for the small GTP-binding protein Rheb (Ras homolog enriched
in brain). Rheb binds to a portion of the mTOR catalytic domain, but this bind-
ing appears to be largely independent of the type of nucleotide bound. However,
GTP-bound Rheb potently activates TORC1 to phosphorylate p70S6K (and 4E-
BP1) [97]. Conversely, TORC1 bound to mutant forms of Rheb that are nucleo-
tide deficient are almost catalytically inactive. Negative regulation of TORC1 by
the TSC complex could be clearly observed in rodent cells with a homozygous
disruption in either TSC1 or TSC2, which displayed abnormally high levels of
TORC1 activity [98]. Together, these findings define a pathway where the GAP
activity of TSC1–TSC2 stimulates the conversion of Rheb-GTP to Rheb-GDP,
thereby negatively regulating TORC1.

Interestingly, the TSC1–TSC2 complex provides a potential mechanism to ex-
plain how insulin inhibits autophagy. Stimulation of the insulin receptor tyro-
sine kinase on the plasma membrane ultimately results in activation of class I
PI3K (PI3K-I). PI-3,4,5-trisphosphate (PIP3), the main lipid product of PI3K-I,
goes on to activate the protein kinase AKT (also known as protein kinase B).
Several recent reports have shown that AKT directly phosphorylates TSC2 on
multiple residues [99–101]. Furthermore, the data suggest that phosphorylation
by AKT can promote instability of the TSC1–TSC2 complex and degradation of
TSC2 [99]. As such, increased AKT activity, e.g. after insulin treatment, would
be predicted to decrease the overall GAP activity of TSC1–TSC2 and result in
higher amounts of Rheb-GTP and TORC1 activity. In accordance, overexpres-
sion of TSC2 mutants that lack the AKT phosphorylation sites inhibited the abil-
ity of insulin to activate TORC1 and p70S6K [101]. In addition to providing a
molecular basis for insulin in autophagy, this mechanism also appears to ex-
plain why exogenously added PIP3 or overexpression of a constitutively active
AKT inhibited autophagy in HT-29 cells [102, 103]. Conversely, the regulation of
TSC1–TSC2 by AKT can also explain why overexpression of the PTEN phospha-
tase [which catabolizes PIP3] stimulated autophagy in HT-29 cells.

Recently, additional evidence has been presented to suggest that signals from
amino acids are also transmitted to TORC1 via the TSC complex and Rheb. It
could be shown in 293 cells that amino acid starvation can decrease (although
not completely disrupt) the binding of Rheb to TORC1 [104]. By decreasing
Rheb interaction, amino acid starvation would be predicted to repress TORC1 -
function (since Rheb-GTP binding is required full kinase activity). Thus, the
TSC–Rheb machinery provides a model that can account for amino acid depen-
dency, inhibition of TORC1–p70S6K signaling and autophagy induction. It is
still unclear how decreases in amino acid disrupt Rheb–TORC1. However, with-
drawal of Leu alone from the cell medium was able to disrupt Rheb–TORC1
binding to a similar extent as withdrawal of all amino acids, further suggesting
that this mechanism is directly relevant to autophagy regulation. Despite this at-
tractive model, the regulation of autophagy function (e.g. protein degradation)
by manipulating TSC or Rheb in mammalian cells remains to be directly dem-
onstrated.
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The necessity to confirm any putative mechanisms with direct studies of au-
tophagy is highlighted by the reports regarding 5�-AMP-activated protein kinase
(AMPK). AMPK acts as a sensitive sensor of cellular energy by responding to
increases in the AMP/ATP ratio (for reviews, see Refs. [105, 106]). It is under-
stood that small increases in the ADP/ATP ratio are amplified by adenylate ki-
nase to produce a much larger increase in the AMP/ATP ratio, which goes on
to activate AMPK via multiple mechanisms. For example, AMPK is readily phos-
phorylated and activated by glucose starvation or treatment with 2-deoxy glu-
cose, an analog that inhibits glucose utilization [107]. AMPK was found to phos-
phorylate TSC2 on multiple residues and this phosphorylation enhanced the
ability of the TSC1–TSC2 complex to inhibit TORC1 activity, presumably via a
reduction of Rheb-GTP levels. According to the model described above, de-
creased TORC1 and p70S6K activity stemming from low cellular energy and ac-
tivated AMPK would be predicted to result in stimulated autophagy. Indeed, in-
creased autophagy has been reported in certain situations of cellular energy cri-
sis and some data in PC12 cells indicated that treatment with 2-deoxyglucose re-
sulted in higher clearance of huntingtin polyglutamine aggregates via
autophagy [108, 109]. In contrast, Samari et al. could demonstrate that treat-
ment of hepatocytes with AICAR, an adenosine analog that potently activates
AMPK, inhibits autophagy [110]. Why are there these apparently conflicting ob-
servations? Samari et al. argue that the cell may favor lower levels of autophagy
during times of ATP depletion since the early steps of autophagosome forma-
tion appear to be energy dependent [111, 112]. Further studies will be required
to resolve the relationship between AMPK, TSC1–TSC2 activity, TORC1 and au-
tophagy. However, due to our current limited understanding, it is apparent that
the tendency to draw premature linear conclusions will have pitfalls.

2.3.6
Downstream of TOR

Downstream of TORC1, what is the role of p70S6K? Several studies have pro-
posed a model in which p70S6K regulates protein translation by phosphorylat-
ing ribosomal protein S6 [113–115]. It was shown that translational efficiency of
the 5�-terminal oligopyrimidine (TOP) class of mRNAs was increased by S6
phosphorylation. Since many 5�-TOP mRNAs encode ribosomal proteins,
p70S6K has been proposed to positively regulate ribosome biogenesis. However,
recent reports present an alternative model in which 5�-TOP mRNA translation
is largely independent of S6 phosphorylation and more robustly regulated by
PI3K-I [116, 117]. This latter model is intriguing since it suggests that p70S6K
may have additional roles (such as the regulation of autophagy). In this context,
the strong correlation between decreased p70S6K activity and increased autoph-
agy in rat hepatocytes is highly intriguing, but evidence showing direct cause
and effect has yet to be presented. Seemingly in contradiction, autophagy in the
developing Drosophila fat body was completely abolished by a p70S6K null mu-
tation [74]. As such, the regulation of autophagy in Drosophila and mammalian
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cells could be relying differently on p70S6K. Alternatively, lower p70S6K activ-
ities may trigger autophagy, but some residual p70S6K activity is required for
autophagy to take place. It is still unclear which of these explanations is more
accurate and so the role of p70S6K in autophagy is currently controversial. It is
noteworthy that a TOR null mutation resulted in constitutively higher levels of
autophagy in the fat body, suggesting that perhaps decreases in TOR activity are
sufficient to stimulate autophagy and that decreases in p70S6K activity have es-
sentially been molecular markers of TORC1 function.

What are the other potential mechanisms downstream of TORC1 that could
regulate autophagy? The only data that have been described to suggest such a
mechanism has been obtained from studying yeast. Using two-hybrid screening
methods, the protein Atg13 was identified as a binding partner of Atg1, a pro-
tein kinase identified in the original screens for autophagy defective mutants
[118]. In yeast (and other organisms, see below), Atg1 is absolutely essential for
autophagy. Interestingly, Atg13 is phosphorylated, and both amino acid starva-
tion and inhibition of TOR with rapamycin led to lower levels of Atg13 phos-
phorylation. Atg13 with lower amounts of phosphorylation appeared to have a
higher affinity for Atg1. In addition, Atg13 binding was required for Atg1 to
positively regulate autophagy. These findings suggest a model in which starva-
tion decreases levels of Atg13 phosphorylation via a TOR-dependent pathway
and thereby promote increased Atg1–Atg13 interaction and higher levels of
Atg1 signaling to downstream effectors. Currently, the link between TOR and
Atg13 phosphorylation is unknown; direct phosphorylation by TOR or activation
of a phosphatase by starvation (or rapamycin) remain as possible scenarios.
Studies have also proposed that the kinase activity of Atg1 is not essential to
regulate autophagy [119]. In addition, further studies will be needed to deter-
mine the extent of conservation in this pathway for mammalian cells. The vari-
able binding between Atg1 and Atg13 has been proposed to be a mechanism
that allows Atg1 to switch from regulating autophagy to the cytoplasm-to-vacu-
ole targeting (Cvt) pathway. Since the Cvt pathway does not exist outside of yeast
and no Atg13 homolog is apparent in the human genome sequence, the iden-
tity of the mammalian Atg1–Atg13 module remains unknown. However, Atg1
is known to be required for autophagy in Dictyostelium, C. elegans and Drosophi-
la, and it is likely that many insights into Atg1 function gleaned from these
model organisms can be applied to mammalian systems [66, 73, 74].

In parallel with the nutrient sensor, another protein that has been widely ap-
preciated as an autophagy regulator is PI3K. The earliest indication of an in-
volvement was reported by Seglen and Gordon [120] who searched for methyl-
ated adenosine derivatives of amino acids that could inhibit autophagy. In this
manner, their screen identified 3-methyladenine (3-MA) to have potent autopha-
gy inhibitory actions. The molecular target of 3-MA was not recognized until a
later investigation showed that wortmannin, LY290002 and 3-MA all robustly in-
hibited autophagy by targeting PI3K [121]. Molecular evidence for PI3K in au-
tophagy was revealed with the discovery that in yeast, Atg6/beclin exists in two
distinct complexes, both of which contain Vps34p (a type of PI3K) and the pro-
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tein kinase Vps15p [122]. One these complexes, which specifically regulates Cvt
trafficking, also contains Vps38p, while the other complex, which specifically
regulates autophagy, also contains Atg14p. No mammalian Vps14 (or Vps38)
homolog has been identified yet. However, beclin is bound to hVps34p in mam-
malian cells [123, 124], and hVps15p (also known as p150) binds hVps34p and
regulates its activity [125]. As such, most of the original beclin–Vps34p–Vps15p
complex described in yeast appears to be conserved in mammals. In mamma-
lian cells, hVps34 is also known as class III PI3K (PI3K-III) since it specifically
generates as its product PI3P, which elicits effects distinct from those of other
phosphoinositides, e.g. the products generated by PI3K-I.

A widely used control in mammalian cells has been to inhibit autophagy using
PI3K inhibitors such as wortmannin and 3-MA (see specific section below on ex-
perimental methods used to inhibit autophagy), which unfortunately target class I
and class III enzymes indiscriminately. In addition, small interfering (si) RNA
knockdown of Atg6 has also been fairly effective at inhibiting autophagy in a num-
ber of cell types. These findings suggest that PI3K-III activity positively regulates
autophagy and this idea was supported by experiments in which addition of exog-
enous PI3P to HT-29 cells was sufficient to stimulate autophagy [126]. In addition,
some data has been presented to show that amino acid starvation of C2C12 myo-
tubes results in higher levels of beclin-associated PI3K-III activity [123].

Recently, findings from several studies have presented a modified model that
links amino acid levels to regulation of PI3K-III and downstream effects on
TORC1 [124, 127]. The novel theme of this model is the activation of PI3K-III
by amino acid (or treatment with insulin), which implies that PI3K-III activity
inhibits autophagy, contrary to our previous understanding. In addition, it was
concluded that PI3K-III activity positively regulated TORC1 and p70S6K activity.
For example, overexpression of PI3K-III or its binding partner p150 in 293 cells
increased p70S6K activity to phosphorylate ribosomal protein S6. Conversely,
siRNA towards PI3K-III could decrease the activation of TORC1 signaling.
Furthermore, it could be shown that PI3P was mediating the effects on TOR
since overexpression of a recombinant protein containing the FYVE domain
(which binds to and effectively inactivates the PI3P) decreased the phosphoryla-
tion of p70S6K by TORC1. How PI3P regulates TORC1 will require further
characterization. It was especially intriguing that amino acid starvation rapidly
led to decreased PI3K-III activity and decreased levels of PI3P in a number of
different mammalian cell types. These authors also noted that beclin-bound
PI3K-III activity was inhibited after amino acid starvation, although the amount
of beclin-associated PI3K-III was unaltered. As such, some additional protein
modification or binding partner might be underlying how amino acid starvation
inhibits beclin-associated PI3K-III. A potential mechanism has been suggested
by another recent study that focused on the role of a beclin–Bcl-2 interaction
[128]. This work indicated that Bcl-2 can bind beclin and thereby inhibit beclin’s
function to positively regulate autophagy. Surprisingly, the amount of Bcl-2 that
was bound to beclin could be increased by incubating the cells in amino acid-
rich conditions. As such, these findings on Bcl-2 provide yet another possible
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molecular mechanism to link amino acid starvation and autophagy. Taken to-
gether, it is possible that amino acid starvation leads to disrupted binding of
Bcl-2 to a beclin–PI3K-III complex. In this model, the decreased binding of Bcl-
2 could be transmitting an allosteric conformational change that results in low-
er PI3K-III activity and lower TORC1 function. Undoubtedly, this recent pro-
gress provides an abundance of new hypotheses that await experimental testing.

In sum, the discussion above shows the firm foundation in our understand-
ing of autophagy regulation. For example, the implications of TOR, rapamycin
and PI3K have been widely supported by many studies from different labora-
tories (although exceptional cases also exist). On top of this foundation, waves
of recent work have expanded the model to include new parts such as Rheb,
TSC, AMPK and bcl-2, which feed into the existing scheme. As for future direc-
tions, it will be interesting to determine how amino acid regulation of Rheb–
TORC1 binding, bcl-2–beclin binding and PI3K-III are coordinated. It remains
to be described how signals are transmitted from the putative plasma mem-
brane Leu receptor into the cytoplasmic pathways. In addition, it makes biologi-
cal sense that autophagy should also be regulated by intracellular amino acid
levels and this argument has some experimental basis [129]. If so, how do intra-
cellular amino acids do this? Downstream events are also largely unclear as only
Atg1 is well appreciated as the TOR effector controlling autophagy. Of course,
once we understand the mammalian TORC1–Atg1 connection, it will be inter-
esting to determine further how this module regulates the known processes of
autophagy initiation such as Atg5–Atg12 localization change, modification of
LC3 and nucleation of autophagosome membranes.

2.4
Methods to Measure Autophagy

When autophagy was first described [1], electron microscopy was the only way to
identify autophagosomes. Since then a number of biochemical techniques to mea-
sure autophagic induction and degradation have been developed, including lactate
dehydrogenase (LDH) sequestration assays and protein degradation assays. A big
step forward was made in the mid-1990s with the identification of the Atg genes in
yeast by several groups [130–132]. One of the proteins identified then was Atg8. So
far, Atg8 and its mammalian homologs are the only proteins which bind specifi-
cally to, and remain associated with, newly formed autophagosomes. Since then,
Atg8 tagged with GFP has been used in numerous studies to study the induction
of autophagy and to specifically identify autophagosomal structures in light micro-
scopy experiments. In the following discussion, we describe the most commonly
used methods of measuring and manipulating autophagy. We aim to outline the
principles of the techniques, and the strengths and weaknesses, in order to pro-
vide a basis to design experiments that study autophagy.
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2.4.1
Microscopic Methods

2.4.1.1 Electron Microscopy
Conventional electron microscopy is particularly useful to identify autophago-
somes and to measure the extent of autophagic induction. It allows also an
identification and distinction to be made between early autophagosomes (AVi)
and later structures (see Fig. 2.3). Early, immature autophagosomes (AVis) can
be clearly defined as double-membrane vesicles, varying in size between 200
and 2000 nm depending on the cell type, and containing undegraded cytosol as
well as organelles including mitochondria, ER and small vesicles. Late, degrada-
tive autophagosomes (AVd) are defined by their degraded electron-dense con-
tent. In cases where autophagosomes cannot be defined by morphology alone,
immunoelectron microscopy with antibodies against LC3 or GFP–LC3 allows
clearer identification of autophagosomes.

In the past, electron microscopy has been used extensively to quantify the
number of autophagosomes in a variety of cell types and tissues. Basically, the
number or area within autophagosomes is quantified from an unbiased sam-
pling of several grids and images, and then expressed normalized to the total
cellular area. The big disadvantage of electron microscopy, however, is that it re-
quires a lot of time as well as experience. However, the advantages are that au-
tophagosomes can be unequivocally identified based on their morphology as
well as by the presence of specific markers in the membrane.

2.4.1.2 Light Microscopy

GFP–LC3 and endogenous LC3

The identification of Atg8 in two yeast screens for autophagy proteins [131, 132]
proved to be an important step forward in the development of autophagy assays.
Atg8 is the only specific marker for autophagosomes found so far which remains
bound after the closure of the sequestering isolation membrane. Mammalian cells
contain several homologs, LC3 [63], GABARAP and GATE16 [133], all of which
have been shown to bind to the membrane of autophagosomes. Of these three
proteins, LC3 [134], has been investigated the most. Pro-LC3 gets cleaved after a
highly conserved glycine residue in the C-terminus by the protease Atg4 [135]
to give rise to the cytosolic form LC3-I. Upon induction of autophagy LC3-I is
modified in a ubiquitin-like process, which involves Atg7 and Atg3 and the attach-
ment of a lipid residue, presumably phosphatidylethanolamine to the C-terminal
glycine residue [136, 137], in an Atg5–Atg12-dependent manner [10]. The resulting
form LC3-II binds to isolation membranes (phagophores) and autophagosomes,
and can be used as a specific marker for autophagy. The other Atg8 homologs, GA
BARAP and GATE16, are less well characterized, but have also been shown to be
processed by the same machinery prior to binding to autophagosomes [138]. In
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human cells there exist at least three distinct LC3 genes with different tissue ex-
pression patterns, termed LC3A, LC3B and LC3C [139].

Endogenous LC3 or LC3sp fused at its N-terminal to GFP, or GFP-derivatives,
has proven to be a valuable tool to investigate autophagy on a light microscopy
level. In full growth medium GFP–LC3 has a diffuse cytosolic distribution.
When autophagy is induced, GFP–LC3 gets processed and binds to newly
formed autophagosomes. In cell types with large autophagosomes, like embryo-
nic stem cells or hepatocytes, autophagosomes can be clearly identified as ring-
shaped structures, while in HeLa cells, autophagosomes are smaller and can be
detected as spots only (also seen in HEK293 cells, Fig. 2.8A [59, 140]). The ap-
pearance of GFP–LC3 spots can be quantified and used to measure the extent
of the autophagic induction after any treatment. Another advantage of GFP–
LC3 is that it can be used in colocalization experiments with other markers.
Using light microscopy, colocalization of autophagosomes with a structure of
choice can be easily assessed, e.g. Rab7 [40, 41] or LysoTracker Red-positive
structures [74]. Additional experiments have provided evidence about the coloca-
lization of LC3 with protein aggregates, e.g. in Presenillin1–/– hippocampal neu-
rons LC3 colocalizes with aggregates of telencephalin [141]. A protein called Alfy
(autophagy-linked FYVE protein) has also been demonstrated to colocalize with
GFP–LC3 positive structures [142] and it was proposed that Alfy plays a role in
targeting cytosolic proteins to autophagosomes for their degradation. Additional
information was provided in 2004, when Mizushima et al. reported the genera-
tion of a GFP–LC3 transgenic mouse and investigated the tissue-specific autop-
hagy responses after nutrient starvation using light microscopy [25]. Extension
of this approach in other transgenic or knockout mice has demonstrated the im-
portance of this marker [27, 128].

Monodansylcadaverine (MDC)

In 1995, Biederbick et al. [143] initially identified the fluorescent molecule MDC
as a specific marker for autophagosomes, after which it was used in a number
of studies to identify autophagosomes and as a measurement of autophagic in-
duction [144–147]. However, recent reports showed that MDC primarily stains
acidic compartments and colocalizes to a high degree with LysoTracker Red- or
CD63-stained organelles, but only partially with LC3-positive compartments
[140]. Therefore, MDC may not label autophagosomes before they become acidic
through fusion with compartments of the endocytic system. Results obtained
with MDC therefore have to be interpreted with care as it may not be specific
for autophagosomes and may only mark late autophagosomal structures. Using
this dye, it might not be possible to distinguish between lysosomes and AVd
(degradative AVs) at the light microscopy level.
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2.4.2
Biochemical Methods

2.4.2.1 Formation and Induction

LDH and [14C]sucrose sequestration

LDH and sucrose sequestration assays are particular useful methods to measure
the percentage of cytosol sequestered into autophagosomes, and are therefore a
direct measurement of the extent of autophagy. LDH is a cytosolic enzyme and
its sequestration into autophagosomes in the presence of lysosomal protease in-
hibitors can be measured with a simple spectrophotometer-based assay [148].
[14C]sucrose-, as well [14C]lactose- and [14C]raffinose-based sequestration assays
require electropermeabilization of the cells before autophagy can be induced.
Both assays have been widely used [149–155]. Since both assays are based on
separating cytosol from membranes, a critical factor is that the cells can be re-
producibly disrupted to release cytosol, leaving organelles intact.

LC3 processing

As described above, cytosolic LC3-I is modified by a ubiquitin-like process to give
rise to LC3-II, the autophagosome-bound form [138]. LC3-II has a higher mobility
than LC3-I on denaturing sodium dodecylsulfate–polyacrylamide gel electrophor-
esis (SDS–PAGE). Induction of autophagy leads to an increase in LC3-II [138] and
this can be detected using specific antibodies for LC3 in Western blots (see
Fig. 2.8B, right). One problem of this approach, which may underestimate the to-
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Fig. 2.8 Methods to study autophagy. (A)
Comparison of the size of autophagosomes
in hepatocytes and HEK 293A cells by confo-
cal microscopy. Hepatocytes were infected
with adenoviruses encoding GFP–LC3 and
HEK 293A cells were transfected with plas-
mid to express GFP–LC3. Both cell types
were starved for 2 h in Earle’s buffered saline
solution (ES). Arrows point to autophago-
somes. In hepatocytes, autophagosomes can
be identified as ring-shaped structures up to
2 �m in diameter. In HEK 293A cells autop-
hagosomes are smaller and can mostly be
seen as distinct puncta only. Note that GFP–
LC3 can also be found in the nucleus of
cells, although the mechanism behind this is
not known. Bar = 2 �m. (B) Analysis of LC3
processing by Western blotting. Hepatocytes

were either GFP–LC3 infected (left panel) or
not (right panel) and then incubated in
either full medium (FM) or starvation medi-
um (ES) for 2 h before solubilization and
Western blotting with either an anti-GFP
(left) or anti-LC3 (right) antibody. The ap-
pearance of the membrane-bound form
[GFP–LC3-II or LC3-II (II)] can be clearly
seen to be increased in the samples of
starved cells. (C) Long-lived protein degrada-
tion time course in rat hepatocytes incu-
bated in FM or ES with or without the lyso-
somal protease inhibitors E64d and Pepsta-
tin A (PI). Samples were taken from the me-
dium at 0, 15, 30, 60, 90 and 120 min to
measure the release of 14C-valine into the
medium.

�



tal induction of autophagy, is that the LC3-II bound on the inside of an autopha-
gosome can be degraded in AVds. This degradation can be effectively blocked by
adding lysosomal protease inhibitors such as leupeptin or E64d, also known as
EST, and pepstatin A to the experimental medium [59, 156]. Which combination
of lysosomal protease inhibitors works best depends on the cell type and has to be
experimentally determined. GFP–LC3-I and -II behave similarly to LC3-I and LC3-
II and have also been used (see Fig. 2.8 B, left). Many researchers have reported
that resolving and identifying LC3-I and LC3-II is difficult, and requires optimiza-
tion, such as loading a high amount of protein. Furthermore, saponin extraction of
cells before solubilization selectively enriches the relative amounts of LC3-II as all
cytosolic proteins are removed, including LC3-I [59]. Another approach, which
takes advantage of the LC3 lipidation and increase in hydrophobicity, has been
used by Bampton et al. [140]. HeLa cells expressing GFP–LC3 were labeled with
[3H]ethanolamine and incubated in NH4Cl to accumulate autophagosomes. After
Triton X-114 phase separation, GFP–LC3-II was selectively enriched in the Triton
X-114 detergent phase as detected by Western blotting and autoradiography of
SDS–PAGE gels, while GFP–LC3-I was in the aqueous phase.

2.4.2.2 Fusion

Protein degradation

The biochemical methods mentioned above are very useful to investigate the ex-
tent of autophagic induction; however, they do not measure the flux of cytosolic
content through the autophagosome enroute to its degradation in lysosomes.
For this question, protein degradation assays are very useful and have been used
in a number of studies [10, 40, 157–160] and see discussion above with Fig. 2.4.
The assay is based on the release of radioactivity from [14C]/[3H]valine- or [14C]/
[3H]leucine-labeled cells after the induction of autophagy. Trichloroacetic acid is
used to precipitate whole proteins, while individual amino acids arising from pro-
teins degraded via autophagy remain soluble. An additional point is that the long
chase period decreases the pool of labeled short-lived proteins, which get degraded
via the proteasome. Therefore the assay measures the degradation of long-lived
proteins through autophagy. The ratio of the soluble released radioactivity over
the sum of the total radioactivity (medium and cells) gives the percentage of pro-
tein degradation (see Fig. 2.8C). Since leucine on its own is a strong inhibitor of
autophagy (see Section 2.3), valine might be the amino acid of choice [58, 161].
It is important to note that this method does not measure the extent of autophagic
induction, e.g. the “number” of autophagosomes, but only the flux through the
system. For example, microtubule-depolymerizing drugs such as vinblastine
greatly reduce the amount of protein degradation by inhibiting the fusion of au-
tophagosomes with compartments of the endosomal system. However, other as-
says using electron microscopy or LDH sequestration have shown that vinblastine
treated cells contain a high number of autophagosomes [162].
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2.4.2.3 Purification of Autophagosomes from Rat Liver
So far there is only one report [23] that describes a method to isolate highly pu-
rified autophagosomes. The method has been developed for isolated primary rat
hepatocytes, which are starved in the presence of vinblastine to accumulate
early autophagosomes and amphisomes. Hepatocytes are then disrupted and in-
cubated with glycyl-phenylalanine-naphthylamide, a cathepsin C substrate, to se-
lectively disrupt lysosomes. A post-nuclear supernatant is prepared and then
subjected to two sequential gradients. The first stage involves a nycodenz step
gradient that separates autophagosomes and ER from the rest of the organelles.
The second stage involves a Percoll step gradient that generates highly purified
autophagosomes. To remove the Percoll, autophagosomes are further purified
on a final OptiPrep gradient. AVs prepared in this manner have been analyzed
using electron microscopy and two-dimensional electrophoresis [163]. It is likely
that purification of autophagosomes from other cell types than hepatocytes will
require extensive adaptation of this method.

2.4.2.4 Inhibition of Autophagy
Autophagy can be inhibited at several steps by a number of pharmacological
drugs and also more recently using siRNAs against specific autophagy proteins.
As described above, commonly used pharmacological inhibitors of autophago-
some formation are PI3K inhibitors, such as wortmannin, LY290002 [121] and
3-MA [120]. Other drugs, such as okadaic acid and AICAR, an AMPK activator
[110], inhibit autophagy by less well understood mechanisms. Furthermore, the
amino acid leucine has been shown to inhibit autophagy when added to starva-
tion medium and to induce autophagy when removed from the growth medium
[58, 65, 164]. Drugs that act at a later stage are the microtubule-depolymerizing
drugs vinblastine and nocodazole. These inhibit the fusion of autophagosomes
with lysosomes [162, 165] and thereby inhibit protein degradation, although
both drugs also affect the formation of AVs [59].

More recently, Yu et al. [79] used siRNAs to knockdown Atg7 and Atg6 from
L929 and U937 cells to inhibit autophagy, and found that zVAD induced cell
death was inhibited. Jackson et al. [166] proposed that autophagosome mem-
branes are the site of viral RNA synthesis, and used siRNAs to deplete Atg12
and LC3. This reduced the yield of intracellular polio virus by 3- and 4-fold, re-
spectively. Boya et al. [167], on the other hand, showed that when autophagy
was inhibited with siRNAs against Atg5, Atg6, Atg10 and Atg12, the cells died
through apoptosis when nutrients were depleted. These are just some of the re-
cent results that highlight the usefulness of the siRNA approach to knockdown
Atg genes to address a number of questions.
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2.4.2.5 Common Questions
Common Questions and approaches to answer them are listed in Table 2.1.

2.4.3
Summary and Outlook

A major advance was made in the autophagy field with the identification of the
Atg genes in the mid-1990s. Experimental methods based on the use of LC3
have made possible a quick and accurate analysis of autophagy, and do not re-
quire the time and expertise one would need, for example, for electron micro-
scopy-based assays. This, and also the fact that technologies such as siRNA or
the generation of transgenic mice are now widely available, should facilitate the
development of new assays. In the future the generation of more autophagy
knockout mice combined with crossbreeding with other transgenic mice will
provide more information to investigate the role of autophagy, especially in can-
cer, neurological disorders (characterized by protein aggregates), and in infec-
tion and immunity. An under-represented area so far has been the development
of high-throughput screens; however, the availability of new cell-based assays
should now allow the screening of genome wide libraries in a relatively short
time. Additionally it would be interesting to see in vitro assays to reconstitute
the various steps (sequestration, formation and fusion) in autophagy developed
to investigate the molecular requirements of autophagosome formation, fusion
and degradation in mammalian cells.
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Table 2.1 Common questions and approaches to answer

Question Method

Identification of autophagosomes Conventional transmission electron micro-
scopy, immunoelectron microscopy, light
microscopy with GFP–LC3 or antibodies
against LC3

Quantitation of early and late autophago-
somes

Electron microscopy, colocalization of GFP–
LC3 or LC3 with LysoTracker Red

Induction of autophagy LDH and sucrose sequestration assays,
LC3 processing

Effect of different treatments on the extent
of autophagic induction

GFP–LC3 vesicle formation, LC3 processing,
quantitative electron microscopy
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3.1
Molecular Mechanism of Mammalian Autophagy

Although macroautophagy was discovered in the 1950s, it has not been under-
stood at the molecular level until recently. A breakthrough came from yeast ge-
netic studies, which have identified more than 20 genes required for autophagy,
most of which function in autophagosome formation (atg genes) [1, 2]. Impor-
tantly, most of them are conserved in higher eukaryotes, including mammals
and plants. These Atg proteins are classified into several functional groups.

3.1.1
Atg12 Conjugation System

Atg12, a ubiquitin-like protein, is covalently attached to Atg5 through a ubiquiti-
nation-like reaction [3–5]. Atg7 and Atg10 function as Atg12-activating (E1) and
Atg12-conjugating (E2) enzymes, respectively [6–13]. The resulting Atg12–Atg5
conjugate behaves as if it is a single molecule. Mammalian and yeast Atg12–
Atg5 conjugate interact with Atg16L and Atg16, respectively, and form large pro-
tein complexes [14–16]. Mammalian Atg16L is much larger than yeast Atg16
and possesses a C-terminal domain containing seven WD repeats that is from
yeast Apg16. Therefore, it is speculated that Atg16L could have some additional
function, although it has not been demonstrated.

Most Apg12–Apg5 · Apg16L complexes resides in the cytosol and a very small
fraction localizes on the outer side of the isolation membrane throughout its
elongation process [17] (Fig. 3.1). The complex dissociates from the membrane
upon completion of autophagosome formation. Atg12–Atg5 is required for elon-
gation of the isolation membranes [17].
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3.1.2
Atg8/Microtubule-associated Protein 1 Light Chain 3 (LC3) Conjugation System

Yeast Atg8 is another ubiquitin-like protein [18]. It has at least three mamma-
lian homologs: LC3 [19], the Golgi-associated ATPase enhancer of 16 kDa
(GATE-16) [20] and �-aminobutyric acid (GABA)A receptor-associated protein
(GABARAP) [21]. The Atg8 family proteins are conjugated to PE [22, 23]. Atg7
is shared with the Atg12 system as the activating enzyme and Atg3 functions as
an E2 enzyme specific for Atg8 proteins [10, 24]. Among these Atg8 homologs,
LC3 has been analyzed most extensively in the autophagy pathway. In contrast
to Atg12–Atg5, LC3 localizes on the membrane of complete spherical autopha-
gosomes as well as on the isolation membranes (Fig. 3.1) [25]. The membrane
association of LC3 depends on the function of Atg12–Atg5 and phosphatidyl-
ethanolamine (PE) conjugation [17, 26, 27]. LC3 is also detected on the mem-
brane of autolysosomes, but in amounts less than that of autophagosomes [25,
28]. LC3–PE on the outer membrane of autophagosome is deconjugated by
Atg4 homologs (also called autophagins) and free LC3 is released again into the
cytoplasm [22, 23, 29–31]. LC3–PE on the inner membrane is degraded by lyso-
somal proteinases [32]. The role of LC3 is unknown, but yeast studies indicated
that it is also required for autophagosome generation [18].

The function and localization of other two Atg8 homologs have been pro-
posed, but are still controversial. GABARAP was suggested to be involved in
GABAA receptor clustering [33] or transport [34]. GATE-16 has been suggested
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Fig. 3.1 Model of autophagosome formation
in mammalian cells. The Atg12–Atg5 conju-
gate and Atg16L localize to the isolation
membrane throughout its elongation pro-
cess. LC3 is recruited to the membrane in
an Atg5-dependent manner. Atg12–Atg5 and
Atg16L dissociate from the membrane upon

completion of autophagosome formation,
while LC3 remains on the autophagosome
membrane. Atg5 and its modification by
Atg12 are required for elongation of the iso-
lation membrane. The class III PI3K complex
containing beclin 1 likely functions upstream
of the elongation step.



to be an intra-Golgi transport modulator that interacts with N-ethylmaleimide-
sensitive factor (NSF) and Golgi v-SNARE (soluble N-ethylmalemide-sensitive
fusion protein (NSF) attachment receptor) GOS-28 [20]. However, transfection
experiments showed that both GABARAP and GATE-16 are able to reside on
autophagosomal membranes [22]. It is not know whether these three homologs
are functionally redundant or have some specific roles.

3.1.3
Class III Phosphatidylinositol-3-kinase (PI3K) Complex

Yeast Atg6/Vps30 and its mammalian homolog beclin 1 are the components of
class III PI3K complex [35, 36]. This complex is thought to function upstream
of autophagosome formation. In yeast, autophagosomes seem to be generated
from a structure near the vacuole, termed the pre-autophagosomal structure
(PAS) [26, 37]. Formation of PAS requires a PI3K complex made up of Vps15,
Atg6, Atg14 and Vps34 [36]. Apart from this type of class III complex, there is
another kind of PI3K complex in yeast consisting of Vps15, Atg6, Vps38 and
Vps34, which functions in the vacuolar protein sorting pathway, not for autoph-
agy. Thus, Atg6 is not a protein specific for autophagy. Recently, it was shown
that Caenorhabditis elegans beclin is also essential for both autophagy and endo-
cytosis [38].

Mammalian Atg6 was originally identified as a Bcl-2-interacting protein, be-
clin 1 [39]. Later it was suggested that beclin 1 is a negative regulator of tumori-
genesis and also required for autophagy in mammalian cells [40]. Primary local-
ization of beclin 1 is the trans-Golgi Network (TGN) [35]. As the transport of ly-
sosomal hydrolases from TGN to endosomes depends on PI3K activity in mam-
malian cells [41, 42], TGN-associated beclin 1 would function for this pathway.
However, it was also shown that beclin 1 may not be essential for the transport
of lysosomal enzymes in mammalian cells [43].

3.1.4
Atg1 Kinase Complex

Atg1 is a protein kinase, which forms a complex with Atg13 and Atg17 in yeast
[44–46]. The kinase activity of Apg1 is upregulated by starvation signaling, which
is mediated by Atg13. Under normal conditions, Atg13 is hyperphosphorylated in
a target of rapamycin (TOR)-dependent manner, but it is immediately depho-
sphorylated by starvation treatment. Thus, Atg1 complex could be one of the sig-
nal transducers. However, yeast genetic analyses have suggested that the Atg1
complex functions at a later step of autophagosome formation, not at the PAS for-
mation step [26]. This complex seems to have a direct role in membrane dyna-
mism or autophagosome size regulation, not only in signal transduction [46].

Homologs of Atg1 have been identified in C. elegans (UNC51) [47] and mam-
mals (ULK1 and ULK2) [48, 49]. ULK1 interacts with GATE-16 and GABARAP
[50], suggesting that Atg8 homologs are functionally related to Atg1 protein
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complex. Although the function of these Atg1 homologs in autophagy is not
clear, they were reported to have an additional function in axon outgrowth of
neurons [51, 52]. This finding is consistent with the “UNCordinate” phenotype
of the worm mutant of Atg1 [53].

3.1.5
Other Factors

Atg9 is a transmembrane protein and is required for PAS formation in yeast
[26, 54]. Retrieval of Atg9 from the PAS requires Atg18 and Atg2 [55]. Indeed,
Atg9 interacts with Atg2 [56] and Atg18 [55]. Mammalian homologs of Atg9 [57]
and Atg18 [WD-repeat protein interacting with phosphoinosides (WIPI)] [58, 59]
have been identified, but their role in autophagy remains unclear.

3.2
Autophagy Indicator Mice: Green Fluorescent Protein (GFP)–LC3 Transgenic Mice

To date, electron microscopy has been the only morphological method to moni-
tor autophagy. Unfortunately, this is a method requiring many skills and much
time, and sometimes it is difficult to distinguish autophagic vacuoles (AVs)
from other structures just by morphology. Recent studies on the molecular
mechanism of autophagy provided several marker proteins for autophagosomes
[60]. For example, Atg12–Atg5 and Atg16L are specific markers for the isolation
membrane, and LC3 can be used as a general marker for autophagic mem-
branes (Fig. 3.1). These localizations are easily examined by generating chimeric
proteins fused with GFP or its derivatives. Autophagosomes can be recognized
as ring-shaped structures by fluorescence microscopy if their diameters are larg-
er than 1 m in cultured cells. The examination of GFP–LC3 localization is a
very simple method, which requires only a high-resolution fluorescence micro-
scope. In addition, real-time observation in living cells is feasible.

This method has been applied to in vivo analysis, by generating GFP–LC3 trans-
genic mice [61]. In this mouse model, GFP–LC3 is overexpressed in almost all tis-
sues under the control of the constitutive CAG promoter. Using this transgenic
mouse model, the occurrence of autophagy in mouse tissues can be directly mon-
itored by simply creating cryosections and subsequent fluorescence microscopic
analysis. In general, autophagy is induced in almost all tissues during starvation.
Active autophagy was observed in skeletal muscle, liver, heart, exocrine glands
such as pancreatic acinar cells and seminal gland cells, and podocytes in kidney
after 24-h food withdrawal (Fig. 3.2) [61]. This suggests that the major role of au-
tophagy is degradation of self proteins as a starvation response.

In some tissues, autophagy even occurs actively without starvation treatments
[61]. Among these, thymic epithelial cells show the highest basal levels under
nutrient-rich conditions. Younger mice and late-stage embryos also show very
active autophagy in thymic epithelial cells (our unpublished observation). In
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general, cytoplasmic antigens such as viral proteins are processed by the protea-
some and presented via major histocompatibility (MHC) class I to CD8+ T cells.
On the other hand, exogenous antigens are taken up by antigen-presenting cells
via the endocytic pathway and processed in the lysosome or MHC Class II com-
partment. There, antigen peptides become associated with class II MHC mole-
cules, and are then delivered to the plasma membrane and presented to specific
CD4+ T cells. However, many reports have demonstrated that endogenous pro-
teins, particularly those that are long lived, are also presented on class II MHC
[62–65]. Although how cytoplasmic proteins are loaded on class II MHC has
not been completely understood, autophagy is now thought to be one of the
pathways [66–69]. Since thymic epithelial cells are not thought to have phagocyt-
ic activity, it is reasonable to hypothesize that they provide self-antigens from
their own cytoplasm. In this scenario, autophagy in thymic epithelial cells
might be involved in T cell development and central tolerance.

It is interesting that autophagy was not induced in the brain even after 48-h
food withdrawal. However, this phenomenon is only observed in vivo. In pri-
mary cultured neural cells of GFP–LC3 mice, numerous GFP–LC3 dots can be
induced when they are cultured in starvation media (our unpublished observa-
tion). Thus, neural cells have the ability to induce autophagy. The brain may
not be starved by such simple food withdrawal treatment. These observations re-
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Fig. 3.2 In vivo analysis of autophagy using
GFP–LC3 mice. Gastrocnemius muscle sam-
ples were prepared from GFP–LC3 trans-
genic mice before (A) or after 24 h of starva-

tion (B) and fixed with 4% paraformalde-
hyde. Cryosections were analyzed by fluores-
cence microscopy. GFP–LC3 dots represent
autophagosomes. Bar = 10 �m.



vealed that, although the primary role of autophagy seems to be starvation adap-
tation, autophagy is differently induced among tissues, suggesting that the regu-
lation of autophagy is not uniform, but rather is organ dependent.

GFP–LC3 dot formation at the embryonic and perinatal stages was also ana-
lyzed. Autophagy seems to be suppressed throughout the embryonic period, ex-
cept some in tissues such as thymic epithelial cells. However, the formation of
the GFP–LC3 dots was extensively induced in various tissues soon after a natu-
ral delivery [70]. In particular, the heart muscle, diaphragm, alveolar cells and
skin displayed massive autophagy. The autophagic activity reached a maximum
level 3–6 h after birth, although the neonatal mice began suckling before that
time. The number of GFP–LC3 dots gradually decreased to basal levels by day 1
or 2. These results suggest that massive autophagy is transiently induced in nor-
mal neonatal mice under physiological conditions, probably in response to the
nutrient limitations imposed by the sudden termination of the transplacental
supply (as discussed below).

Although this transgenic mouse model is very useful for in vivo studies, there
are a few possible limitations. First, GFP–LC3 localization only represents au-
tophagosome formation. Since autolysosomes have less membrane-bound LC3
than autophagosomes, the appearance of GFP–LC3 dots does not guarantee au-
tophagic “degradation”. On the contrary, too fast fusion of autophagosomes with
lysosomes may result in a lower number of GFP–LC3 dots, which would under-
estimate the autophagic activity.

Another problem could be the difficulty of strict quantification of the number
of GFP–LC3 structures using software. Uneven cytosolic background signals
makes thresholding difficult or unable to extract weak dot signals. To better ex-
tract the dot signals, the “Top Hat” algorithm of MetaMorph Series Version 6
(Molecular Devices, Sunnyvale, CA) is useful. Small dot peaks can be extracted
from the surrounding relatively lower background signals irrespective of the ab-
solute signal intensity.

It is also very important to distinguish the true GFP–LC3 dot signals from auto-
fluorescent signals. Some cells such as neurons show autofluorescent dot struc-
tures like lipofuscin. Such artifacts may be avoided by the following two methods.
First, it is particularly important to compare samples expressing GFP–LC3 with
nontransgenic control samples. Second, specific GFP–LC3 signals should not be
detected using other fluorescence filter sets such as rhodamine, Cy5 and UV. True
GFP–LC3 signals should be detected specifically by the GFP or FITC filter set.

3.3
Mouse Models Deficient for Autophagy-related Genes

As discussed above, the most fundamental and evolutionarily conserved func-
tions of autophagy would be the starvation adaptation. Autophagy-defective yeast
mutants lose viability during starvation [71]. However, there has been no direct
evidence showing that autophagy is also important in mammals in response to
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starvation. Moreover, it has remained unclear whether autophagy has some criti-
cal roles other than starvation adaptation. However, recent mouse genetic ap-
proaches using the gene-targeting technique have revealed the fundamental role
of autophagy in mammals.

3.3.1
Atg5-deficient Mice

Atg5 is an acceptor molecule for the ubiquitin-like molecule, Atg12 [3, 4]. Atg5
and its proper modification with Atg12 are required for the elongation of the
autophagic isolation membrane [17]. atg5–/– mice are born at the expected Men-
delian frequency and they appear almost normal at birth, although the body
weight of atg5–/– mice is slightly lower than that of wild-type mice [70]. Electron
microscopic analysis confirmed that autolysosomes were not present in tissues
from homozygous mutants. These data suggest that atg5–/– mice survive fetal
development almost normally, although many studies have suggested possible
roles for autophagy in development and cell death.

Despite the minimal abnormalities present at birth, most of atg5–/– neonates
died within 1 day of delivery [70]. Heterozygous mice did not display any abnor-
mal phenotypes. The majority of the atg5–/– neonates were found with no milk
in their stomachs, suggesting that they may have had a suckling defect. How-
ever, the early death of the homozygous mice was not simply due to suckling
failure because the survival time of atg5–/– mice was much shorter than wild-
type mice when compared under nonsuckling conditions after Caesarean deliv-
ery. The survival time of atg5–/– neonates could be delayed by forced milk inges-
tion, suggesting that a major problem of atg5–/– neonates was a lack of nutri-
ents. Soon after the Caesarian delivery, plasma amino acid concentrations in the
atg5–/– neonates were not different from those of wild-type littermates. However,
at 10 h after the Caesarian delivery, the amino acid concentration of atg5–/– mice
was significantly lower than that of wild-type mice. In particular, the plasma
concentration of essential amino acids and branched-chain amino acids showed
large differences. A similar pattern was observed for amino acid concentrations
in various tissues such as liver, heart and brain. In addition, tissue energy levels
estimated by activity of AMP-activated protein kinase were also low in 10-h fast-
ing atg5–/– mice. Therefore, early neonatal atg5–/– mice suffer from systemic
amino acid and energy insufficiency, suggesting that neonates could use the
amino acids produced by autophagy for energy homeostasis (Fig. 3.3).

This is the first demonstration of the importance of autophagy in mammals
as the starvation response. To overcome life-threatening problems, autophagy
must be activated to maintain an adequate amino acid pool. Amino acids pro-
duced by autophagy can be used as an energy source, for gluconeogenesis in
the liver or for the new protein synthesis required for the proper starvation re-
sponse. Thus far, a number of developmental defects have been reported in au-
tophagy mutants in several species. In Saccharomyces cerevisiae, autophagy mu-
tants are defective in spore formation [71], while autophagy mutants of Dictyos-
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telium discoideum are defective in normal multicellular developmental processes
such as aggregation formation and fruiting body formation [72]. Premature
death from the third larval to pupal stages was reported in Drosophila melanogas-
ter mutants [73, 74]. Finally, dauer formation is abnormal in C. elegans autop-
hagy mutants [75]. Considering that these developmental defects are related to
nutrient starvation [76], the insufficiency of amino acids could explain many of
these phenotypes that result from the loss of autophagy.

Recently, the involvement of autophagy in cell death has been suggested in a
number of physiological and pathological processes. One of them is a type of
cell death during development, so-called autophagic degeneration or type 2 cell
death, which is distinct from typical apoptosis [77, 78]. Numerous AVs are accu-
mulated in the cytoplasm with relatively intact nuclei. However, the role of au-
tophagy in this type of cell death is still controversial [79–81]. Some studies
demonstrated that autophagy is causative of this type of cell death [82, 83],
while other groups reported that autophagy is a survival mechanism against cell
death [84, 85]. Finally, a recent study suggests that autophagy is a secondary
phenomenon, which does not affect cell death/survival [86]. The fact that Atg5
knockout mice are born without an apparent increase or decrease in cell num-
ber suggests that autophagy is not critical for cell death, at least during mam-
malian embryogenesis [70]. Therefore, the physiological role of autophagy in
cell death should be carefully reconsidered.
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Fig. 3.3 Schematic representation of the phenotype of atg5–/– and atg7–/– mice.



3.3.2
Atg7-deficient Mice

Atg7 is a ubiquitin-activating enzyme (E1)-like protein that catalyzes both Atg12
and Atg8 family proteins [11]. The phenotype of Atg7 knockout mice was very sim-
ilar to that of Atg5 knockout mice [87]. They are born at Mendelian frequency and
their body weight is slightly lower than that of wild-type mice. The survival times
of atg7–/– neonates under starvation conditions are significantly shorter and they
exhibit reduced amino acid concentrations in plasma. This phenotype confirmed
the crucial role of autophagy in survival of the starvation period.

To determine the role of autophagy in adult tissues, liver-specific atg7–/– mice
were also generated [87]. Mice homozygous for the atg7flox allele (atg7f/f) were
crossed with Mx1-Cre transgenic mice. In the resulting mice, the expression of
the Cre recombinase can be induced by injection of interferon-� or polyinosinic
acid–polycytidylic acid (pIpC) so that the exon 14 of the atg7 gene between the
two flox sequences is excised. Effective recombination was confirmed in the liv-
er and spleen, and detailed analysis of the liver was reported.

In wild-type mice, liver proteins in the cytosol and organelles such as mitochon-
dria decrease to about 70%, while the decrease is not significant in atg7f/f:Mx1 mice,
suggesting that autophagy accounts for the majority of starvation-induced protein
degradation in the liver. Furthermore, atg7f/f:Mx1 mice show hepatomegaly as early
as 20 days after pIpC injection. It indicates that autophagy constitutively occurs at
low levels irrespective of nutrient conditions. Some abnormal organelles such as
deformed mitochondria and endoplasmic reticulum also accumulate in hepato-
cytes. The most striking finding is that many ubiquitin-positive aggregates are gen-
erated in hepatocytes [87]. The mechanism underlying the accumulation of ubiqui-
tin-positive aggregates is unknown. Inhibition of continuous turnover of soluble
proteins might lead to aggregate formation. Alternatively, aggregates may naturally
be degraded by autophagy. Finally, atg7f/f:Mx1 mice at 90 days after pIpC injection
showed severe hepatomegaly with disorganized hepatic lobules, cell swelling and
cell death. Elevation of serum alanine aminotransferase and aspartate aminotrans-
ferase is also observed at this stage. Taken together, these results suggest baseline
autophagy is critical for intracellular clearance and homeostasis of hepatocytes.

However, autophagy-defective yeast cells [71], embryonic stem cells [17] and
embryonic fibroblasts [70] show no apparent abnormalities under growing con-
ditions. In rapidly dividing cells, abnormal proteins may be quickly diluted even
if they are not degraded. Therefore, the intracellular clearance by autophagy
should be particularly important in post-mitotic cells.

3.3.3
Beclin 1-deficient Mice

The genomic localization of beclin 1 is within a tumor susceptibility locus in
17q21, which monoallelically deleted in 40–75% of sporadic human breast and
ovarian cancers [40]. A breast cancer cell line, MCF-7, expresses very low levels
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of beclin 1. MCF-7 cells show low autophagic activity, which can be restored by
forced expression of beclin 1. Beclin 1 expression also inhibits tumorigenesis
when MCF-7 cells are implanted into nude mice [40]. These findings suggest
that beclin 1 is required for both autophagy and protection from cancer.

Two groups independently generated beclin 1 knockout mice [88, 89]. The
homozygous mutant mice show early embryonic lethality, probably around em-
bryonic day 7.5 [89]. Electron microscopic analysis of beclin 1–/– embryonic stem
cells revealed that these cells are defective in autophagy, confirming that beclin
1 is required for autophagy [89].

Although beclin 1 heterozygous mice develop normally and are fertile, they
develop spontaneous tumors such as lung cancer, hepatocellular carcinoma and
lymphoma [88, 89]. By crossing with the GFP–LC3 mice, beclin 1+/– mice were
shown to be partially defective in autophagy in various tissues including tissues
associated with increased spontaneous tumorigenesis [88].

As mentioned above, beclin 1/Atg6 is a component of the class III PI3K com-
plex, and at least in yeast and worms it has multiple functions not restricted to
autophagy [36, 38]. In addition, beclin 1 has another binding partner, Bcl-2/
CED-9 [38, 39], which may provide beclin 1 with additional functions in cell
death. Finally, the phenotype of beclin 1–/– mice is much more severe than that
of atg5–/– and atg7–/– mice, which appear almost normal at birth [70, 87, 89].
Therefore, beclin 1 likely has additional roles beyond its function in autophagy.
It remains to be clarified which phenotypes of beclin 1–/– and beclin 1+/– mice
are caused by autophagy defects.

3.4
Concluding Remarks

Recently it has been rapidly revealed that autophagy has pleiotropic roles in pro-
tein metabolism during starvation, quality control inside cells, degradation of in-
tracellular bacteria, antigen presentation of cytosolic proteins, anti-aging, tumor-
igenesis and cell death. The genetically manipulated animals described above
are now extensively used for autophagy studies and should provide further new
insights into this mysterious cellular function.
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Marta Martinez-Vicente, Susmita Kaushik and Ana Maria Cuervo

4.1
Introduction

The identification of previously unknown molecular components involved in au-
tophagy (Chapter 1) and of novel regulators for this process (Chapter 2) in re-
cent years has allowed the development of new methods to track autophagy, in
both culture cells and in whole organisms (Chapter 3). In addition, some of the
new components identified have become suitable targets for manipulations
aimed at activating or blocking autophagy. Being able to measure and compare
levels of autophagy under different conditions and to analyze the consequences
of altering the normal course of this intracellular process has provided new in-
sights on the physiological relevance of autophagy (reviewed in Refs. [1–3]).
New roles have been added to the classically recognized role of autophagy in
catabolism and maintenance of cellular homeostasis. The demonstrated contri-
bution of autophagy, in its different forms, to development, cell differentiation,
intrinsic and extrinsic immunity, host-to-pathogen response, adaptation to
stress, and cell death now places this intracellular process at a completely new
level regarding its relevance for proper cellular functioning. Both the new track-
ing methods for autophagy and the elucidation of its diverse cellular functions
have allowed us to link autophagy with a growing number of human patholo-
gies. For some of them, failure or malfunctioning of the autophagic process
seems to be the basis of their pathogenesis. In others, the observed changes in
autophagy are likely consequences of the progressive course of the disease or a
defensive response of the cell to the pathological condition. This possible dual
role of autophagy, as a survival mechanism or as cell death effector, is changing
the way in which autophagy is analyzed in different disorders. Identifying
changes in autophagic activity is no longer enough for most pathologies, but it
is critical to determine when those changes occur, since their cellular conse-
quences could be completely different depending on when they occur in the
course of the disease.

In this chapter, we discuss the most recent findings linking autophagy to
pathological conditions. The different length of each of the sections reflects the
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situation of our current understanding. For some disorders, such as neurode-
generative disorders or cancer, the field has moved faster and mechanistic expla-
nations for the contribution of autophagy to the disease are already available.
Other disorders are still in a more descriptive stage, but they should soon bene-
fit from the findings of the better-studied pathologies. We will not cover the
connections of autophagy with immunological and infectious-related disorders,
since they are addressed in detail in other chapters of this book.

Of the three different forms of autophagy identified in mammalian cells, i.e.
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA),
connections to particular disorders have already been established for macroau-
tophagy and CMA. The lack of reliable methods for tracking microautophagy
has precluded establishing a direct relation of this form of autophagy with hu-
man diseases. Interestingly, in a growing number of disorders, changes in au-
tophagy do not seem restricted to one type of autophagy or another. We de-
scribe, when known, the primary system affected, but a new lesson derived
from all these studies has been the existence of crosstalk and compensatory
mechanisms among the different proteolytic systems in the cell.

In the last part of this chapter, we summarize the changes that the lysoso-
mal/autophagic system undergoes with age. Although many of the pathologies
covered here are considered age-related disorders, a decline in autophagic activ-
ity also occurs during normal physiological aging. Even though not a pathology,
it is still pertinent to discuss it here, since these age-related changes in autopha-
gy could explain, at least in part, why these pathologies aggravate with age.

4.2
Autophagy in Neurodegenerative Disorders

Accumulation of autophagic vacuoles (AVs) and protein aggregates, in the form
of inclusion bodies, is a common feature of protein conformational disorders.
Among these disorders, those directly affecting the central nervous system, i.e.
neurodegenerative disorders, have received particular attention in recent years.
Here, we first comment on the relation between autophagy and protein aggrega-
tion in a general context. We then compile the information currently available
on the role of autophagy in the pathogenesis of three major degenerative disor-
ders, i.e. Parkinson’s disease, Alzheimer’s disease and Huntington’s disease,
highlighting both analogies and peculiarities for each of these disorders. In ad-
dition, we comment on two other forms of neurodegeneration, i.e. prion disor-
ders and Niemann–Pick Type C, for which connections to autophagy are still in
their beginnings, but that, as discussed below, have the potential to critically
contribute to our understanding of their pathogenesis and future development
of therapeutic approaches.
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4.2.1
Protein Misfolding and Aggregation

Protein aggregates or aggresomes are insoluble stable oligomeric complexes of
misfolded and unfolded proteins that, when accumulate intracellularly, are
called inclusion bodies [4]. Protein aggregation is precipitated by the presence
of mutations and/or post-transcriptional modifications in the proteins or under
particular intracellular conditions such as oxidative stress (reviewed in Ref. [5]).

Cells avoid accumulation of aggregate proteins by different sequential mecha-
nisms (illustrated in Fig. 4.1). As the first “front of action”, intracellular chaper-
ones interact with the unfolded or partially folded protein intermediates to pre-
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Fig. 4.1 Autophagy in protein conforma-
tional disorders. Protein conformational dis-
orders result from abnormal conformational
changes in particular proteins (due to muta-
tions or post-translational modifications)
that make them prone to aggregation. In the
early stages of the disorder, the abnormal
proteins often block the activity of proteoly-
tic systems normally responsible for the de-
gradation of soluble proteins (proteasome
and CMA by the lysosome), resulting in
compensatory activation of macroautophagy

to eliminate the oligomeric toxic forms. As
the diseases progress (late stage), a macro-
autophagic failure often occurs, probably
due to problems in the clearance of the au-
tophagocytosed materials, leading to the ac-
cumulation of AVs with partially degraded
contents and eventually to cell death. Abbre-
viations: L = lysosome; LM= limiting mem-
brane; AP= autophagosome; APL =autopha-
golysosome; MLB = multilamelar bodies.
(This figure also appears with the color
plates).



vent exposure of hydrophobic residues and to promote folding of nascent pro-
teins or refolding of misfolded ones [4]. If proper folding is not attained, the
ubiquitin–proteasome system [6, 7] and, in some particular instances, CMA [8]
can eliminate most of the soluble misfolded proteins. However, as oligomeriza-
tion of the toxic intermediates progresses, insoluble aggregates, unsuitable for
proteasome or CMA degradation, form and accumulate intracellularly [4, 9].
The presence of trapped ubiquitinated proteins, chaperones and proteases has
been reported in almost all types of aggregate inclusion bodies, supporting that
the inclusion body nucleates from proteins that could not be refolded or de-
graded before their aggregation [4].

Once this stage is reached, only activation of macroautophagy has proven able
to efficiently remove aggresomes [6, 10–12]. Activation of macroautophagy has
been shown to decrease levels of intracellular aggregates and protect against
neurodegeneration [10, 13, 14]. Accordingly, macroautophagy inhibitors reduce
aggregate clearance in several neurodegenerative disorders [10, 15]. The mecha-
nisms involved in the autophagic degradation of intracellular aggregates are cur-
rently being elucidated. Impaired activity of the proteasome–ubiquitin system,
likely because of the direct action of the misfolded proteins on this system, in-
duces autophagy [7]. Essential macroautophagy components and lysosomes are
recruited, via a microtubule-dependent mechanism, to the perinuclear area of
the cells, where inclusion bodies normally accumulate. This mechanism has
been proposed to increase the efficiency and selectivity of the autophagic degra-
dation of the aggregates [16]. Autophagic vacuoles then engulf the aggresomes
and degrade them by fusion with lysosomes. Often, the number of aggregates
increases as the disease advances, probably reflecting both decreased susceptibil-
ity of the aggregate protein to the lysosomal enzymes (as irreversible covalent
modifications and crosslinking occur) and a primary impairment of the au-
tophagic process (as macroautophagy effectors and cytoskeletal components are
sequestered in the inclusion bodies). It is, at this stage, when general cell dys-
function occurs and the affected cells often end up being eliminated by, what
has been called, programmed cell death type II or autophagy [2, 3, 17].

The recently described degradation of protein aggregates via macroautophagy
has introduced two main changes in the way that aggregates are viewed now in
the context of protein conformational disorders. First, it has revealed that protein
aggregates might not be the pathogenic basis of these disorders, but, instead, that
protein aggregation could have a cytoprotective function (since aggregates are in
general less toxic than the oligomeric soluble forms of the altered proteins) [18–
20]. Second, the susceptibility of aggresomes to macroautophagy degradation
opens the possibility of therapeutic approaches oriented both to promote aggrega-
tion of the toxic products and to facilitate their removal by activating macroauto-
phagy. Although the effectiveness of these types of approaches in late stages of the
disease, when the autophagic machinery is already compromised, is doubtful, it is
now generally accepted that activation of macroautophagy in the early stages of
most protein conformational disorders could be beneficial.
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4.2.2
Parkinson’s Disease

Parkinson’s disease is an age-related neurodegenerative disorder characterized by
the loss of dopaminergic neurons in the substantia nigra and in the striatum. In-
tracellular protein inclusions, called Lewy bodies (LB), are found in different Par-
kinson’s disease brain regions and, although currently controversial, have been
considered for a long time the histological signature of this disorder [21–23].

The main component of the LB is �-synuclein, a soluble cytoplasmic protein lo-
calized in the presynaptic terminal of most neuronal types. In pathologic condi-
tions, �-synuclein undergoes conformational changes that lead to the formation
of insoluble �-synuclein fibrils often found in the core of the LB. Although �-synu-
clein fibrils were thought to be the cause of the neuronal death, recent evidence
instead supports that the soluble oligomeric or proto-fibrillar structures, which
are formed previous to insoluble fibrils, are the pathogenic/toxic forms. The fact
that sequestration of these toxic forms into fibrils in inclusion bodies may protect
cells from neurotoxicity confers LB a cytoprotective role in the Parkinson’s disease
pathology [24, 25]. The mechanisms by which these �-synuclein protofibrils may
cause dysfunction and neuronal death are still unknown. It has been proposed that
the ability of protofibrils to bind and permeabilize vesicles may lead to inappropri-
ate redistribution of vesicular components and to organelle content leakage [26].

In familial forms of Parkinson’s disease, the conformational changes in �-sy-
nuclein result from point mutations in its amino acid sequence. Two of those
mutations (A30P and A53T) have shown increased tendency to form toxic oligo-
meric intermediates [27, 28]. Although mutations in �-synuclein only occur in
familial forms of Parkinson’s disease, �-synuclein is still the main component
of LB in all forms of Parkinson’s disease. Analysis of the LB has revealed several
post-transcriptional modifications in wild-type �-synuclein, including nitration,
phosphorylation, oxidation, glycosylation, ubiquitination and formation of dopa-
mine adducts, which could all be involved in its fibrillation [29–34]. Of particu-
lar interest are the �-synuclein dopamine adducts, which might explain why
dopaminergic neurons are most susceptible to neurodegeneration in Parkinson’s
disease. It is possible that, under oxidizing conditions, the cytosolic dopamine
could form an adduct with �-synuclein, which slows down conversion of protofi-
brils to fibrils. Hence, dopamine would become an endogenous protofibril stabi-
lizer, causing the accumulation of the cytotoxic soluble forms of �-synuclein [26,
35]. These findings indicate that cytosolic dopamine in dopaminergic neurons
could promote the accumulation of toxic protofibrils.

Apart from the formation of dopamine adducts, phosphorylation [33] and
methionine oxidation [36] also favor the maintenance of �-synuclein in a soluble
toxic form, by inhibiting fibrillation. Furthermore, these modified �-synucleins
could also inhibit the fibrillation of the unmodified �-synuclein, as has already
been shown for the oxidized forms [34]. The relationships between the presence
of these post-transcriptional modifications, protein fibrillization and neurode-
generation in Parkinson’s disease are still unclear.
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Both supporting and opposing evidence of degradation of �-synuclein via the
ubiquitin–proteasome pathway has been presented [25, 37, 38]. Only recently, it
has been shown that �-synuclein can indeed be degraded by both proteasome
and autophagic pathways, depending on its conformational state [6]. Wild-type
�-synuclein can be degraded by the proteasome [6], but it is also a substrate for
CMA [8]. �-Synuclein contains a CMA-targeting motif in its amino acid se-
quence that, when recognized by the cytosolic hsc70 chaperone, delivers the
protein to the lysosomal membrane receptor [the lysosome-associated mem-
brane protein type 2A (LAMP-2A)]. Once in the membrane, the protein is trans-
located into the lysosomal lumen for its degradation [8]. The percentage of �-sy-
nuclein degraded by each of these two pathways is currently unknown, but it
may vary depending on the cellular conditions. Mutant synucleins cannot be de-
graded by either of these two mechanisms [8, 38], but are efficiently removed
via macroautophagy [6, 19]. Impaired degradation of mutant �-synucleins by the
ubiquitin–proteasome system is a combination of both the inability of this pro-
tease to degrade proteins, once they organize into complex fibrillar structures or
aggregates, and also the direct inhibitory effect of the mutant proteins on the
proteasome [7, 39]. Mutant �-synucleins are poorly degraded by CMA because,
despite binding to the lysosomal membrane receptor with high affinity, their
translocation across the lysosomal membrane is severely impaired [8]. Experi-
mental overexpression of mutant �-synuclein activates macroautophagy in cul-
ture cells, facilitating the removal of the abnormal protein [39]. How macroau-
tophagy is activated under these conditions remains elusive. However, it could
be a consequence of the effect of mutant �-synucleins on other proteolytic sys-
tems. Synuclein mutants have been shown to directly interfere with the activity
of both the ubiquitin/proteasome system [39] and of CMA [8], and blockage of
these two systems has been experimentally shown to lead to macroautophagy
activation [7, 188].

Although rapamycin, a stimulator of macroautophagy, increases clearance of
mutant �-synuclein in culture cells [6], the particular forms of the protein re-
moved by this process are still unclear. It has been shown that the oligomeric
forms of mutant �-synuclein are susceptible to degradation by macroautophagy,
whereas the insoluble fibrillar inclusion bodies are not [25]. It is thus possible
that only “semi-aggregates”, but not long-time formed aggregates, could be re-
moved by activation of macroautophagy.

Based on these findings, activation of macroautophagy in the early stages of
the disease could help to remove the �-synuclein oligomeric intermediates be-
fore these toxic forms accumulate in the cytosol. However, as the disease pro-
gresses, the increasing number of aggregates and their decreased susceptibility
for degradation by lysosomes may lead to a general cell dysfunction and cellular
death. Further studies should be oriented to identify “the point of no return”
after which activation of macroautophagy is no longer beneficial for the affected
neurons. In addition, most of the studies have focused so far on the degradation
of mutant �-synuclein. Mutations in the protein are only found in a small num-
ber of patients. More information is necessary about the effect of the other sy-
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nuclein modifications in its intracellular turnover. In that respect, we have re-
cently found that distinct post-translational modifications of �-synuclein have
different effects on its degradation via CMA [166].

4.2.3
Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disorder that involves gra-
dual neuronal loss. Alzheimer’s disease is characterized by the presence of intra-
neuronal formation of neurofibrillary tangles (NFT), composed mainly of aggre-
gated tau (a microtubule-associated protein) and also by the presence of extracel-
lular senile plaques, containing mainly �-amyloid (A�) deposits [ fibrillar aggre-
gates of A�, a peptide resulting from the proteolytic cleavage of the amyloid
precursor protein (APP)] [40, 41]. Alzheimer’s disease is a sporadic disorder in
more than 80% of patients. Hereditary forms of Alzheimer’s disease are mainly
due to mutations in the presenilin-1 gene (PS1), coding for one of the proteins
of the �-secretase, the proteolytic complex responsible for APP cleavage.

Abnormalities in the endosomal–lysosomal pathway during Alzheimer’s dis-
ease progression have been well documented (reviewed in Ref. [42]). In the early
stages of the disease, there is a general upregulation of the endocytic–lysosomal
system (lysosomal proliferation and increase of lysosomal hydrolases), evident
even before substantial A� is deposited in the brain [43].

As the disease progresses, the neuronal lysosomal system becomes less effi-
cient and lysosomal enzymatic activities decrease, eventually leading to impaired
clearance of AVs and to their accumulation in the Alzheimer’s disease neurons
[44]. The persistence of AVs in the Alzheimer’s disease brain is particularly im-
portant in the pathogenesis of the disease, since they become new sources for
A� production. It has recently been shown that both APP and components of
the �- and �-secretase complexes can be detected in AVs. Under normal condi-
tions, the half-life of AVs, from their formation until their elimination via lyso-
somal fusion, is very short (of the order of minutes), and, thus, the coexistence
of enzymes and substrate in the same compartment does not have any cellular
consequence. However, in the disease, the persistence of AVs in the cellular cy-
tosol for longer periods of time, due to their impaired lysosomal clearance, re-
sults in vacuolar cleavage of APP by the secretases, and release of �- and �-se-
cretase APP cleavage products from AVs which become new A�-generating com-
partments [45]. This A� overproduction not only contributes significantly to A�
deposition in Alzheimer’s disease neurons, but also further impairs AV clear-
ance, thus perpetuating this novel pathogenic mechanism [45].

In the last stages of the disease, the persistence of undigested material inside
AVs (autophagosomes and/or autophagolysosomes) could lead to oxidation and
nonspecific crosslinking of the content, membrane instability, and leakage of lyso-
somal enzymes in the cytosol. Whether or not these series of events are the trigger
for programmed cell death of the affected neurons needs future investigation.
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4.2.4
Huntington’s Disease

Huntington’s disease is the best known of the group of inherited neurodegen-
erative disorders caused by polyglutamine tracts expansion [46]. This autosomal
dominant disorder is characterized by the formation of intraneuronal inclusion
bodies enriched with mutant huntingtin (Htt), the protein altered in this disor-
der [47]. When the number of glutamine repeats (poly-Q) associated to the N-
terminus of Htt exceeds 37, the protein becomes prone to aggregation into in-
soluble inclusion bodies [48]. The presence of an increased number of gluta-
mine repeats in Htt correlates with gain in toxicity and aggregation. As in other
protein conformational disorders, the toxic effect initially proposed for the inclu-
sion bodies [49] is currently under revision, since recent studies have suggested
a possible protective function for the protein aggregates [18, 50].

The function of Htt and the molecular mechanisms that contribute to the
pathogenesis of Huntington’s disease are still being elucidated. Recent studies
suggest that neuronal degeneration in Huntington’s disease results from the
combined effects of gain of function of the poly-Q-expanded form of Htt, along
with the loss of function of wild-type Htt (reviewed in Ref. [51]). Htt is ubiqui-
tously expressed and present in many subcellular compartments [52, 53]. Htt
knockout mice are nonviable, but different mouse models, expressing the full-
length or truncated forms of the human protein, are now available [54]. These
truncated forms of Htt are particularly interesting, since Htt can be cleaved by
caspases, calpains and aspartic proteases, resulting in fragments that are be-
lieved to be the toxic species found in the aggregates [49, 53]. Htt interacts with
numerous proteins [53, 55], suggesting that it is, indeed, a multifunctional pro-
tein involved in processes as diverse as gene transcription, signaling and intra-
cellular trafficking [52]. Based on the large intracellular pool of Htt-interacting
proteins, it has been proposed that mutant Htt may recruit these proteins dur-
ing the aggregation process and drag them into the inclusion bodies. The loss
of those particular proteins would have different cellular consequences depend-
ing on their normal function. Thus, the presence of transcription factors such
as p53, CREB-binding protein (CBP), specificity protein 1 (SP1) and TATA-bind-
ing protein (TBP) in the Htt aggregates could explain the transcriptional dereg-
ulation observed in Huntington’s disease models [56, 57]. Intraneuronal poly-Q
aggregates are often ubiquitinated and contain chaperones (hsc40 and hsp70)
and proteasome subunits, supporting failure of the protein refolding and degra-
dation machinery [58, 59].

Very little information is currently available about the mechanisms responsi-
ble for the degradation of wild-type full-length Htt. Although Htt contains in its
amino acid sequence three CMA-targeting motifs, the unmodified form of the
protein does not seem to be degraded through this autophagic pathway (Marti-
nez-Vicente, unpublished results). Soluble mutant Htts and some of the toxic
fragments could be the substrates for the proteasome–ubiquitin system [4, 7].
In contrast, macroautophagy has been revealed as the main pathway for the
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clearance of Htt aggregates formed during the progression of the disease [10,
15]. The first observations linking Huntington’s disease and macroautophagy re-
ported that overexpression of mutant Htt in culture cells resulted in stimulation
of lysosomal activity and increased formation of AVs [47]. The exact mecha-
nisms leading to macroautophagy activation are still unknown, but it has been
proposed that the observed sequestration of mammalian target of rapamycin
(mTOR; the major negative regulator of macroautophagy) [60] in the poly-Q ag-
gregates would inhibit its kinase activity and, consequently, induce macroau-
tophagy [13, 14]. Stimulation of macroautophagy by treatment with rapamycin
(a mTOR inhibitor) protects against neurodegeneration in fly models of Hun-
tington’s disease, and decreases aggregate formation and cell death in cell cul-
ture models of Huntington’s disease [13]. In contrast, treatment with two macro-
autophagy inhibitors, 3-methyladenine (3-MA) and bafilomycin A1, reduces the
capacity of cells to eliminate poly-Q-expanded Htt [10, 15]. As in other protein
conformational disorders, these findings support a protective role for cellular ag-
gregates by means of activation of macroautophagy. Procedures aiming at acti-
vating macroautophagy have become the basis for new therapeutic approaches
in these aggregate-prone pathologies. Although proven effective experimentally,
a major concern was the possible negative consequences that massive degrada-
tion of other intracellular components by macroautophagy could have. However,
recent work has revealed a certain degree of selectivity in the removal of poly-Q
aggregates via macroautophagy [12, 16]. Thus, to preferentially favor the degra-
dation of the aggregate proteins, both aggresomes and the molecular machinery
involved in macroautophagy are relocated to the perinuclear region of the cell
in a microtubule-dependent manner [12, 16]. Although macroautophagy does
not facilitate the removal of nuclear aggregates, also common in this disease,
the fact that the removal of only cytosolic aggregates is enough to improve cell
function supports its therapeutic potential [12]. Finally, as described for the
other neurodegenerative disorders, it is likely that, in late stages of the disease,
activation of macroautophagy may no longer help, but instead it could contrib-
ute to neuronal death. This would explain the elevated rates of cellular death
found when macroautophagy was activated by the combined action of mutant
Htt and a source of oxyradical stress (dopamine) [61].

4.2.5
Prion Diseases

Human transmissible spongiform encephalopathies (TSEs; also known as prion
diseases) are a group of fatal neurodegenerative disorders of genetic, infectious
or sporadic origin, characterized by spongiform degeneration of the grey matter,
neuronal loss, astrocytic gliosis and neuronal accumulation of the pathological
prion protein isoform (PrPSc) [62, 63]. The most important characteristic that dif-
ferentiates prion diseases from the rest of the neurodegenerative disorders is that
the pathological isoform PrPSc is itself infectious [64]. This isoform arises from the
conversion of PrPc, the nonpathogenic form of PrP (mostly �-sheets), into the
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pathogenic isoform PrPSc (mostly �-sheets) [65, 66]. The mechanisms involved in
this conversion, the subsequent intracellular accumulation of the pathogenic iso-
form and the resulting neurotoxicity have yet to be completely elucidated.

Although less explored than the neurodegenerative disorders described in the
previous sections, several pieces of evidence have connected prion disorders with
autophagy. Despite initial reports claiming resistance of PrP to protease cleavage,
it has recently been shown that PrPSc can be degraded by lysosomal enzymes,
such as cathepsin L and B, thus supporting the participation of the lysosomal sys-
tem in PrPSc degradation [67]. In addition, accumulation of AVs has been de-
scribed in neurons from patients and in cells with experimentally induced prion
disease [68, 69]. In fact, this intracellular accumulation of AVs, along with other
organelle deformities [mitochondrial dilatation, enlargement of Golgi and endo-
plasmic reticulum (ER)] and the absence of typical apoptotic features in the dying
neurons, has led to the conclusion that neuronal loss in these disorders occurs via
autophagic cell death [68, 70, 71]. Whether this accumulation of AVs occurs only in
the advanced stages of the disease, while early activation of autophagy could have a
protective effect in the progression of prion diseases, as shown for other neurode-
generative disorders, still needs to be elucidated.

4.2.6
Niemann–Pick Type C

Niemann–Pick Type C is a neurodegenerative lysosomal storage disorder charac-
terized by the accumulation of cholesterol and other lipids [sphingomyelin, lyso-
bis-phosphoatidic acid (LBPA), glycosphingolipids and phospholipids] in endo-
cytic-lysosomal organelles, collectively referred to as lysosome-like storage organ-
elles [72]. Niemann–Pick Type C patients present pathogenic symptoms in early
childhood, in the form of progressive neurological degeneration and hepato-
splenomegaly (enlarged liver and spleen), which leads to death in their early
teens. Mutations in the npc1 gene are found in approximately 95% of the pa-
tients and the in npc2 gene in the rest (for review, see Ref. [73]).

Although the exact biological role of Npc1 remains unknown, this integral
membrane protein has been proposed to participate in lipid trafficking, as it
binds cholesterol [74] and contains a “sterol-sensing domain” [75]. Normal Npc1
is present in late endosomes and lysosomes [76–78], but the mutant protein is
partially mislocalized toward the cell periphery [79]. Npc2, also a late endosomal
and lysosomal cholesterol-biding protein, when mutated accumulates in choles-
terol-storing endocytic organelles [79]. Loss-of-function mutations, in either Nie-
mann–Pick Type C1 or Niemann–Pick Type C2, lead to lipid storage in endo-
cytic compartments and delayed transport of lipids from the endocytic pathway
to other intracellular destinations. Although, based on the lipids accumulated in
the lysosome-like storage organelles, Niemann–Pick Type C is considered pri-
marily a glycosphingolipid storage disorder [80], secondary accumulation of cho-
lesterol in these compartments is possibly responsible for the most severe
pathology. Impaired transport of cholesterol from the cell body to the axons in
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neurons seems to be one of the main reasons for the neurological dysfunction
in Niemann–Pick Type C disease [81, 82].

The relation between the lipid accumulation and the neuronal death in Nie-
mann–Pick Type C still remains unknown. It was suggested that the elevated ac-
cumulation of lipids could be toxic for neurons; however, recent studies in Pur-
kinje neurons from Niemann–Pick Type C mice propose that neurodegeneration
is a consequence of the activation of the autophagy cell death pathway in the af-
fected neurons [83]. In contrast to the other neurodegenerative disorders described
in this chapter, in which initial activation of macroautophagy could serve a protec-
tive role, the contribution of autophagy to the pathogenesis of Niemann–Pick Type
C should be looked at from a completely different perspective. In this case, there is
a primary defect that modifies the properties of the endocytic/lysosomal compart-
ment and, likely, it affects autophagocytic vesicles too. Although the consequences
of changes in lipid composition in autophagy are still poorly understood, several
phospholipids [phosphatidylethanolamine and phosphatidylinositol-3,4,5-tripho-
sphate (PIP3)] are essential for nucleation and elongation of the limiting mem-
brane of the endosome [84], and alterations in cholesterol trafficking have been
found in a mouse model with a primary defect in autophagy (reviewed in more
detail in Section 4.4.1) [85]. Consequently, malfunctioning of the lysosomal/autop-
hagic system (i.e. impaired autophagosome/lysosome fusion, leakage from autop-
hagic compartments, insufficient delivery of lysosomal enzymes) could lead to the
observed accumulation of AVs in the affected neurons and the inability to orches-
trate a proper autophagic response, rather than the proposed exacerbation of this
process, could be the cause of cellular death.

4.3
Autophagy and Cancer

Although numerous studies have reported altered macroautophagy in different
forms of cancer over the past three decades, whether autophagy inhibits tumori-
genesis, is mechanistically prosurvival or has a dual role remains largely unan-
swered.

4.3.1
Proteolysis of long-lived Proteins and Effect of Nutrient Deprivation in Cancer Cells

Total rates of protein degradation decrease in most types of cancer cells, as com-
pared to their normal counterparts [86, 87]. The lysosomal system may play an im-
portant role in oncogenesis biology since the proteolysis of long-lived proteins, the
preferential substrates of the lysosomal system, is predominantly altered in cancer
cells. Indeed, very early studies already reported reduced autophagic activity in
cells from carcinogen-treated rats [88]. In most types of tumor-derived cells (colon,
breast, skin, liver, brain and lung), this decreased activity reverses under condi-
tions of nutrient deprivation to levels similar to those observed in untransformed
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cells [89–92]. Also supporting changes in the lysosomal/autophagic system, recent
morphological surveys for autophagic structures in different primary human tu-
mors have revealed the presence of AVs in seven of 12 types of tumors investi-
gated, including ganglioneuroma, infiltrating ductal carcinoma of the breast, ade-
nocarcinoma of the lung, pancreatic adenocarcinoma and pancreatic islet cell tu-
mor [93]. This increase in the number of AVs could, however, be the morpholog-
ical expression of either increased rates of macroautophagy or decreased clearance
of AVs by lysosomes. In fact, in contrast to the commonly reported decrease in
protein degradation in most cancers, undifferentiated colon cancer cells, display-
ing a similar morphological vacuolar phenotype, maintain high rates of autopha-
gic proteolysis. The different nature of the analyzed cells supports that upregula-
tion or downregulation of macroautophagy may be directly related to factors such
as type of cancer, tumoral stage and the degree of cellular differentiation. It has
been proposed that, during early stages of carcinogenesis, the decrease in macro-
autophagy would, in theory, provide an anabolic advantage to the preneoplastic
cells, allowing them to selectively outgrow neighboring populations of “normal”
cells (as illustrated in Fig. 4.2). On the other hand, upregulation of macroauto-
phagy in later stages of cancer development (reviewed in Ref. [94]) would be par-
ticularly beneficial for cells residing in the central regions of solid tumors. In these
hypoxic and low-nutrient regions of tumors, macroautophagy would serve as a
prosurvival mechanism, providing cells with basic nutrients. The whole picture in-
creases in complexity when considering that larger tumors have microenviron-
mental niches with gradients of essential metabolites like oxygen, glucose and
other nutrients, thereby resulting in a heterogeneous population of cells with vary-
ing autophagy levels (reviewed in Refs. [3, 94]).

4.3.2
Autophagic Cell Death in Response to Anticancer Treatment

Adding to the role of autophagy in the normal progression of the oncogenic
process, several studies have reported activation of macroautophagy in cancer
cells in response to anti-cancer therapy. Gamma-irradiation induces macroau-
tophagy in cancer cells of epithelial origin, such as colon, breast and prostate
cancer [95, 96]. Tamoxifen, an estrogen antagonist commonly used to treat pa-
tients with advanced breast cancer, also induces macroautophagy in cultured
breast cancer cells [97]. Similarly, rapamycin induces macroautophagy and sup-
presses proliferation in malignant glioma cells [98]. Other examples of cancer
chemotherapeutic agents that activate macroautophagy include temozolomide, a
DNA alkylating agent [99], and natural products such as, arsenic trioxide (in
malignant glioma cells) [100, 101], resveratrol (in ovarian cancer cells) [102] and
soybean B-group triterpenoid saponins (in colon cancer cells) [103].

Most of these studies point toward macroautophagy being activated as a
mechanism of cell death, since blockage of macroautophagy prevents cell death.
However, in other studies, inhibition of the autophagic activation accelerates cell
death. In these particular cases, the autophagic response to therapeutic drugs
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may be an adaptive response to the drug itself [94]. Therefore, it would be im-
portant to preclude such drug resistance when developing future therapeutics.

Although it is still controversial whether macroautophagy is really an effector
of cellular death or rather the manifestation of a last survival attempt from the
cells, recent reports support that activation of macroautophagy beyond normal
levels results in cellular death, in a way directly depending on macroautophagy
components [104]. It is thus likely that, in response to the cellular damage in-
duced by these agents, autophagy is activated with two possible outcomes: if au-
tophagy is maintained at levels enough to eliminate damaged components, this
would help cell survival; however, if the activation of autophagy in response to
the treatment reaches certain levels, this would make it incompatible with cell
survival (Fig. 4.2).

As discussed below, the particular molecular components that determine the
degree of autophagic activation, and the switch between cell survival and cell
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Fig. 4.2 Dual role of macroautophagy in can-
cer. In normal cells, there is a balance be-
tween protein synthesis and degradation,
which is deranged in cancer cells. However,
in early stages of carcinogenesis (preneo-
plastic cells), low levels of macroautophagy
would serve as a prosurvival mechanism for
the cells. In contrast, in late stages (neopla-
sia) upregulation of macroautophagy in the
hypoxic, low-nutrient center regions of

tumors would be advantageous for cell sur-
vival. Possible therapeutic attempts try to ac-
tivate macroautophagy by means of �-irradia-
tion, tamoxifen or rapamycin (red callout).
However, these treatments at later stages of
tumorigenesis, during which macroauto-
phagy activity is required for survival can, in
fact, promote tumor cell proliferation rather
than cell death. (This figure also appears
with the color plates).



death are still unknown for the most part, but recent reports have started to elu-
cidate the role of some molecules in the crosstalk between autophagy and apop-
tosis [104]. The following subsections focus only in macroautophagy, since there
is currently no information on possible changes in CMA or microautophagy in
oncogenic processes.

4.3.3
Molecular Mechanisms

Of the different novel players for the autophagic process described in recent
years (reviewed in Chapters 1 and 2), some of them have been revealed to be of
particular interest in oncogenesis.

4.3.3.1 Beclin 1
One of the first genetic links between tumor suppression and autophagic path-
ways came through the identification of decreased levels of beclin 1, an autoph-
agy effector, in several human breast epithelial carcinoma cell lines and tissues
[105]. Evidence for tumor development per se, due to the deficiency of beclin 1,
was put forth when monoallelic ablation of beclin 1 in mice resulted in in-
creased incidence of spontaneous malignancies, increased cellular proliferation
and reduced macroautophagy in vivo [106, 107], thus supporting beclin 1’s role
as a haploinsufficient tumor suppressor.

Beclin 1 binds to class III phosphotidylinositol-3-kinase (PI3K; involved in the
elongation of the limiting membrane of the AV, see Chapter 1) and it is also
part of the class III PI3K complex in the trans-Golgi network (TGN). Conse-
quently, beclin 1 could be involved in sorting autophagosomal components [108]
and putatively in trafficking of lysosomal enzymes from the TGN to the lyso-
somes [109]. Beclin 1 also binds to the antiapoptotic protein, Bcl-2 [110], and
this interaction has recently been shown to play a role in the crosstalk between
macroautophagy and apoptosis [104]. Binding of Bcl-2 to beclin 1 prevents its
association with class III PI3K complex, thereby inhibiting macroautophagy ac-
tivation. Disruption of the interaction between the antiapoptotic factor, Bcl-2,
and beclin 1 results in the activation of macroautophagy, and, at least in some
cell types, cellular death dependent on autophagy [104]. Therefore, added to the
antiapoptotic effect of Bcl-2, this novel role as inhibitor of macroautophagy may
also contribute to cancer development.

4.3.3.2 PI3K–Akt–mTOR Pathway
The other major step in macroautophagy for which connections with oncogenic
processes have been reported is the regulatory axis centered around mTOR, a
highly conserved member of the PI3-related kinase family of serine/threonine
protein kinases (Chapter 2). In vivo, mTOR exists in at least two distinct complexes
with different functions: a rapamycin-sensitive complex [which interacts with rap-
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tor (regulatory-associated protein of mTOR)] and a rapamycin-insensitive complex
[which interacts with rictor (rapamycin-insensitive companion of mTOR)] [111,
112] (Fig. 4.3). mTOR inhibits macroautophagy under basal conditions by mediat-
ing the hyperphosphorylation of a macroautophagy effector (Atg13) and also by
inhibiting transcription/translation of different proteins, including some macro-
autophagy players (Chapter 2). The raptor–mTOR pathway is hyperactive in some
cancers and, therefore, a possible target for therapeutic intervention [113]. Acti-
vated mTOR would result in macroautophagy inhibition and upregulation of pro-
tein synthesis, providing the anabolic advantage to the cancer cells [114].

Several other regulators upstream of mTOR have also been related to onco-
genic processes. Akt is a serine-threonine kinase of the cAMP-dependent,
cGMP-dependent protein kinase C (AGC) family functioning downstream of
the class I PI3K (Fig. 4.3) [115]. Numerous studies have reported Akt alterations
in human cancer and in experimental models of tumorigenesis. Akt regulates
cell proliferation and survival, cell size, and mediates responses to nutrient
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Fig. 4.3 A model for the PI3K–Akt–mTOR
pathway. Akt, a serine/threonine kinase,
downstream of class I PI3K regulates cell
proliferation and cell survival, and also acti-
vates mTOR indirectly, in response to extrin-
sic stimuli such as nutrients and growth fac-
tors. PTEN, a lipid phosphatase, depho-
sphorylates and inactivates class I PI3K.
mTOR forms complexes with two cytosolic
proteins: raptor (rapamycin-sensitive) and
rictor (rapamycin-insensitive). mTOR inhibits
macroautophagy and upregulates protein-

synthesis. In various cancers, mutations in
PTEN, amplifications of both PI3K and Akt,
and hyperactivation of the mTOR have been
observed, resulting in the blockage of macro-
autophagy, thus providing an anabolic ad-
vantage (shown in red callouts) to the can-
cer cells. Abbreviations: mTOR= mammalian
target of rapamycin; PTEN= phosphatase
and tensin homolog deleted on chromosome
10; TSC= tuberous sclerosis complex. (This
figure also appears with the color plates).



availability, intermediary metabolism, angiogenesis and tissue invasion, which
are all attributes of cancer [116]. Akt indirectly activates mTOR, thereby result-
ing in the downregulation of macroautophagy and, at least in theory, facilitating
cancer progression. Different oncoproteins and tumor suppressors intersect in
the Akt pathway. The counter regulatory enzyme phosphatase and tensin homo-
log deleted on chromosome 10 (PTEN), a tumor-suppressor lipid phosphatase,
dephosphorylates and inhibits class I PI3K, which in turn inhibits Akt activity
and allows macroautophagy to occur (Fig. 4.3) [117]. Interestingly, mutations in
PTEN, and amplifications of both PI3K and Akt, are prevalent in various can-
cers, including, breast, prostate and endometrial cancers [118], providing evi-
dence that macroautophagy is blocked in these cells, apart from beclin 1 muta-
tions. The extrinsic stimuli for the class I PI3K–Akt–mTOR pathway are nutri-
ents, such as amino acids or glucose, and growth factors, such as insulin or in-
sulin-like growth factor, which upregulate mTOR, resulting in changes in
transcription/translation as well as in macroautophagy repression. The typically
low levels of nutrients and growth factors in poor vascularized regions of solid
tumors (Fig. 4.2) could explain the downregulation of this signaling axis and,
consequently, the activation of macroautophagy as a prosurvival mechanism in
those tumor regions (reviewed in Refs. [119, 120]).

Other signaling components known to play a role in programmed cell death,
such as the death-associated protein kinase (DAPK) or the death-associated re-
lated protein kinase 1 (DRP1), have also recently been shown to regulate macro-
autophagy [121]. However, the molecular players involved in this regulation and
their possible involvement in oncogenesis still remains unknown.

4.3.4
Possible Therapeutic Attempts

In recent years, autophagy has revealed itself as an important modulator of tu-
morigenesis and, therefore, future therapeutic agents aimed at augmenting au-
tophagic cell death may prove fruitful. Different cancer types have defective
macroautophagy, thus becoming resistant to autophagic cell death. Restoration
of normal levels of beclin 1 or PTEN, which in turn would activate macroau-
tophagy, presents as a possible therapeutic intervention in such cells. In this re-
gard, adenovirus-mediated transfer of PTEN has been shown to inhibit growth
of prostate cancer cells [122], and stable transfection of beclin 1 promoted
macroautophagy and decreased tumorigenesis in breast cancer cells [105]. In
contrast, cells with intact autophagic machinery may proceed to autophagic cell
death when treated with drugs like rapamycin, which releases the mTOR-
mediated repression on macroautophagy. Preclinical and early clinical trails
have shown that mTOR inhibitors (rapamycin and its derivatives) prevent tumor
growth in a variety of tumors, including breast cancer, renal cell carcinoma, ma-
lignant glioma, cervical cancer and uterine cancers [113]. Furthermore, combi-
natorial therapies, with conventional antioncogenic cocktails and macroautopha-
gy activators, have shown promising results [123]. Remaining challenges to in-
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crease the specificity of these treatments would require us first to identify the
associated signaling events that occur downstream to mTOR in order to dissoci-
ate its effect on macroautophagy from that on transcription/translation. Finally,
cancer cells which exhibit resistance to different antioncogenic treatments, via
induction of macroautophagy, may respond better if treated with macroautopha-
gy inhibitors, such as bafilomycin A1, 3-MA and nocodazole [95, 99].

4.4
Myopathies

Although classically the lysosomal system has been considered to play a very mod-
est role in skeletal muscle protein turnover, recent work supports that, like many
other tissues, muscles upregulate macroautophagy upon nutrient deprivation [124–
126]. In addition, an abnormal increase in the number of AVs has been reported in
various muscle pathologies (myopathies), supporting a role for autophagy, or at
least macroautophagy, in muscle pathophysiology (reviewed in Ref. [127]).

Cytosolic membranous tubules derived from the sarcoplasmic reticulum have
been observed in various myopathies. However, it was only after extensive im-
munocytochemical and histological studies that, in some myopathies, these
membranous tubules were found positive for macroautophagy-related proteins
and were, thus, identified as AVs (reviewed in Ref. [127]). Myopathies with accu-
mulated AVs have been sub-classified as autophagic vacuolar myopathies
(AVMs). Here, we briefly review the most common AVMs [Danon disease and
X-linked myopathy with excessive autophagy (XMEA)], and those vacuolar myo-
pathies with a primary defect unrelated to autophagy, but which also display al-
tered autophagic activity as part of their phenotype (rimmed vacuolar myopa-
thies). Myopathies directly resulting from a lysosomal enzymatic defect, such as
those observed in many lysosomal storage disorders, are beyond the scope of
this chapter. Because not all the myopathies affect cardiac muscle, and because
there are changes in autophagy in heart that obey different mechanisms than
for skeletal muscle, cardiomyopathies are reviewed separately in the last section.

4.4.1
Danon Disease

Danon disease was first described in 1981 in patients with hypertrophic cardio-
myopathy, proximal muscle weakness and mental retardation as the major
symptoms [128]. The histological comparison of skeletal and cardiac muscles be-
tween knockout mice for LAMP-2 and those from patients suffering from Da-
non disease, resulted in the identification of a mutation in LAMP-2 as the pri-
mary defect in this disease [129, 130]. All of these mutations result in the com-
plete absence, or severely compromised levels, of the LAMP-2 protein [129,
131]. Because patients with mutations in only one particular splicing variant of
this gene, LAMP-2B, present the whole muscle phenotype, it is now believed
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that this is the isoform directly involved in macroautophagy. This could also ex-
plain why in the complete LAMP-2 knockout mice, AVs accumulate in nonmus-
cular tissues, in contrast to the restricted muscular phenotype observed in Da-
non’s disease patients [130]. Autophagic vacuoles, containing cytosolic compo-
nents or sarcoplasmic membranes, have been proposed to accumulate due to
defective fusion of AVs and lysosomes [130]. As in the other vacuolar myopa-
thies, the accumulation of these AVs in skeletal muscles results in muscle weak-
ness, contraction failure and eventually in muscle degeneration. A recent at-
tempt to study morphological features of major AVMs reported that in Danon
disease some autolysosomes are surrounded by membranes with sarcolemmal
proteins, acetylcholinesterase activity and basal lamina [132]. This unique intra-
cytosolic membranous structure has not been observed in other AVMs.

4.4.2
XMEA

XMEA is characteristic of skeletal muscle alone, with no involvement of other
muscle types or other tissues, and it is associated with normal levels of LAMP-
2. Clinically, it presents as an early onset disease with progressive muscular weak-
ness. Histopathological investigations have revealed vacuolation of myofibers
[133]. Interestingly, not only do these vacuoles contain lysosomal enzymes and cel-
lular debris, but their membranes stain positive for dystrophin and laminin (sar-
colemmal proteins), suggesting sarcolemmal origin of these vacuoles. XMEA has
been linked to chromosome Xq28, but the primary defect still remains to be iden-
tified. Despite the lack of information on the primary defect, it is still considered
an AVM, because of the autophagic nature of the accumulated vesicles.

4.4.3
Rimmed Vacuolar Myopathies

The rimmed vacuolar myopathies are autosomal recessive inherited disorders
and the most common forms of vacuolar myopathies (reviewed in Ref. [127]).
The most prominent pathologic finding in these myopathies is the presence of
rimmed vacuoles in muscle fibers. In contrast to the AVMs, these are secondary
lysosomal myopathies, because all of the identified causative genes encode ex-
tralysosomal proteins. In these instances, mutations in different genes result in
the accumulation of potentially harmful misfolded protein aggregates and the
vacuoles are the expression of the activation of macroautophagy to eliminate
these altered proteins from muscle fibers [134].

One of the better characterized rimmed vacuolar myopathies is the chloro-
quine myopathy, caused by chronic intoxication with the antimalarial drug
chloroquine and its derivative hydroxychloroquine, an anti-inflammatory drug.
Both drugs raise the lysosomal pH-inactivating acid hydrolases [135]. Localiza-
tion of macroautophagy markers on the vacuoles provided direct molecular evi-
dence for the role of macroautophagy in this disease [136].
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4.4.4
Other Myopathies

There are reports of accumulation of vacuoles with sarcolemmal features in
some other myopathies. There have been two cases of infantile AVM [137]. This
disorder has infantile onset and is genetically distinct from Danon disease. A
different type, the adult-onset AVM, is characterized by slow progression, car-
diomyopathy and multisystem involvement [138]. Similar to other AVMs, there
is an accumulation of AVs with sarcolemmal features containing cytosolic debris
and electron-dense material in the muscle fibers. Further analysis has revealed
the presence of vacuoles in cardiac muscles and liver, thus distinguishing this
disorder from the two other forms of AVM described above. There is also an-
other type of infantile-onset myopathy, linked with defective autophagy, X-linked
myotubular myopathy, which is characterized by hypotonia and muscle weak-
ness. This myopathy is caused by a mutation in the myotubularin gene, which
encodes for a ubiquitously expressed phosphatase with an established function
in vesicular trafficking and in autophagy [139].

It is important to note that, as pointed out for other pathologies, increased
numbers of AVs in muscle fibers do not necessarily correlate with enhanced
protein degradation. For example, in Danon disease, despite a massive increase
in AVs in skeletal and cardiac muscle, rates of protein degradation are character-
istically low, thus revealing defective lysosomal degradation [129, 130]. As the
primary defects and mutations have been identified for only a few of the myop-
athies, extensive immunohistopathological and biochemical analyses are being
carried out to better understand the molecular mechanism behind these muscu-
lar disorders. This would not only be beneficial for the design of therapeutic
strategies against these myopathies in the future, but would also help us better
understand autophagy in muscles, an area still poorly studied.

4.4.5
Cardiomyopathies and Myocardial Cell Death

Only a small percentage of vacuolar myopathies extend beyond the skeletal
muscle, affecting cardiac fibers also. Danon disease is a classic example of accu-
mulation of AVs in cardiac muscle, thus responsible for the cardiomyopathy ob-
served in these patients [130].

Apart from this inherited disease, defective autophagy has also been impli-
cated as the major mechanism of myocardial cell death [140, 141]. In dilated
cardiomyopathy and in hearts with severe aortic stenosis, degenerated cardio-
myocytes accumulate AVs. Based on these electron microscopic and immuno-
histochemical observations, it has been proposed that autophagy could be direct-
ly responsible for the observed progressive destruction of cardiomyocytes [140].
There has been growing evidence that autophagy, along with apoptosis and on-
cosis (acute ischemic cell death), are indeed responsible for myocyte degenera-
tion, the major phenomena in heart failure. Work on explanted hearts from pa-
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tients with idiopathic dilated cardiomyopathy revealed that these three pathways
act in concert, at varying degrees, to mediate loss of myocytes [142]. The cells
from these hearts not only depicted extensive accumulation of AVs but, also a
decrease in lysosomal degradation (because of reduced cathepsin D levels).
Death, by one or all of the above-mentioned pathways, results in loss of contrac-
tile muscle mass, chiefly irreplaceable in these terminally differentiated cells.

Sporadic examples of cardiomyopathies containing prominent AVs in myo-
cytes, but with minimal consequences in cardiac function [143], leave open the
possibility of autophagy being activated in some circumstances as an adaptation,
rather than as a cell death mechanism. In fact, in a recent study, increases in
macroautophagy-related proteins and in levels of the chaperones involved in
CMA were found in chronically ischemic myocardium [144]. Interestingly, the
induction of autophagy was evidenced only after two or three episodes of coro-
nary stenosis, suggesting that autophagy could act as a prosurvival mechanism
by limiting harmful effects of ischemia.

4.5
Liver Diseases

Despite liver being the organ in which most of the initial characterization of
mammalian autophagy was carried on and for which more information about
the regulation of autophagy has been compiled through the years, there are still
relatively few liver pathologies directly linked to alterations in autophagy. The
best studied has been �1-antitrypsin (AAT) deficiency, first described in 1963 as
an autosomal-recessive metabolic disorder, with chronic hepatitis and early-on-
set emphysema. AAT is a member of the serine proteinase inhibitor superfam-
ily, synthesized in the liver, and then distributed into the interstitial and alveolar
lining fluids. In the lung, it functions as a protective screen for the alveolar
walls by inactivating neutrophil-derived proteases, released during normal pha-
gocytosis of microorganisms. The causative mechanism of the disease is a con-
formational defect in the structure of AAT, which results in its aggregation in
hepatocytes. This aggregation does not only interfere with the secretory path-
way, but also leads to hepatitis and cirrhosis [145]. The very low circulating and
alveolar levels of AAT in these patients makes them very sensitive to “insults”
like cigarette smoke, infections, dust and fumes.

The mutant form of the protein (AATZ, the most common point mutation)
[146] aggregates in the rough ER [147]. Accumulating evidence supports that
not only the proteasome [148, 149], but also macroautophagy [150, 151] are part
of the quality control mechanisms involved in the elimination of these protein
aggregates in hepatocytes. The induction of autophagy under these conditions
is thus a mechanism to protect hepatocytes from the toxic effects of the aggre-
gated mutant protein. Evidence from cell culture and mouse models of AAT de-
ficiency, and from livers of AAT-deficient patients, demonstrate that mitochon-
drial damage also plays a role in the mechanism of liver cell injury [145]. The
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autophagic response may, in part, remove these damaged organelles, thus pre-
venting the activation of the apoptotic program [145]. Augmentation of the au-
tophagic response therefore presents as a possible therapeutic option.

The important role of macroautophagy in liver physiology has been recently
confirmed in a mouse model deficient for a critical macroautophagy effector
(Atg7) [152]. The liver-specific Atg7 conditional knockout mouse presents severe
hepatomegaly and hepatocyte swelling, attributable to poor protein and organ-
elle turnover. Concentric membranous structures (derived from the ER, encir-
cling mitochondria and lipid droplets), peroxisomes and deformed mitochon-
dria, as well as ubiquitin aggregates, all accumulate in the cytosol of Atg7-defec-
tive livers. One of the most surprising findings, regarding the role of autophagy
in liver, arising from the studies in the Atg7 knockout mice, is that protein de-
gradation was impaired even under normal nutritional conditions, suggesting
that macroautophagy may not only be activated in response to starvation, but as
a constitutive mechanism for organelle turnover. However, an indirect effect of
macroautophagy blockage on the systems that normally take care of basal degra-
dation is still possible. The presence of ubiquitinated protein aggregates in the
cytosol of Atg7 knockout mice livers reinforces the role of macroautophagy in
the removal of abnormal and aggregate proteins as discussed in Section 4.2.1.
Consequently, this mouse model could provide valuable insights into liver
pathology, particularly related to protein conformational disorders.

4.6
Diabetes Mellitus

The inhibitory effect of insulin on macroautophagy was reported way back in the
1970s, when it was shown that intraperitoneal injection of insulin in rats drama-
tically decreased the fractional volume of AVs in the cytosol of hepatocytes [153,
154]. Later, this was confirmed by measuring protein degradation, by pulse–chase
experiments, in perfused liver from nonfasted rats [155], hepatocyte monolayers
from fed animals [156] and in rat kidney proximal tubular cells [157].

A link between autophagy and insulin-dependent diabetes mellitus (type I dia-
betes) was established after examining the effect of streptozotocin (STZ) (a drug
that decreases insulin levels by ablating pancreatic B cells) in fed and fasted rats
[158]. The STZ-treated animals exhibited elevated rates of protein degradation,
increased fractional volume of AVs and higher levels of lysosomal hydrolases,
both in liver and in kidney distal tubular cells [158, 159]. All these effects were
reversed upon insulin administration. It was only recently that the mechanism
of inhibition of autophagy via the mTOR pathway by insulin was elucidated
[160] (as discussed in more detail in Chapter 2).

Interestingly, a novel connection between macroautophagy and diabetes has re-
cently been reported in relation to the neuropathy observed in patients with type 2
diabetes [161]. Serum from these patients induced autophagosome formation in
specific types of neuronal cells in culture, suggesting that induction of autophagy
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by a serum factor, most likely autoantibody(ies), could be the cause of the loss of
function, and eventually, neuronal degeneration in type 2 diabetes.

Macroautophagy has also been associated with familial neurohypophyseal dia-
betes insipidus (FNDI), in this case as a prosurvival mechanism. Although clas-
sified as diabetes, because of the polyuria and polydipsia observed in these pa-
tients, the activation of macroautophagy in this pathology relates more to the
described role of autophagy in protein conformational disorders (Section 4.2.1).
In this autosomal dominant disorder, a mutant form of vasopressin (antidiuretic
hormone) aggregates in the neuronal cell body. These protein aggregates are tar-
gets for lysosomal degradation by macroautophagy [162, 163], as in the other
neurodegenerative disorders.

One of the secondary manifestations in diabetes mellitus, i.e. renal hypertro-
phy, could also result from autophagy malfunctioning. The decreased proteoly-
sis and, hence, protein accumulation observed in renal hypertrophy is partly
due to decreased CMA activity, which has been proposed as a major regulator
of kidney growth [164]. Renal cortex cells from acutely diabetic rats display de-
creased lysosomal proteolysis and low levels of key CMA proteins (LAMP-2A
and hsc70) in lysosomes [165]. Although future studies are required to elucidate
the mechanisms by which decreased CMA favors kidney growth, it has been
proposed that reduced degradation of particular CMA substrates, such as glyco-
lytic enzymes (glyceraldehyde-3-phosphate dehydrogenase, aldolase, phosphoglu-
comutase) and specific transcription factors (Pax2) would create the appropriate
cellular environment to promote cellular growth [165].

4.7
Aging

Many of the diseases discussed in previous sections can be considered age-re-
lated disorders, since, in many instances, their symptomatic manifestations do
not appear until late in life. However, autophagy also undergoes major changes
during physiological aging (reviewed in Refs. [166, 167]).

4.7.1
Changes in Protein Degradation with Age

A decrease in rates of protein degradation with age has been reported in almost
every cellular and animal model analyzed ([168, 169]; and also reviewed in Refs.
[166, 167, 170]). The inability of old cells to maintain normal protein and organ-
elle turnover is probably the main reason for the accumulation of altered and
damaged intracellular components in old organisms and tissues [171, 172]. The
ubiquitin–proteasome system undergoes major changes during aging, but the
decreased activity of this proteolytic complex seems the consequence, rather
than the cause, of the accumulation of altered intracellular components in old
cells (reviewed in Ref. [170]). Oxidatively modified proteins, products of lipid
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peroxidation and different types of nonspecific intracellular crosslinking have a
direct inhibitory effect on the proteolytic activity of the proteasome [5].

The lysosomal system undergoes striking morphological changes in old organ-
isms. In fact, expansion of the lysosomal vacuolar compartment and accumulation
of undigested products inside lysosomes in the form of the autofluorescent pig-
ment known as lipofuscin are often used as typical biomarkers of aging (reviewed
in Ref. [174]). These morphological changes directly reflect lysosomal dysfunction
[175] and correlate well with the temporal pattern of changes in intracellular levels
of oxidized or modified proteins (reviewed in Refs. [167, 176]).

4.7.2
Age-related Changes in Autophagy

The activity of both macroautophagy and chaperone-mediated autophagy de-
creases with age. Although the mechanisms leading to their functional failure
are, in principle, quite different, the recently discovered crosstalk between these
two autophagic pathways (Massey, submitted), leaves open the possibility that
their age-related changes are also interdependent.

Decreased macroautophagic proteolysis with age has been extensively reported
both in culture cells and in livers of old rodents [177, 178]. Both morphometric and
metabolic studies have revealed that while protein and organelle turnover in the
presence of high concentrations of amino acids (normal nutritional conditions)
does not significantly change with age, the ability of cells to upregulate protein de-
gradation via macroautophagy in response to nutrient deprivation is impaired in
aging [178]. The hormonal regulation of macroautophagy is differently affected by
age – the stimulatory effect of glucagon is no longer observed in old animals,
while the inhibitory effect of insulin is well preserved until late in life [177]. Three
main steps have been proposed to be altered in the macroautophagic process with
age: formation of autophagosomes, their clearance by lysosomal proteases and/or
regulation of the autophagic process (Fig. 4.4) (reviewed in Refs. [166, 167]). The
reasons for reduced formation of AVs with age remain unknown. A decrease in
total levels of macroautophagy-related proteins or post-transcriptional modifica-
tions in these proteins could be behind the lower rate of AVs formed upon activa-
tion of this process. However, it is still possible that the defective formation of au-
tophagosomes is a secondary consequence of the deregulation of macroautophagy
signaling (see below). Lower autophagosome clearance has been proposed to re-
sult from a decrease in the proteolytic activity of lysosomes with age and/or of im-
paired ability of lysosomes to fuse with autophagosomes [174]. The consequent ac-
cumulation of undigested products in lysosomes, mostly in the form of lipofuscin,
perpetuates the failure of AV clearance. The effects of age-related oxidative stress
on the insulin receptor signaling pathway seem to play a critical role in decreased
macroautophagy in old organisms. The inability of glucagon to upregulate macro-
autophagy in old rodents could result from the higher levels of basal activity of the
insulin receptor during fasting in old individuals. Although normally weak, this
basal insulin-independent activity increases under oxidative conditions (Fig. 4.4).
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The strong linkage between oxidative stress and aging supports current efforts to
decrease basal insulin receptor signaling with antioxidant compounds [179]. Re-
cent genetic evidence supports the important role of insulin repression of autoph-
agy in aging and longevity. Mutations in different proteins of the insulin receptor
signaling cascade known to increase life span in the nematode Caenorhabditis ele-
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Fig. 4.4 Changes in autophagy during aging.
The activity of both macroautophagy and
CMA decreases with age. (Top) Impaired
macroautophagic activity results from the
combined effect of reduced formation of au-
tophagic vesicles, impaired clearance and
deregulation of the hormonal control. (Bot-
tom) Levels of LAMP-2A, a receptor for CMA
substrates at the lysosomal membrane, de-
crease with age. The decrease in levels of
the receptor is initially compensated for by

an increase in the levels of the chaperone
that assist in substrate uptake. However, at
advanced ages, the levels of the receptor de-
crease to a point for which compensation is
no longer possible and failure of CMA be-
comes evident. Abbreviations: ATG = auto-
phagy-related proteins; LM= limiting mem-
brane; AP= autophagosome; APL =autopha-
golysosome. (This figure also appears with
the color plates).



gans fail to do that when autophagy is blocked, suggesting that activation of macro-
autophagy is essential for life span extension [180].

Decreased CMA activity has been reported in senescent fibroblasts in culture
and in different tissues of old rodents [181, 182]. In contrast to macroautophagy,
the pool of lysosomes active for CMA, containing high levels of the luminal
chaperone hsc70, do not undergo major morphological changes with age,
neither do they accumulate undigested products in their lumen. Rather than
changes in the proteolytic lysosomal enzymes, the defect in CMA function
seems to be mostly due to a decrease with age in the levels of LAMP-2A, the
CMA lysosomal receptor [182]. Levels of LAMP-2A decline before alterations in
CMA activity are manifested. In fact, low levels of the lysosomal receptor are
initially compensated through an increase in the number of lysosomes involved
in this autophagic pathway. However, at advanced ages, levels of the receptor de-
crease to such an extent that the CMA defect becomes evident [182]. The rea-
sons why levels of the receptor decrease with age are currently the subject of in-
vestigation. Altered turnover of the receptor itself and/or changes in its intracel-
lular distribution could be behind the low LAMP-2A levels.

4.7.3
Consequences of the Failure of Autophagy in Aging

Because of the critical role of autophagy in the repair and turnover of intracellular
components and as an essential mechanism for the adaptation to stressors (Chap-
ter 1), the consequences of its functional decline with age are easy to infer.

Poor renewal of intracellular organelles with age has detrimental conse-
quences, in particular in long-lived post-mitotic cells such as neurons, cardiac
myocytes and skeletal muscle fibers. The persistence of poorly functioning or-
ganelles often contributes to generate further cellular stress. In particular, accu-
mulation of senescent mitochondria, reported in all types of old tissues, largely
contributes in large extent to increased oxidative stress. Although mitochondria
are often targets of reactive oxygen species, once altered, they also become a
source of these damaging species (reviewed in Ref. [183]). Slow turnover of in-
tracellular proteins with age seems to be behind the increase in levels of oxi-
dized, damaged and aggregated proteins in old tissues. Failure of CMA with
age, in particular, has also been proposed to contribute to this accumulation,
based on its role in the removal of damaged proteins after exposure to certain
toxin compounds and during mild-oxidative stress [184]. Malfunctioning of
CMA could also indirectly affect the activity of other proteolytic systems as spe-
cific subunits of the proteasome are normally degraded by CMA [185].

The inability to orchestrate a proper autophagy response to different types of
intra- and extracellular stressors could play a critical role in the poor ability of
old organisms to adapt to stress conditions. In addition, age-related changes in
autophagy have also been linked to the loss of particular cell functions specific
to some cells types. A well-documented example is the contribution of the decay
of autophagic function with age in T cells to immunosenescence [186].
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4.7.4
Slowing Down Aging?

The use of activators of autophagy to enhance this process in aging, and to thus
favor the removal of damaged components, may not be as straight forward as
described before for pathologies such as conformational disorders. The main
difference is that, in many of those diseases, the autophagic/lysosomal system
is intact and, consequently, it should be possible to enhance its activity. In con-
trast, there are primary alterations in the lysosomal system with age, which re-
sult in loss of function. As a result, the current interest is in identifying the
age-related defects in this process to be able to either prevent them from hap-
pening or repair them once they have occurred.

Caloric restriction, the only intervention proven to slow down aging, preserves
normal maroautophagic function until late in life [178]. Rather than increasing
total rates of macroautophagy, caloric restriction preserves the response of this
process to regulatory plasma nutrients and hormones [177]. Chronic administra-
tion of antilipolytic drugs also increases protein degradation by decreasing the
availability of using lipids as a metabolic source of energy (reviewed in Ref.
[187]). Caloric restricted animals show higher rates of CMA than normally fed
littermates (Massey, unpublished), but the mechanisms behind this activation
remain to be elucidated.

As mentioned before, attempts to downregulate basal insulin receptor signal-
ing with cysteine have already shown significant beneficial effects on several
muscle parameters that are typically affected by aging [188].

4.8
Concluding Remarks and Pending Questions

The current advances in our understanding of the molecular basis and regula-
tion of autophagy are directly responsible for the exponentially growing number
of reports linking autophagic alterations to particular diseases. As the field
evolves, two very different pictures are becoming clear regarding the possible
role of autophagy in disease. On the one hand, there are disorders in which fail-
ure of the autophagic system is the basis of, or at least contributes to, the patho-
logical manifestations (i.e. AVMs, familial forms of Parkinson’s disease, Nie-
mann–Pick Type C). In these cases, therapeutic approaches should be aimed at
correcting the primary defect and to restoring normal autophagic activity. In the
second group of disorders, activation of autophagy is a cellular adaptive mecha-
nism to the pathology (i.e. most protein conformational disorders, some cardio-
myopathies and in neurodegeneration). In these disorders, the role that autoph-
agy plays changes during the course of the pathology. Activation of autophagy is
protective in the early stages of the disease, since it contributes to the removal
of the injured/damaged components. However, as the disease progresses, failure
of the autophagic process is common, contributing now to cellular dysfunction
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and, in many instances, cell death. This biphasic function of autophagy should
be kept in mind while developing new therapeutic approaches.

There are still a large number of unanswered questions and many unexplored
areas. Most of the current advances and therapeutics refer to macroautophagy.
Although CMA malfunctioning has already been connected to some diseases,
its participation in other diseases is unknown. Information about microautopha-
gy and its role in pathology is still lacking. Even in the case of macroautophagy,
where the field is moving faster, there is a growing need for functional markers.
Despite the tremendous help that the introduction of macroautophagy-related
proteins as markers has provided, most of them still give a static picture of this
process. The fact that an increase in the number of AVs could be expression of
both increased or decreased macroautophagy, makes a big claim for functional
markers, applicable not only to culture systems, but also to whole organisms.
Finally, because of the described crosstalk among the different autophagic path-
ways, and also with other proteolytic systems, it is becoming a priority to eluci-
date the mechanisms that regulate these interconnections to be able to utilize
them for compensatory purposes.
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5.1
Introduction

Macroautophagy (commonly called autophagy) is a fundamental catabolic pro-
cess where the cytoplasmic contents of a cell are sequestered within double-
membrane vacuoles (autophagosomes) and subsequently delivered to the lyso-
some for degradation. In recent years, autophagy has received increased atten-
tion as a potential nonapoptotic or “alternative” cell death mechanism [1–4]. In-
deed, autophagic death has historically been classified as type 2 programmed
cell death based on morphological grounds [5, 6]. However, the functional con-
tribution of autophagy to programmed cell death has been a matter of intense
debate, because autophagy is well recognized as a survival mechanism in all eu-
karyotic cells during conditions of nutrient limitation.

Basal levels of autophagy occur in eukaryotic cells as a housekeeping mecha-
nism of cytoplasmic and organelle turnover. During starvation, autophagy is uti-
lized to generate both nutrients and energy through the bulk degradation of cy-
toplasmic material [7–9]. Under these circumstances, autophagy is critical for
maintaining cell viability. Moreover, recent evidence indicates that autophagy is
utilized to degrade deleterious contents that accumulate in the cytoplasm, such
as toxic protein aggregates [10]. Accordingly, the presence of autophagy in dying
cells has been proposed to function as an adaptive cytoprotective response that
prolongs viability, rather than regulates autophagic (type 2) cell death [11].

This chapter presents an overview of the dual role of autophagy as a contribu-
tor to programmed cell death and as a cytoprotective mechanism. Importantly,
over the past decade, landmark studies in yeast have identified the genes and
proteins constituting the core machinery of the autophagic degradation process;
many of these genes, now called atg genes for autophagy genes, are conserved
in higher organisms [12]. These studies have facilitated the investigation of how
autophagy functionally contributes to a myriad of key physiological and patho-
logical processes in higher organisms, including programmed cell death. In-
deed, several loss-of-function studies of yeast atg orthologs that directly address
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the role of autophagy during both cell death and survival have been published
recently.

5.2
Types of Programmed Cell Death

Cell death is traditionally classified into two groups – necrosis and programmed
cell death. Necrosis is a passive, uncontrolled way to die that elicits a strong in-
flammatory response, whereas programmed cell death represents a highly regu-
lated process with defined cellular pathways. Programmed cell death is further
classified into three categories, which are largely defined on the basis of mor-
phological features and the role of lysosomes – apoptotic (type 1), autophagic
(type 2) and nonlysosomal (type 3) cell death [5, 6]. Although apoptosis (type 1)
is the most commonly observed of these morphologies, the morphological fea-
tures of autophagic (type 2) cell death are also frequently observed both in vitro
and in vivo; consequently, it has often been classified as a nonapoptotic or “alter-
native” form of programmed cell death. The morphological features of these
types of programmed cell death are summarized below.

5.2.1
Type 1 Programmed Cell Death

The characteristic features of apoptosis are cell shrinkage, condensation of the
nuclear chromatin, nuclear fragmentation and membrane blebbing [13]. The
clearance of dying cells is mediated by the engulfment by neighboring phago-
cytic cells, commonly termed heterophagy [14, 15]. During apoptotic cell death,
the death signals elicited by various stimuli ultimately converge upon two fun-
damental biochemical events: (a) mitochondrial depolarization and the release
of death-inducing factors (e.g. cytochrome c) and (b) the activation of cysteine
proteases called caspases [16]. Caspases serve to dismantle the cell during apop-
tosis. Certain caspases, such as caspase-8 and caspase-9, act as upstream initia-
tors in response to death signals, whereas others, like caspase-3 and caspase-7,
act as downstream executioners in an apoptotic cell. Caspase activation involves
a rapidly amplified proteolytic cascade, ultimately resulting in the degradation
of a wide spectrum of substrates as the cell dies [17]. The absence of caspase ac-
tivation is usually viewed as a requisite in order to categorize a death process as
being “alternative” [2, 18].

5.2.2
Type 2 Programmed Cell Death

In contrast to apoptosis, autophagic cell death is notable for the presence of nu-
merous autophagic vacuoles (AVs) in the dying cell that are utilized for self-de-
gradation [5, 6]. One may speculate that the level of autophagic degradation ob-
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served during type 2 cell death is far more extensive than the rate of autophagy
observed during the turnover of organelles in normal cell homeostasis. As a re-
sult, autophagy ultimately leads to cell demise because the cell literally “eats it-
self” to death. As discussed in greater detail below, dying cells that exhibit char-
acteristic type 2 morphological features cell frequently demonstrate concomitant
caspase activation; hence, elements of the classical apoptotic machinery may
still serve critical functions in cell death even when extensive autophagic degra-
dation exists. Similar to apoptosis, but unlike necrosis, autophagic death is not
thought to evoke a tissue inflammatory response.

Unlike apoptosis, there are limited tools for the detection or quantification of
autophagy, especially during programmed cell death [19]. The gold standard has
been the demonstration of the autophagic vesicles by electron microscopy; how-
ever, this method requires considerable skill. More recently, monitoring the in-
tracellular location of Atg proteins, using Green Fluorescent Protein (GFP)-
tagged molecules, has emerged as an effective and reliable method to monitor
autophagy [19–21]. During autophagy, Atg8 is modified with the lipid phosphati-
dylethanolamine (PE) through a ubiquitin-like conjugation process, upon which
it specifically relocates to early autophagosomes in yeast [22, 23]. In mammalian
cells, evaluating similar changes in the intracellular location of the mammalian
Atg8 ortholog, microtubule-associated protein 1 light chain 3 (LC3), along with
measuring changes in LC3 electrophoretic mobility upon PE lipid conjugation,
now provide important molecular markers for the detection and quantification
of autophagic activity [20, 21]. These new techniques for monitoring autophagy
are already facilitating the investigation of autophagy during programmed cell
death.

5.2.3
Type 3 Programmed Cell Death

Nonlysosomal (type 3) cell death is notable for organelle swelling and the for-
mation of empty cytoplasmic spaces. Overall, several features of type 3 cell
death resemble those associated with necrosis. However, type 3 cell death is
rarely observed in physiological situations compared to the type 1 and type 2
morphologies [6].

5.2.4
Other Types of Programmed Cell Death

Recent evidence has indicated that necrosis, commonly considered a passive,
unregulated form of cell death, may actually be “programmed”; in other words,
it is regulated by defined cellular pathways [1, 24]. Like autophagy, programmed
necrosis is viewed as an alternative form of programmed cell death, which has
been observed in apoptosis-resistant transformed cells treated with DNA-damag-
ing agents [25], human myeloid leukemia cells treated with the Abl tyrosine kin-
ase inhibitor imatinib (Gleevec) [26] and in virally infected cells treated with the
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inflammatory cytokine tumor necrosis factor (TNF) [27]. The distinct and inter-
connected roles of autophagy and necrosis as alternative death processes remain
a subject for further study. Finally, several other alternative forms of cell death
have also been described based on studies of derived cell lines, but the physio-
logical relevance of these morphologies remains unclear [18].

5.3
The Contribution of Autophagy to Programmed Cell Death

Autophagic cell death has been commonly observed in dying cells from animals
of diverse species including insects, amphibians and mammals [6]. In mam-
mals, programmed cell death with an autophagic or type 2 morphology is ob-
served throughout development, including the regression of the corpus luteum,
the involution of mammary and prostate glands, and the regression of Muller-
ian duct structures during male genital development [28–31]. In these situa-
tions, extensive autophagy is most commonly associated with large-scale tissue
remodeling. For example, the post-lactational mammary gland is notable for
rapid, widespread tissue destruction, where physical barriers may be imposed
on professional phagocytes due to an intact epithelial basement membrane or
myoepithelial cell layer [29]. These results intimate that self-degradation by au-
tophagy serves as an important cell clearance mechanism when phagocytes are
absent or when widespread tissue histolysis overwhelms the professional phago-
cytic machinery.

The presence of AVs in many types of dying cultured cells also suggests that au-
tophagy might play an active role in the regulation of type 2 programmed cell
death. Treatment of MCF-7 mammary cancer cells with 4-hydroxytamoxifen, a se-
lective estrogen antagonist, triggers cells to die over a period of several days; these
cells possess massive amounts of AVs [32]. Because MCF-7 cells lack critical apop-
tosis regulators, such as caspase-3, it is possible that autophagy or autophagic de-
gradation can compensate for defects in the apoptotic machinery [33]. Type 2 pro-
grammed cell death has also been described in a variety of cancer cells upon treat-
ment with chemotherapeutic agents in vitro, which may have important clinical
implications for the treatment of cancers with apoptotic defects [34–38]. While
plenty of evidence demonstrates the correlation between autophagy and cell death,
the lack of causative evidence in most of these situations has led to the proposal
that the extensive autophagy observed in dying cells serves as an adaptive response
to the stress produced by death-inducing stimuli [11].

5.3.1
Death Processes That Require atg Genes

Until recently, a functional link between autophagy and programmed cell death
has usually been based on experiments using 3-methyladenine (3-MA) – a phar-
macological compound that inhibits the early sequestration events in autophagy
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[39]. 3-MA has been shown to prevent the formation of AVs as well as the even-
tual death of cells in various systems, such as the tamoxifen-induced death of
MCF-7 mammary carcinoma cells [32, 40], neuronal cell death upon withdrawal
from nerve growth factor (NGF) [41] and the death of T lymphoblastic leukemia
cells upon treatment with TNF-� [42]. However, conclusions drawn from these
experiments have important caveats. First, 3-MA is a general inhibitor of phos-
phatidylinositol-3-kinases, enzymes that are involved in a diverse array of cellu-
lar processes in addition to autophagy [43]. Second, 3-MA is not a pharmacologi-
cally potent compound and is commonly utilized at millimolar concentrations;
at these concentrations, additional effects have been reported, including the in-
hibition of Jun N-terminal kinase (JNK) and p38 kinase, both of which are in-
volved in the regulation of stress-induced cell death [44, 45]. Clearly, the need
for more specific loss-of-function approaches to interrogate the role of various
atg genes in cell death has been long overdue.

Accordingly, several recent studies have indicated that atg genes are required
to initiate cell death in cells unable to undergo apoptosis. Relatively high num-
bers of AVs are observed in murine L929 fibrosarcoma cells when they undergo
cell death during caspase inhibition [46, 47]. This autophagic death of L929 cells
depends on the function of the receptor-interacting protein (RIP), which has
been described in previous studies of a necrosis-like cell death process [48].
L929 autophagic cell death also requires components of the JNK pathway in-
cluding MKK7 and c-Jun [47]. Significantly, the induction of this type 2 autoph-
agic cell death and formation of AVs requires the function of the autophagy
genes atg7 and atg6/beclin 1.

The Bcl-2 family proteins function as important regulators of apoptosis.
Mouse embryonic fibroblasts which lack the Bcl-2 family members Bax and Bak,
two proapoptotic proteins critical for mitochondrial permeabilization, are resis-
tant to apoptosis induced by numerous agents [49]. A recent study indicates that
cells doubly deficient for Bax and Bak are capable of dying with a nonapoptotic
morphology in response to apoptosis-inducing agents. Notably, these dying cells
possess AVs and elevated levels of Atg proteins. Furthermore, this autophagic
cell death requires the function of two autophagy genes, atg5 and atg6/beclin 1
[50]. Similar to the results observed in L929 cells, these studies of Bax/Bak dou-
ble-knockout cells indicate that caspase activity and autophagic degradation may
serve complementary roles that regulate distinct forms of cell death.

Overall these studies support the idea that autophagy can contribute to death
in a caspase-independent manner and operate as a nonapoptotic death mecha-
nism in certain contexts [47, 50]. These alternative death pathways may function
as an important failsafe response in tissue homeostasis or in diseases where
caspase function has been compromised. Such a function may also have impor-
tant implications for the chemotherapeutic killing of cancer cells with apoptotic
defects [32, 34–38]. Moreover, because viruses commonly possess gene products
that inhibit caspase activation, autophagic death may serve as an important
back-up mechanism to elicit nonapoptotic cell death in infected cells, and thus,
prevent further pathogenic effects. Hence, loss-of-function studies of atg genes
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in response to other death stimuli are warranted in order to discover additional
situations where autophagy is required in caspase-independent cell death. Stud-
ies are also needed to clarify whether a cell dies by type 2 programmed cell
death, programmed necrosis or another process in these situations.

The use of gene-targeted mice lacking various components of the apoptotic
machinery may clarify these questions in vivo. Initial evidence does indicate that
alternative pathways compensate when apoptotic gene function is abolished,
e.g. cell death with a vacuolated or necrosis-like morphology is observed in mice
null lacking the apoptotic molecules, Apaf-1, caspase-3 or caspase-9 [51, 52].
However, the functional contribution of autophagy to cell death in these models
remains unclear until loss-of-function studies of atg genes are performed.
Further investigation is needed to determine if autophagy can regulate a cas-
pase-independent cell death in vivo.

5.4
The Combined Activation of Autophagy and Apoptosis during Programmed Cell Death

While increased autophagy activity is observed in cells undergoing cell death in
many situations, few studies have postulated a causative link between pro-
grammed cell death and the autophagic pathway. Furthermore, dying cells with
characteristic type 2 morphological features cell frequently demonstrate the car-
dinal features of classical apoptosis (type 1 programmed cell death), such as cas-
pase activation and mitochondrial membrane permeability; hence, delineating
the true function of autophagy during programmed cell death in higher organ-
isms has been difficult. Conversely, the fact that autophagy is concurrently acti-
vated with apoptosis has led to the idea that autophagy functions as a cellular
response to the stress of programmed cell death rather that as an alternative
death process. Nonetheless, understanding the function of autophagy in pro-
grammed cell death during circumstances where caspases are simultaneously
activated remains an important subject for further investigation.

The larval salivary glands of the fruit fly Drosophila melanogaster have served
as a particularly useful model for studying the relationship between autophagy
and cell death under physiological conditions [53]. An increase in the steroid
hormone, 20-hydroxyecdysone (ecdysone), triggers a series of morphological and
biochemical changes that culminate in removal of salivary glands 6 h later.
These morphological and biochemical changes occur 2–4 h after the rise in ec-
dysone, and include DNA fragmentation, changes in structural protein localiza-
tion and dynamic changes in vacuole structure, including the formation of AVs
[54–56].

Importantly, the expression of the caspase inhibitor p35 prevents destruction
of salivary glands [54], and salivary glands of animals with mutations in the cas-
pase Dronc also fail to die [57]. Indeed, this requirement for caspase function
raises questions about the functional role of autophagy in these dying cells.
From a kinetic standpoint, caspase activation destroys a cell more rapidly than
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degradation via autophagy; hence, it is possible that apoptotic processes repre-
sent the predominant death mechanism when both processes take place simul-
taneously, even if extensive autophagic degradation exists. However, caspase in-
hibition does not completely block vacuolar changes following the rise in ecdy-
sone, raising the possibility that autophagy might play an active role in cell re-
moval and remodeling of larval salivary glands [55]. This hypothesis is
supported by data indicating that caspases are upregulated at the same time as
atg genes and prior to the formation of AVs in these cells [56]. Although it is
feasible that autophagy is being utilized to maintain cell viability after the acti-
vation of caspases, it seems counter-productive that the same steroid signal si-
multaneously promotes both the transcription of cell death regulators as well as
atg gene transcription for survival; this does not appear to be an efficient use of
energy and resources. It appears more likely that autophagy participates in the
death or degradation of salivary glands in Drosophila.

The concurrent activation of autophagic and apoptotic pathways has also been
observed in mammalian cells. The deprivation of NGF from cultured sympa-
thetic neurons elicits cell death that involves both apoptosis and autophagy;
based on pharmacological inhibition studies, autophagic degradation has been
proposed to be triggered during the early stages of cell death and to function
upstream of principal apoptotic events, including cytochrome c release and cas-
pase activation [41]. In addition, serum deprivation of PC12 cells induces cell
death that exhibits both apoptotic and autophagic features [58]. Autophagy also
appears to be required for death induced by the cytokine interferon (IFN)-�. In
HeLa cervical carcinoma cells, the antisense downregulation of Atg5 suppresses
both AV formation and cell death mediated by IFN-�. Conversely, the overex-
pression of Atg5 induces both cell death and autophagy. Interestingly, Atg5 in-
teracts with FADD both in vitro and in vivo, and downregulation of FADD in-
hibits both IFN-�- and Atg5-mediated cell death without affecting vacuole forma-
tion. Hence, the death-promoting activity of Atg5 requires FADD as a down-
stream mediator. Notably, a pan-caspase inhibitor (zVAD-fmk) blocks IFN-�-
induced cell death, but not vacuole formation [59]. Overall, these results favor
the hypothesis in which autophagy ensues during the early stages of cell death
and subsequently triggers the activation of caspases.

Finally, the characteristic features of autophagy and apoptosis have also been
observed during lumen formation of mammary epithelial acini grown in three-
dimensional culture. When cultured on reconstituted basement membrane,
MCF-10A cells, a cell line derived from normal mammary epithelium, form aci-
ni – spherical structures in which a layer of polarized epithelial cells surround a
hollow lumen; these acini resemble glandular epithelium in vivo [60]. Interest-
ingly, lumen formation involves the selective death of centrally located cells;
both AVs and activated caspase-3 are present in the dying cells occupying the
developing acinar lumen. Preventing apoptosis by the ectopic expression of
either Bcl-2 or Bcl-XL delays the clearance of cells, but does not completely in-
hibit lumen formation in this system; notably, the central cells in Bcl-2-express-
ing acini also exhibit extensive autophagy [61]. On the other hand, inhibiting
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downstream signaling by the TNF-related apoptosis inducing ligand (TRAIL) re-
duces the formation of vacuoles in the central cells, but does not prevent lumi-
nal apoptosis. However, the combined expression of Bcl-XL and inhibition of
TRAIL signaling results in the stronger defects in lumen formation, intimating
that both caspase activation and autophagy contribute to proper clearance dur-
ing lumen formation [61, 62]. Although these results may support the notion
that autophagy functions as an alternative cell death pathway upon apoptotic in-
hibition, they do not exclude the possibility that autophagy could function as a
stress response mechanism in dying cells occupying the lumen. Loss-of-func-
tion studies of atg orthologs during acini development are needed to clearly es-
tablish the role of autophagy during cell death or clearance in the lumen. Never-
theless, these studies in mammalian neuronal and epithelial cells, similar to
data from studies of Drosophila larval salivary gland destruction, suggest that
programmed cell death could involve two degradation mechanisms – caspase ac-
tivation and autophagy – that either function in parallel or through intercon-
nected regulatory pathways.

5.5
Emerging Relationships between Apoptosis and Autophagy

As the above studies suggest, the current state of knowledge strongly argues
against discretely classifying apoptosis and autophagy as distinct mechanisms
of programmed cell death. The terms “type 1” and “type 2” essentially describe
morphological features reflective of the death-initiating influence or the environ-
mental context of the dying cell. They do necessarily not define discrete, mu-
tually exclusive functional programs. The wealth of correlative evidence pre-
sented in this chapter suggests that some relationship between the two exists.
Additionally, gene expression studies of Drosophila salivary gland death [63, 64],
death of sympathetic neurons during NGF withdrawal [41, 44] and loss-of-func-
tion studies of atg genes during nutrient depletion all strongly suggest that coor-
dination between these two fundamental cellular processes exists [65, 66].

Beclin 1 was originally identified as a Bcl-2-interacting protein, suggesting an
interesting association between molecules regulating autophagy and cell death
[67]. In recent studies, the overexpression of Bcl-2 was demonstrated to inhibit
beclin 1-dependent autophagy upon nutrient deprivation in a variety of cell
types as well as in mouse cardiac muscle [68]. Additionally, the ectopic expres-
sion of mutant versions of beclin 1 that were unable to bind Bcl-2 induced high-
er levels of autophagy in these cells and promoted cell death. Significantly, the
silencing of Atg5 using RNA interference (RNAi) blocked the cell death
mediated by these beclin 1 mutants. Based on the these results, the interaction
between Bcl-2 and beclin 1 has been proposed to act as an important control
mechanism in maintaining homeostatic levels of autophagy compatible with
cell survival [68]. However, the inhibitory effects of Bcl-2 overexpression on au-
tophagy may be dependent on cell type and stimulus. In immortalized mouse
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embryonic fibroblasts treated with the cytotoxic agent etoposide, the overexpres-
sion of Bcl-2 promotes autophagy and autophagy gene-dependent cell death
[50]. Additional studies are required to determine how the interaction between
beclin 1 and Bcl-2 regulates autophagy in various contexts.

Several additional molecules may participate in the crosstalk between apopto-
sis and autophagy. Two related Ca2+-caldmodulin dependent kinases, death-asso-
ciated protein kinase (DAPK) and DAPK-related protein-1 (DRP-1), regulate
membrane blebbing during apoptosis, but can also promote AV formation in
dying cells [69]. Ectopic expression of the human ortholog of Drosophila Spinster
(hSpin1) in cancer cells causes a necrosis-like cell death notable for increased
acidic compartments [70]. hSpin1 binds to both Bcl-2 and Bcl-XL proteins, and
the expression of Bcl-XL can inhibit hSpin1-induced cell death. Interestingly,
Spinster localizes to the late endosome and lysosome, suggesting that it may
function in the late stages in autophagy [70, 71]. Future studies of these path-
ways should provide greater insight into the relationships between apoptosis
and autophagy during programmed cell death.

5.6
Autophagy and Cell Survival

As discussed above, certain studies have identified the requirement for atg
orthologs in certain situations, whereas others have revealed the opposite – that
autophagy is not required for cell death or, alternatively, actually promotes the
survival of cells in response to death stimuli.

Two groups recently generated mice deficient for beclin 1, the mammalian
ortholog of the yeast Atg6 protein [72, 73]. Complete loss of beclin 1 is embryon-
ic lethal and is notable for widespread cell death throughout the embryo, mea-
sured by staining with the vital dye, Acridine Orange. Furthermore, embryonic
stem (ES) cell lines genetically null for beclin 1 displayed no differences in clas-
sical apoptosis in response to ultraviolet radiation or to serum withdrawal, when
compared to control wild-type cells. Hence, beclin 1 does not play a critical role
in certain forms of programmed cell death [73]. Importantly, the heterozygous
loss of beclin 1 in mice results in the spontaneous formation of both hemato-
poietic and epithelial tumors; in these tumors, the wild-type allele was not de-
leted, corroborating previous work that beclin 1 can act as a haploinsufficient
tumor suppressor [72, 73]. Although further proof is necessary, one interesting
speculation has been that retention of the wild-type allele in beclin+/– tumors
takes place because minimal levels of autophagy are required for tumor initia-
tion or maintenance; if so, this would argue against autophagy serving as an al-
ternative cell death mechanism that limits tumor progression [1, 74].

In the social amoeba Dictyostelium discoidium, programmed cell death is cas-
pase independent and notable for an autophagic vacuolar morphology, reminis-
cent of a type 2 process [75–77]. This cell death can be induced in Dictyostelium
through the combined effects of starvation and the production of a morphogen
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called differentiation-inducing factor (DIF). However, studies in a mutant strain
unable to produce DIF demonstrate that starvation alone can continue to induce
autophagy without triggering cell death. Furthermore, upon inactivation of the
Dictyostelium atg1 autophagy gene in cells via homologous recombination, both
autophagy and vacuolization are suppressed, yet cell death still proceeds with a
striking nonvacuolar and centrally condensed morphology. Hence, developmen-
tal cell death in Dictyostelium does not require autophagic vacuolization [78].

5.6.1
Autophagy is Cytoprotective during Nutrient Depletion in Mammalian Cells

The critical role of autophagy in maintaining cell viability is well-documented in
yeast; through the bulk degradation of cytoplasmic material, autophagy is utilized
to generate both nutrients and energy when external nutritional sources are lack-
ing [7, 8]. A protective role for autophagy has also been proposed in mammalian
cells through the turnover and elimination of excess or damaged organelles like
peroxisomes and mitochondria. Depolarized mitochondria are rapidly eliminated
by autophagy in primary hepatocytes, corroborating that autophagy may be protec-
tive against apoptosis by sequestering death promoting molecules [79, 80].

Moreover, recent work in cultured mammalian cells has indicated that the in-
hibition of autophagy during nutrient depletion can actually sensitize cells to
cell death by apoptosis. HeLa carcinoma cells treated with lysosomotrophic
agents, such as hydroxychloroquine, exhibit the typical morphological features
associated with type 2 cell death including the accumulation of early AVs; how-
ever, follow-up work has delineated that autophagic degradation is actually in-
hibited in these cells due to the lack of fusion between autophagosomes and ly-
sosomes [65, 81]. Cells exhibiting this morphology can recover from this stress,
indicating that this vacuolization is not necessarily lethal; instead, a subset of
these cells reach a point of no return and activate classical apoptotic programs,
such as caspase activation and mitochondrial membrane permeabilization [65].
Moreover, when autophagy is inhibited, either pharmacologically or by small in-
terfering (si) RNA-mediated silencing of several autophagy genes (including
atg5, atg6, atg10 and atg12), cells exhibit increased sensitivity to cell death upon
nutrient depletion; this death is apoptotic in nature because it is reduced by cas-
pase inhibition and by overexpression of Bcl-2. Cell death due to the combined
effects of nutrient depletion and autophagy inhibition is also reduced in mouse
fibroblasts doubly deficient for Bax and Bak. These results in mammalian cells
substantiate a cytoprotective role for autophagy during nutrient depletion that
prevents the activation of classical apoptotic death pathways [65]. Similarly, the
siRNA-mediated knockdown of lysosome-associated membrane protein 2
(LAMP-2) can sensitize cells to cell death induced by nutrient depletion. The
loss of LAMP-2, which is required for the fusion of lysosomes with autophago-
somes, leads to an accumulation of AVs in vivo [82, 83]. Accordingly, the com-
bined depletion of nutrients and LAMP-2 in cells in vitro leads to the acquisition
of a morphology associated with type 2 cell death, which subsequently is fol-
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lowed by the hallmarks of apoptosis, including loss of the mitochondrial trans-
membrane potential, release of cytochrome c, activation of caspase-3 and nucle-
ar chromatin condensation [84].

The cytoprotective role of autophagy is also important during growth factor
withdrawal. Trophic factor withdrawal has been associated with high rates of au-
tophagy as well as cell death; an important question is whether autophagy con-
tributes to programmed cell death in these cells or, instead, represents a re-
sponse to stress. Recent work using hematopoietic cell lines dependent on the
growth factor interleukin (IL)-3 for cell survival has provided valuable insight
into this question. Upon withdrawal of IL-3, the cell surface expression of multi-
ple nutrient transporters is reduced; as a result, these cells cannot take up the
abundant nutrients present in their extracellular milieu and, thus, rapidly un-
dergo apoptosis [85, 86]. In cells unable to undergo apoptosis because they are
doubly deficient for Bax and Bak, a progressive atrophy ensues due to the lack
of nutrient uptake; these cells are viable for several weeks. Further examination
reveals that these growth factor-deprived cells survive because they utilize au-
tophagy to digest intracellular components, providing a source of energy to
maintain ATP production. If IL-3 is re-added to the cultures, these cells do re-
cover from their atrophic state and begin to exhibit normal cell growth and pro-
liferation. Importantly, the inhibition of autophagy in these growth factor de-
prived Bax/Bak double-knockout cells, either by knockdown of Atg5 or Atg7 or
by treatment with 3-MA, results in rapid cell death that is associated with com-
promised bioenergetics and reduced ATP levels. The results once again illus-
trate a critical role for autophagy in maintaining proper bioenergetics and pro-
moting cell viability [66].

Notably, these studies also suggest that autophagy is self-limiting as a survival
mechanism in cells unable to undergo apoptosis; the nutrient and energy sup-
plies obtained through autophagy are ultimately depleted, upon which cells do
die, albeit after several weeks [66]. Based on these results, one can construe that
cells notable for extensive autophagic vacuolation are probably predisposed to
die and that, under these circumstances, the cell death would likely exhibit the
morphological features ascribed to type 2 programmed cell death. Still, the ma-
jor question that requires further investigation is determining if cell death in
these situations is due to the autophagic process gone awry, or whether other
mechanisms, such as apoptosis or necrosis, are the primary initiators of death.

5.6.2
Autophagy and Neuroprotection

Autophagic vacuoles have been observed in the degenerating neurons of patients
with Parkinson, Alzheimer and Huntington diseases, and in neuronal cell lines
expressing toxic proteins [87–92]. It is possible that autophagy plays a role in
the death of these cells during neurodegeneration; in fact, autophagic death has
been described in the cerebeller Purkinje neurons of lurcher mice, a naturally oc-
curring mouse strain that exhibits neurodegeneration due to a mutation that re-
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sults in its constitutive activation of the glutamate receptor, GluRdelta2 [93]. How-
ever, recent studies of Huntington disease have poignantly illustrated that autop-
hagy can be used as a cytoprotective mechanism by removing accumulating pro-
tein aggregates in cells. Huntington disease is an autosomal dominant neurode-
generative disorder cause by mutations in the huntingtin gene that result in the
expansion of a polyglutamine (poly-Q) tract in the primary amino acid sequence
of the huntingtin (Htt) protein; as a result, the mutant Htt is misfolded and accu-
mulates in the affected neurons as insoluble aggregates. However, the pharmaco-
logical induction of autophagy using the mammalian target of rapamycin (mTOR)
inhibitor rapamycin facilitates the clearance of mutant Htt aggregates in cultured
cells, and protects against neurotoxicity in transgenic Drosophila and mouse mod-
els of Huntington disease [94, 95]. Remarkably, although the Htt aggregates are
highly ubiquitinated, these mutant poly-Q proteins appear to be poor substrates
for the proteosomal degradation machinery [96]. Accordingly, autophagy is in-
duced in response to impaired proteasomal activity and may represent a critical
pathway to degrade toxic misfolded poly-Q-containing aggregates in the cytoplasm
of cells [97, 98]. Additional studies suggest that the cytoprotective effects of autop-
hagy may extend to other neurodegenerative diseases, either by clearing toxic in-
tracellular aggregates or by protecting against the other noxious factors that con-
tribute to neurotoxicity [99, 100].

5.6.3
Cytoprotective Roles of Autophagy in the Response to Infectious Pathogens

The role of autophagy in limiting infection in response to various pathogens
has recently been uncovered in numerous recent studies. These reports have in-
dicated that autophagy can promote cell survival by sequestering intracellular
pathogens and, hence, limiting the infectious load. IFN-�, a cytokine secreted in
response to intracellular pathogens, has been shown to induce autophagy in
nonprofessional phagocytic cells as well as in macrophages [59, 101]. Notably,
the induction of autophagy by IFN-� has been shown to circumvent the phago-
some trafficking defect produced by Mycobacterium tuberculosis and suppress the
survival of M. tuberculosis. Similar results were obtained when autophagy was
induced using the pharmacological compound, rapamycin [101]. In addition,
Shigella flexneri, an intracellular bacterium that normally evades autophagy, was
found to secrete a protein IcsB that suppressed autophagy by binding to another
Shigella protein VirG. Interestingly, it was discovered that in the absence of
IcsB, VirG interacted with Atg5 and elicited an autophagic response that re-
sulted in degradation of the Shigella bacteria, establishing a direct, molecular
link between the host-pathogen response and autophagy [102]. An autophagic
mechanism also regulates the sequestration and degradation of the extracellular
pathogen group A Streptococcus (GAS). Normally able to escape the endosome
after internalization, GAS is located in LC3-positive, AVs. The contents of these
vacuoles are subsequently degraded by the lysosome, whereas in atg5–/– cells,
these bacteria were not degraded [103].
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Moreover, autophagy has also been observed to negatively regulate pro-
grammed cell death during the plant innate immune response. In response to
viral infection, plants exhibit a limited form of programmed cell death, called
the hypersensitive response (HR) that is largely restricted to the site of infec-
tion; in contrast, the adjacent healthy tissue does not die. As a result, during
HR, this tight regulation of cell death eliminates diseased tissue in an attempt
to protect the whole plant. The silencing of multiple plant atg gene orthologs,
including beclin 1, produces unrestricted programmed cell death throughout the
plant during viral infection, suggesting a role for autophagy in suppressing pro-
grammed cell death in healthy tissue and regulating this fundamental innate
immune response [104]. Autophagy also appears to play a protective role in en-
cephalitis induced by Sindbis virus; enforced expression of beclin 1 reduces viral
titers as well as Sindbis virus-induced apoptosis in mouse brains [67]. Overall,
these studies suggest that autophagy serves as an important cell survival mecha-
nism in the innate immune response to a number of pathogens.

Interestingly, situations in which invading pathogens circumvent the host cell
autophagic machinery in order to thrive and proliferate have also been documen-
ted in recent studies. Three bacterial species, Legionella pneumophila, Brucella abor-
tus and Porphyromonas gingivalis, have all been shown to subvert the autophagic
machinery, which allows these organisms to escape degradation in the lysosome
[105–108]. Legionella, a species of intracellular bacteria that can proliferate after
phagocytosis into host macrophages, can replicate within modified autophago-
somes, and metabolize amino acids and peptides produced there by the normal
autophagic machinery. An unspecified bacterial product whose secretion to the
host cell is regulated by a translocation channel controls the trafficking of Legionel-
la containing endosomes to early autophagosomes [105, 109]. Successful delivery
of the bacterial product to the host cell resulted in upregulation of autophagy and
Legionella localization to autophagosomes. Blockage of the translocation channel
resulted in normal endosome trafficking and destruction of the bacteria in the ly-
sosome [110]. B. abortus and P. gingivalis utilize similar modifications of endosome
trafficking to avoid degradation in the lysosome [107, 108].

Although autophagy appears to play a protective role during the cellular re-
sponse to a variety of infectious pathogens, the direct induction of autophagic
cell death by an infectious pathogen has also been observed. Autophagic cell
death has been observed in macrophages upon infection with the intracellular
bacteria Salmonella enterica. In fact, cultured macrophages exhibit the morpho-
logical features of type II cell death in response to Salmonella and the secreted
Salmonella virulence protein SipB under caspase inhibition; in addition, caspase-
1–/– macrophages exhibit a similar cell death morphology upon infection. None-
theless, these studies do not provide direct evidence that autophagy is function-
ally responsible macrophage for cell death [111]. Overall, additional studies
using autophagy deficient cells and organisms are necessary to establish how
autophagy functionally regulates cell survival or death in the host response to
infection.
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5.7
Autophagy and Organism Survival

The prosurvival role of autophagy in mammalian cells delineated in the above
studies argues against autophagy as a mediator of cell death. Furthermore, the re-
cent examination of atg orthologs in various model systems strongly indicates that
this catabolic process can promote survival in higher organisms in vivo by regulat-
ing a variety of developmental and systemic programs. When faced with unfavor-
able environmental conditions, the nematode Caenorhabditis elegans undergoes a
reversible form of developmental arrest known as the dauer diapause. Recent
work using nematodes with a mutation in daf-2 has illustrated the importance
of autophagy in this critical process; daf-2 encodes for an insulin-like receptor
and mutant worms exhibit high rates of dauer entry [112, 113]. Dauer formation
is associated with increased autophagy in hypodermal seam cells, a cell type re-
quired for multiple aspects of dauer morphogenesis; furthermore, abnormal
dauers result as a consequence of loss-of-function mutations or RNAi-mediated si-
lencing of multiple atg genes, including atg1 (unc51), atg6 (beclin 1), atg7, atg8 and
atg18/aut10 [113]. These results demonstrate that autophagy functionally contrib-
utes to an important environmental stress response program in the worm. More-
over, beclin 1 is also required for the lifespan extension phenotype associated with
daf-2 mutant nematodes, suggesting that autophagy components contribute to the
enhanced survival of a multicellular organism [112, 113].

Autophagy possesses a similar survival function during nutrient starvation in
Drosophila. In the fly, the fat body is thought to function as a sensor of nutritional
status by secreting both nutrients and trophic factors [114, 115]. During starvation,
the fat body is the predominant organ to exhibit high rates of autophagy, presum-
ably to maintain adequate nutrient levels for the entire organism [116, 117]. Ac-
cordingly, the disruption of autophagy machinery genes, either in the whole or-
ganism or specifically in the fat body, decreases survival; when combined with
the loss of TOR, an essential regulator of cell growth and nutrient uptake, the de-
leterious effects of decreased autophagy are exacerbated [116].

Recent studies in mice have also revealed an essential role for autophagy for
survival during the neonatal period. Mice lacking Atg5 exhibit reduced autopha-
gy and die in their first day of life; the reduced viability of these mice is inde-
pendent of their ability to nurse. Instead, mice lacking Atg5 display significantly
reduced systemic levels of amino acids, as well as signs of energy depletion,
such as activation of the energy sensor, AMP-activated protein kinase (AMPK).
Interestingly, the highest rates of autophagy in the newborn are found in tis-
sues that exhibit substantial increases in energy requirements (e.g. heart, dia-
phragm) or marked environmental changes due to the switch from amniotic
fluid to air (e.g. lung alveoli, skin) [118].

Certainly, the aforementioned studies of autophagy gene function in model
organisms and in mammalian cells have corroborated that autophagy can serve
as a survival mechanism in the primary response to various stresses. They have
also indicated that inhibiting autophagy in starving cells can actually activate

5 The Dual Roles for Autophagy in Cell Death and Survival118



apoptosis. These results would support the idea that a cell undergoes autophagy
in order to keep it alive under stressful conditions. Upon removal of the initiat-
ing stress, the cell can resume normal rates of growth and proliferation. In this
model, autophagy does not function in cell death during the primary response
to stress or death stimuli.

However, these studies do not exclude the possibility that autophagic degrada-
tion may execute or promote cell death in tissue-specific contexts. As discussed
above, high levels of autophagy have been observed in certain mammalian tis-
sues in vivo, such as the involution of the prostate and mammary gland [28–30].
The enormous amounts of autophagy observed in these circumstances have bol-
stered the case for autophagy as an alternative form of programmed cell death.
As a result, determining whether autophagy contributes to cell survival or cell
death in specific developmental situations remains an important and intriguing
question for further study.

5.8
Concluding Remarks

The studies discussed above highlight the expanding importance of autophagic
degradation during programmed cell death as well as cell survival in a variety of
physiological and pathological processes. Nonetheless, although programmed
cell death was one of the first settings to broach the biological significance of
autophagy, much remains to be learned about the functional role of autophagy
during programmed cell death. The isolation of the atg genes from genetic
screens in yeast have provided enormous insight into the mechanisms that reg-
ulate autophagy, and are beginning to inform studies of both autophagic cell
death and apoptosis. These studies have confirmed that the role of autophagy in
cell survival is conserved among organisms. Conversely, the study of the role
and regulation of autophagy in programmed cell death requires further investi-
gation in both higher organisms and mammalian cell culture systems.
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Autophagy and Bacteria



James Harris, Sergio De Haro and Vojo Deretic

6.1
Introduction

Responsible for nearly 2 million deaths a year, Mycobacterium tuberculosis, the
causative agent of tuberculosis (TB), is a pathogen of global significance. De-
spite the existence of effective treatments for the disease, TB is a growing prob-
lem, particularly in countries badly affected by human immunodeficiency virus
(HIV). In sub-Saharan Africa, TB notifications have increased 3-fold since the
mid-1980s and the death rates with treatment have reached 20%, compared to
5% in the absence of HIV [1]. Spread through airborne droplets, M. tuberculosis
travels to the distal regions of the lung, where it is engulfed by alveolar macro-
phages and dendritic cells (DCs). In most individuals, infection leads to a series
of innate and adaptive immune responses, resulting in the formation of a gran-
uloma [2]. Consisting of epitheloid macrophages, DCs, T cells, B cells and fibro-
blasts, the granuloma directs a predominantly T helper (Th) 1-type immune re-
sponse that is usually sufficient to contain the infection and prevent active dis-
ease, but does not completely eradicate the bacteria. This leaves individuals sus-
ceptible to re-activation of tuberculosis when their immune system becomes
compromised [2, 3].

As a facultative intracellular pathogen, M. tuberculosis is able to survive in
macrophages by blocking fusion of the phagosome with lysosomes (phagolyso-
some biogenesis), avoiding direct bactericidal mechanisms and proteolytic de-
gradation, and preventing efficient antigen processing and presentation [4]. In
this chapter, we summarize the mechanisms through which M. tuberculosis is
able to block phagolysosome biogenesis and how autophagy can overcome this
block, representing a previously unrecognized mechanism for elimination of
this important human pathogen. We also discuss the recently established link
between regulators of the immune response, including interferon (IFN)-� and
autophagy, and the role of a unique GTP-binding protein, LRG-47, in modulat-
ing these responses.
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6.2
M. tuberculosis Blocks Phagolysosome Biogenesis in Macrophages

A key factor in the success of M. tuberculosis as an intracellular pathogen is its
ability to survive in macrophages by disrupting phagolysosome biogenesis. The
major route of entry for M. tuberculosis into macrophages is still a matter for
discussion, but most likely involves a number of surface receptors, including
complement receptors and C-type lectins, such as the mannose receptor [5–7].
Upon entry into the macrophage, the nature of the M. tuberculosis phagosome is
well understood, and can be characterized by incomplete lumenal acidification
and the absence of mature lysosomal hydrolases [8]. The block in phagolyso-
some biogenesis occurs between the maturation stages controlled by the GTP-
binding proteins Rab5 (early endosomal) and Rab7 (late endosomal) [9]. The
mycobacterial phagosome maintains access to early endosomal contents, includ-
ing transferrin-bound iron, through Rab5-mediated processes, but does not ac-
quire late endosomal or lysosomal components [9–11]. While many Rab5 effec-
tors are recruited to the mycobacterial phagosome, early endosomal autoantigen
1 (EEA1) is displaced [12]. EEA1, which interacts directly with Rab5 [13], binds
via its FYVE domain to phosphatidylinositol-3-phosphate (PI3P), which is gener-
ated on organellar membranes by hVPS34, the only type III phosphatidylinosi-
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Fig. 6.1 Mycobacterial factors induce phago-
some maturation block. PIM enhances
homotypic fusion of early endosomes, and
fusion between the phagosome and early en-
dosomes, allowing delivery of nutrients, in-
cluding iron. SapM removes PI3P from the
phagosomal membrane, while LAM reduces

PI3P production and prevents phagolyso-
some biogenesis by inhibiting the Ca2+-de-
pendent recruitment of the PI3K, hVPS34
and EEA1, and other effectors to the phago-
some. This, in turn, prevents the delivery of
hydrolases and H+ATPase from the trans-Gol-
gi network.



tol-3-kinase (PI3K) [13, 14]. Although retained on phagosomes containing dead
mycobacteria, PI3P is continuously eliminated from those containing live bacilli
[15] (Fig. 6.1).

Several mycobacterial factors have been shown to regulate different aspects of
the phagolysosome biogenesis block and affect pathogenesis of M. tuberculosis
(Fig. 6.1). The glycophospholipids phosphatidylinositol mannoside (PIM) and li-
poarabinomannan (LAM) are able to insert into host endomembranes and traf-
fic within infected cells [16]. Whereas LAM blocks calcium- and PI3K-dependent
phagosome maturation [12, 17, 18], PIM stimulates fusion of early endosomes
with the mycobacterial phagosome, permitting acquisition of nutrients, such as
iron [19]. M. tuberculosis also secretes an acid phosphatase, SapM, which re-
moves any PI3P that may be generated past the LAM block [15]. It is likely that
additional mycobacterial factors target host cell effectors to influence, either di-
rectly or indirectly, the intracellular and extracellular environment [20, 21]. For
example, a 24-kDa lipoprotein, LprG, has been proposed to inhibit major histo-
compatibility complex (MHC) class II antigen processing in human macro-
phages through a Toll-like receptor 2-dependent mechanism [22].

6.3
Autophagy and the Host Response to M. tuberculosis

The fact that macroautophagy (herein referred to as autophagy) is dependent on
the generation of PI3P by hVPS34 during initiation and maturation/flux stages
led our group to investigate whether the induction of autophagy in M. tuberculo-
sis-infected macrophages could influence the phagolysosome biogenesis block.
In a model system using M. tuberculosis variant bovis BCG and the murine
macrophage cell line RAW 264.7, induction of autophagy by starvation or with
rapamycin increases acidification of mycobacterial phagosomes and promotes
maturation of the phagolysosome [23]. These effects can be inhibited by the ad-
dition of 3-methyladenine (3-MA) and wortmannin, both inhibitors of PI3Ks
commonly used to inhibit autophagosome formation. Following induction of
autophagy, BCG can be seen by electron microscopy in vacuoles containing par-
tially degraded internal membranes, a characteristic of maturing autophago-
somes [24–26] (Fig. 6.2). In addition, BCG shows increased colocalization with
microtubule-associated protein 1 light chain 3 (LC3) and beclin, both associated
with autophagy [23]. Moreover, the survival of both BCG and virulent M. tuber-
culosis in macrophages (RAW 246.7 cells and primary murine and human
macrophages) is inhibited after induction of autophagy with rapamycin or by
starvation [23] (Fig. 6.3). Thus, autophagy promotes the killing of M. tuberculosis
by diverting the mycobacterial phagosome to an autophagic vacuole, which can,
in turn, fuse with lysosomes, overcoming the M. tuberculosis-induced phagolyso-
some biogenesis block.
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6.4
Regulation of Autophagy by the Immune System

In activated macrophages the phagolysosome maturation block induced by M.
tuberculosis can be overcome by IFN-� – a critical anti-tuberculosis immune
mediator [27]. Moreover, IFN-� can induce or augment autophagy in macro-
phages and other cells [23, 24, 28]. These findings raise important questions re-
garding the role of cytokines in regulating this process, especially in the context
of Th1 versus Th2 responses to pathogens. If IFN-� can induce autophagy, could
other Th1 cytokines [e.g. interleukin (IL)-12, tumor necrosis factor (TNF)-�] have
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Fig. 6.2 Ultrastructural analysis of mycobac-
terial phagosomes upon induction of autop-
hagy. Macrophages (RAW 264.7 cells) were
infected with M. tuberculosis var. bovis BCG
(for 1 h), incubated in full nutrient or starva-
tion medium (for 2 h) and processed for
electron microscopy. (A and B) Full nutrient
medium control. The bacilli were found in-
side typical phagosomal compartments
(MPC). (C–F) Infected macrophages induced
for autophagy by starvation. The bacilli were
found in altered phagosomes, referred to as
mycobacterial autophagosomes (MAP) with
internal membranes (C and D). Fusion

events between MAP and multivesicular
bodies (MVB) were observed (E). Under
starvation conditions, numerous onion-like
multi lamella structures (inset) or myelin-like
figures containing bacterial and other debris
were observed (F). Black arrows= phagoso-
mal membrane. Asterisks= bacilli. White ar-
rows= internal membranes within autopha-
gosomes. Double black arrows= onion (mye-
lin)-like multilamellar structures. Double
white arrows= ER-like membranes juxtaposed
to autophagosomes and multilamellar struc-
tures. Reproduced with permission from Gu-
tierrez et al. [23].

Fig. 6.3 Autophagy inhibits mycobacterial
survival in macrophages. (A and B) Human
peripheral blood monocyte-derived macro-
phages were infected with M. tuberculosis
variant bovis BCG. (C) RAW 264.7 cells were
infected with virulent M. tuberculosis HR37v.
Cells were incubated for 2 h in starvation
medium, with or without 10 mM 3-MA or
100 nM wortmannin (WM). Full nutrient me-
dium was used for rapamycin (50 �g/ml)

treatment. The pan-caspase inhibitor z-VAD-
fmk (100 �M) was added where indicated
(ZVAD). Cells were lysed and mycobacterial
viability (c.f.u.) determined. Data represent
means ± SEM from three independent experi-
ments. **P �0.01; *P < 0.05; �P �0.05; all
relative to control. (*)P < 0.05; relative to
single treatment samples. Modified with per-
mission from Gutierrez et al. [23].



similar effects and could Th2 cytokines (e.g. IL-4, IL-13 and IL-10) be inhibitory?
In HT-29 human colon carcinoma epithelial cells, IL-13 inhibits autophagy
through activation of the protein kinase B (PKB)/mammalian inhibitor of rapa-
mycin (mTOR) pathway [29–31], so in macrophages this cytokine could prove to
be a potent regulator of the autophagic process. In this context, it is particularly
interesting that the hyper-virulent strains of M. tuberculosis, HN878 and W/Beij-
ing, promote secretion of IL-4 and IL-13 by infected human monocytes, while
the less pathogenic isolate, CDC1551, induces more IL-12 [32]. Like IL-13, IL-4
also signals through the PKB (Akt) pathway, via the shared receptor, IL-4R� [33]
and has similar immunomodulatory effects, so could also be a target for future
research. However, it should be noted that these cytokines could influence the
response to M. tuberculosis (and other pathogens) through other mechanisms,
such as inhibition of inducible nitrogen oxide (iNOS) expression [34] or indirect-
ly through inhibition of Th1 responses [20, 35, 36].

A recent study has shown that the removal of a single growth factor can be
sufficient to induce autophagy. Using a hematopoietic cell dependent on IL-3
that also lacks the apoptotic regulators Bax and Bak, Lum et al. [37] were able to
show that upon removal of IL-3 from the media, these cells formed autophago-
somes and survived on intracellular substrates. Although these cells did even-
tually die, when autophagy was blocked by transfecting the cells with short hair-
pin RNA constructs to Atg5, ATP production declined rapidly and the cells died
more quickly, demonstrating that autophagy is a survival mechanism in this
case [37]. Could growth factors influence autophagy in macrophages and other
cells of the immune system? Numerous cytokines act as growth or survival fac-
tors, such as IL-2 in lymphoblasts [38] and macrophage colony-stimulating fac-
tor (M-CSF) in macrophages [39]. Murine bone marrow macrophages require
growth factors in order to survive and proliferate in vitro. The most potent of
these is M-CSF, although both granulocyte/macrophage colony-stimulating fac-
tor (GM-CSF) and IL-3 can support both survival and proliferation in these cells
[40]. All three factors promote survival through activation of PI3K/Akt and their
absence leads to apoptosis [40]. How these, and other, growth factors modulate
autophagy is of significance in the context of macrophage biology and the im-
mune response.

6.5
p47 GTPases and Autophagy

The IFN-�-inducible 47-kDa (p47) GTPase family members are among the most
potent known protective factors against intracellular parasites [41, 42]. One
member, LRG-47, is important in the host response to mycobacteria [42]. Stud-
ies in vivo have demonstrated that LRG-47 knockout mice are unable to control
M. tuberculosis infections and that this effect is independent of reactive oxygen
and nitrogen intermediates [42, 43]. Although the mechanism of action for
these GTPases is largely unknown, LRG-47 may be involved in IFN-�-induced
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autophagy [23]. In macrophages, IFN-� induces the formation of large LC3-posi-
tive vacuoles, increases proteolysis of long-lived proteins and increases co-local-
ization between BCG and LC3 [23]. Similarly, formation of large LC3-positive
puncta is induced, in the absence of IFN-� by transfection of macrophages with
LRG-47 [23]. Further studies are required to elucidate the mechanisms by which
IFN-� and LRG-47 induce autophagy (Fig. 6.4). It is not yet clear whether au-
tophagy represents a strategy by which macrophages can kill mycobacteria in
vivo or whether M. tuberculosis has evolved mechanisms to modulate the process
in the host. In this context, it would be of great value to look at autophagy
markers in infected tissue in situ, particularly in TB granulomas, where infected
macrophages and DCs are concentrated and the immune response is largely
controlled by IFN-�.

6.6
Future Directions

Relatively few studies have been conducted on the process of autophagy in
macrophages and related cells. A few early studies concentrated on the role of
autophagy in the constitutive degradation of long-lived proteins by macrophages
[44, 45], while autophagy in microglia has been linked to disc shedding in the
retina [46], and may play in role in neurodegenerative diseases, such as Parkin-
son’s and Alzheimer’s [47]. Several studies have also demonstrated a role for
macroautophagy in MHC class II antigen processing and presentation by both
macrophages and DCs (see Chapter 12).

Whilst the role of autophagy in innate and adaptive immunity is now receiv-
ing more attention, very little is known about the dynamics of the autophagic
process in macrophages compared with epithelial cells and fibroblasts. As pro-
fessional phagocytes, and exceptionally active endocytic cells, macrophages (and
DCs) may display higher basal levels of autophagy or use this process for spe-
cialized functions. Numerous questions arise from the few studies so far pre-
sented. Do macrophages require different stimuli to undergo autophagy? Do dif-
ferent stimuli (including different pathogens) influence the specific mecha-
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Fig. 6.4 IFN-�-dependent killing of M.
tuberculosis. Induction of autophagy, via
LRG-47, is one way in which IFN-� can
enhance intracellular killing of M. tuber-
culosis by macrophages. It is not yet
clear whether IFN-� affects autophagy
in an LRG-47-independent manner
(dotted line).



nisms of autophagy and how does this affect the outcome? Does autophagy, un-
der certain circumstances, lead to cell death in these cells and can this be con-
trolled? Further studies on the basic biology of these processes, along with de-
tailed investigation of its role in immune responses to pathogens will allow us
to answer these questions and fully understand the importance of autophagy in
macrophages and the immune system.
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7.1
Group A Streptococcus (GAS; Streptococcus pyogenes)

GAS is a Gram-positive extracellular etiological agent, which is one of the most
ubiquitous and versatile of human bacterial pathogens [1]. GAS colonizes the
throat and skin, and is responsible for a number of suppurative infections and
nonsuppurative sequelae. GAS is the most common causes of bacterial pharyn-
gitis as well as scarlet fever and impetigo. Further, GAS is responsible for strep-
tococcal toxic shock syndrome (STSS), and it is recently known as the “flesh-eat-
ing” bacterium which invades skin and soft tissues, destroying tissues and
limbs. During the 5-year period from 1995 to 1999, there were 9600–9700 cases
of invasive GAS infections reported annually, including 1100–1300 deaths [2]. In
those, pneumonia, necrotizing fasciitis and central nervous system infections
occurred in more than 20%, and STSS occurred in 44.5% of cases. In addition,
acute post-streptococcal glomerulonephritis is a leading cause of cardiovascular
morbidity and mortality in many developing countries throughout the world [3].

7.2
Adherence to Host Cells by GAS

The initiation of GAS diseases needs the adhesion of GAS to mucosal or cuta-
neous surfaces. In the process of adhesion, extracellular matrix proteins such as
fibronectin and laminin serve as mediators between the bacteria and host cells
[4–7]. At least 17 candidates of adhesin (GAS components which promote bacte-
rial adhesion) have been described. Among them, lipoteichoic acid (LTA), sur-
face M protein and fibronectin binding proteins have been extensively studied.
LTA adheres to fibronectin on human buccal epithelial cells [8, 9] and passive
immunization for LTA markedly protected mice against streptococcal challenge
[10]. Thus, LTA is thought to serve as a “first-step” with its hydrophobic interac-
tions. In addition, GAS surface proteins that bind fibronectin are considered as
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“second-step” factors mediating GAS adherence. Those involve protein F1, also
known as SfbI (streptococcal fibronectin-binding protein I) [11, 12], and its re-
lated proteins including F2 [13], SfbII [14], FBP54 [15], PFBP [16] and Fba [17].
Such a coordinated strategy likely promotes efficient adhesion to and subse-
quent invasion of host cells by GAS.

7.3
Invasion of Host Cells by GAS

Various evidence over the past decade suggested that GAS not only adheres to
epithelial cells, but is also internalized by them [18]. In fact, GAS has been show
to penetrate a variety of cultured human epithelial cells [19–22] (Fig. 7.1). Strepto-
cocci were serologically separated based on M protein serotypes and more than
80 M protein serotypes are currently known with a molecular approach to identify
the emm (M protein) genes [23]. Among those serotypes, M1 protein as well as
SfbI are considered components which promote bacterial invasion to human cells,
called invasins [24]. The binding of Sfbs to fibronectin [25] also triggers invasion
via the attachment of the complex to cellular �5�1 integrin. In addition, laminin
has been shown to bind GAS [26] and subsequently induce internalization of
M1-GAS, independent of serum and fibronectin. These findings suggest that
GAS possesses multiple pathways to penetrate host cells. The intracellular organ-
isms subsequently activate the focal adhesion complex [27] and induce cytoskeletal
rearrangements [28], which disable cellular functions such as adhesion, migration
and proliferation. The intracellular GAS also induces proinflammatory cytokine
production [29] and apoptosis by invaded cells [26, 30]. Although the biological sig-
nificance of intracellular localization remains to be further elucidated, intracellu-
lar localization would allow the pathogen to penetrate to deep tissues and may pro-
vide it a nutritionally rich “shelter” protected from the host immune system, in-
cluding phagocytes, humoral antibodies and antibiotics. Such a hypothesis is par-
tially supported by the findings that GAS were recovered from biopsies of infected
tonsils as well as from surgically removed tonsils of streptococcal carriers with no
infectious symptoms [31, 32].
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Fig. 7.1 The GAS chain penetrating HeLa
cells. The electron micrograph was taken
by Hitomi Yamaguchi, Research Institute of
Microbial Diseases, Osaka University,
Japan. Bar = 2 �m.



7.4
Survival of Intracellular Bacteria

A number of pathogenic bacterial species have developed a variety of mecha-
nisms to invade eukaryotic cells and survive inside them, maximizing their po-
tential virulence [33]. Although the molecular mechanisms differ among the
bacterial species, most of these bacteria are internalized into phagosomes, there-
by maturing into vacuoles with the characteristics of endosomes [34]. Subse-
quent fusion of these compartments with lysosomes results in their degradation
and this harsh environment provides a host defense against intracellular patho-
gens [34, 35]. However, some bacteria have invented one of two different strate-
gies to avoid this. The first strategy is to modify the endocytic compartments
for prevention of fusion with a lysosome or to interfere with its lytic action. For
instance, phagosomes containing Mycobacterium tuberculosis lack the V-ATPase,
thereby preventing acidification [36]. In addition, Salmonella enterica serovar ty-
phimurium traffics to late endosome-like compartments that do not mature into
lysosomes [37]. The second strategy is to escape from the endocytic compart-
ment by lysing it into the cytoplasm of the host cell. Listeria monocytogenes nor-
mally enters host cells by phagocytosis, after which the bacteria escapes from
the phagosomes. These bacteria can replicate within the host cells. Therefore,
they are called “intracellular parasites”. Thus, escape from the phagocytic/endo-
cytic degradation system has been thought to be a crucial step for the survival
of intracellular bacteria [38, 39].

7.5
Streptolysin O (SLO) Enables GAS to Escape
form Phagocytic/Endocytic Degradation

We confirmed that GAS successfully invaded human epithelial cells (HeLa cells)
(Fig. 7.1) and further examined the fate of intracellular GAS. For infection ex-
periments, cells were incubated with GAS for 1 h. After washing, the infected
cells were cultured for various times in the presence of antibiotics to kill extra-
cellular GAS. At the first setout after invasion of HeLa cells, GAS were found to
be colocalized with the FYVE domain of early endosomal autoantigen 1 (EEA1),
which specifically binds to early endosomes, demonstrating that GAS first en-
ters endosomes [40]. Then, after 1 h of infection, endosomes containing GAS
gradually disappeared, which suggests escape of GAS from endosomes. GAS is
known to secrete SLO, a member of a conserved family of cholesterol-dependent
pore-forming cytolysins [41]. Although the role of SLO is not clear, one of the
family members, listeriolysin O (LLO), which is produced by L. monocytogenes,
is essential for the escape of the bacterium from endocytic compartments [42,
43]. We found that JRS4�SLO, an isogenic SLO-deficient mutant of strain JRS4,
was not extricated and remained within FYVE-positive endosomes even at 2 h
post-infection. The endosomes enclosing JRS4�SLO grew to larger sizes during
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incubation than did those enclosing wild-type GAS. GAS seems to escape from
endosomes to cytoplasm via a SLO-dependent mechanism.

7.6
Autophagy

Macroautophagy, usually referred to simply as autophagy, is a physiologically im-
portant cellular process for the bulk degradation of organelles and cytosolic pro-
teins [44, 45] (chapter 1). Like the endocytic pathway, it is a ubiquitous pathway
in eukaryotic cells. Regions of cytoplasm, as well as organelles, are first engulfed
by double- or multiple-membrane structures called autophagosomes with diame-
ters of 0.5–1.0 �m, which are formed through elongation and closure of cap-shaped
cisternae known as isolation membranes. These autophagosomes eventually fuse
with lysosomes to form autolysosomes. The cytoplasm-derived contents of the au-
tophagosomes are degraded by lysosomal hydrolases. This lysosomal degradation
system is thought to be required for the nonselective degradation and recycling of
cellular proteins, as well as for the removal of nonfunctional or superfluous organ-
elles. Under starvation conditions, autophagy is dramatically enhanced to maintain
the intracellular amino acid pool for gluconeogenesis and for the synthesis of pro-
teins essential for survival. In addition, it has been postulated that some intracel-
lular bacteria, e.g. Rickettsia conorii, are targeted by this degradation system [46].
However, it has been difficult to substantiate the hypothesis that autophagy de-
grades intracellular pathogens as well as cellular constituents, since individual
components of the autophagic machinery have not been identified.

Recently, we identified the microtubule-associated protein 1 light chain 3
(LC3) as an autophagosome-specific membrane marker in mammalian cells
[47–49] (chapter 3). LC3 is the only reliable marker for the compartments at the
present time. We also found that a protein complex including Atg5 is involved
in autophagosome formation [50, 51]; atg5 gene-knockout cells are unable to
form autophagosome [52] (chapter 3). Using the autophagosome marker LC3 as
well as cells lacking autophagic activity, we examined whether autophagosomes
trap intracellular GAS following its escape to the cytoplasm [40].

7.7
Intracellular GAS is Trapped by Autophagosome-like Compartments

To investigate the possibility that the autophagic machinery sequesters GAS har-
boring in the cytoplasm, we infected cells expressing LC3 coupled with Green Flu-
orescent Protein (GFP–LC3) as a marker for autophagosomal membranes. Confo-
cal microscopy revealed that in uninfected cells cultured under nutrient-rich con-
ditions, the majority of cellular LC3 is found diffused throughout the cytoplasm;
under starvation conditions, however, LC3-positive autophagosomes (with diame-
ters of 0.5–1.0 �m) were found in the cytoplasm as punctuate structures. In HeLa
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cells infected by GAS strain JRS4 cells, we found the large LC3-positive compart-
ments acquiring the bacteria cluster (Fig. 7.2). This was true even under nutrient-
rich conditions and was not observed in uninfected cells, showing that GAS in-
duces autophagy and is trapped by autophagosomes. The size and morphology
of the GAS-induced LC3-positive compartments were distinct from canonical star-
vation-induced autophagosomes, whose size is sometimes over 10 �m, so we de-
signated these novel structures GAS-containing LC3-positive autophagosome-like
vacuoles (GcAVs). GcAVs appeared within 30 min of infection (in 6.8± 3.4% of in-
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Fig. 7.2 GcAVs. (A) LC3-positive compart-
ments (a left panel and green in a right pan-
el) sequestering intracellular GAS (a middle
panel and magenta in a right panel) in HeLa
cells expressing enhanced GFP (EGFP)–LC3
at 1 h post-infection [40]. The bacteria were
visualized by staining bacterial DNA with

propidium iodide. Bar = 2 �m. (B) Three-di-
mensional image of a large GcAV at 3 h
post-infection. The image was made by
Shunsuke Kimura, Research Institute for Mi-
crobial Diseases, Osaka University, Japan.
Grid = 5 �m. (This figure also appears with
the color plates).



fected cells), after which the number of cells bearing GcAVs increased in a time-
dependent manner, reaching a maximum level (79.6 ± 7.2% of infected cells) at 2 h
post-infection. The area of GcAVs also increased over time to around 10% of the
total cytoplasmic area. Finally, about 80% of intracellular GAS was trapped by the
LC3-positive compartments, indicating that most intracellular GAS had been
trapped by GcAVs. Interestingly, the number of GcAVs in HeLa cells infected with
JRS4�SLO was only 4% of that seen in wild-type GAS-infected cells through in-
fection and post-infection. This suggests that emergence of the bacteria in the cy-
toplasm triggers autophagic induction to attack the bacteria. SLO seems to be a
critical factor for bacterial escape from endosomes, while autophagosomes are
likely to be resistant to SLO. There is no explanation for this at this moment
but SLO targets cholesterol and the autophagic membranes may contain less or
no cholesterol compared to endosomes.

At an early stage of post-infection (around 2 h), LC3 frequently surrounded GAS
as a chain-like structure fitting closely around the GAS chain; the LC3-positive
membrane may thus be formed contiguously with GAS surfaces (Fig. 7.2 A). By
3 h post-infection, GcAVs had fused together and were larger (5–10 �m). At least
20–30 bacterial cells were associated with a single GcAV (Fig. 7.2B). Localization
of GAS within LC3-positive vacuoles was observed not only for the GAS strain
JRS4, but also for other M-type strains. We previously demonstrated that LC3 ex-
ists in two molecular forms. LC3-I (18 kDa) is cytosolic, whereas LC3-II (16 kDa)
binds to autophagosomes [47, 48]. The amount of LC3-II directly correlates with
the number of autophagosomes. We found that the total amount of LC3-II in-
creased in a time-dependent manner during post-infection under nutrient-rich
conditions. This induction correlated with the development of GcAVs.

7.8
Atg5 is Required for Capture and Killing of GAS

The results of the LC3 analysis suggest that GAS invasion induces autophagy
that specifically traps intracellular GAS. To further substantiate this idea, we
next examined GcAV formation in Atg5-deficient cells. Our previous gene-tar-
geting study [52] using mouse embryonic stem (ES) cells demonstrated that
Atg5 is required for starvation-induced autophagosome formation, membrane
targeting of LC3 and formation of LC3-II in wild-type ES cells. GcAVs similar to
those found in HeLa cells were clearly observed in the wild-type ES cells during
post-infection. In contrast, no GcAVs were observed in Atg5–/– ES cells. Atg5–/–

mouse embryonic fibroblasts (MEFs) [53] also showed no GcAV formation at
3 h post-infection, indicating that Atg5 is required for the formation of GcAV in
several cell types. The numbers of wild-type MEFs bearing GcAVs increased
with time, reaching a maximum (67.8% of infected cells) at 4 h post-infection.
On the other hand, no GcAV formation was observed in Atg5–/– MEF cells even
at 4 h post-infection. We concluded that GcAV formation requires an Atg5-
mediated mechanism.
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Next, we analyzed the ultrastructure of GcAVs by electron microscopy. In
wild-type MEFs infected with GAS we observed characteristic double-membrane
cisternae surrounding GAS in the cytoplasm, which resemble, but are larger
than, isolation membranes. We also observed double- or multiple-membrane-
bound compartments containing intact cytosol and GAS at 1 h post-infection
(Fig. 7.3A), and single-membrane-bound compartments with degraded cytosol
and GAS at 4 h post-infection (Fig. 7.3 B). Again, they resemble, but are quite
larger than, autophagosomes and autolysosomes, respectively. No GAS were
found surrounded by isolation membrane-like structures in Atg5–/– cells. We
also examined LC3-II formation in three ES cell lines. In wild-type and WT13
cells, an atg5 cDNA transformant of Atg5–/– cells, the induction of LC3-II was
observed in a time-dependent manner during post-infection. During both starva-
tion conditions and infection with GAS, Atg5–/– cells showed no induction of
LC3-II. Similar results were obtained for Atg5–/– MEFs. The results suggest that
GcAV formation upon GAS invasion shares common molecular mechanisms
with starvation-induced canonical autophagosome formation, in that both GAS-
induced increases in LC3-II conversion and GcAV formation require Atg5.
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Fig. 7.3 Ultrastructural observation of GAS-
infected HeLa cells [40]. (A) An autophago-
some-like multiple-membrane-bound com-
partment (arrows) containing intact cytosol
and GAS at 1 h post-infection. (B and C)

Autolysosome-like single-membrane-bound
compartments (arrows) containing degraded
cytosol and GAS (arrowheads) at 4 h post-in-
fection. Bars= 1 �m.



All data described above are consistent with the idea that GAS is sequestered
by autophagic machinery. Our next question was whether the bacteria are killed
or survive after entering the compartments. Fluorescence microscopy revealed
that the number of intracellular GAS in the two Atg5–/– cell lines was greater
than in wild-type cells. To quantify the difference, we directly scored bacterial vi-
ability by counting colony-forming units (c.f.u. viability assay) in wild-type and
Atg5–/– MEFs (Fig. 7.4). In wild-type MEF cells at 4 h post-infection, intracellular
GAS, most of which was within GcAV, were mostly dead (black circle). The
numbers of GAS inside the Atg5–/– MEFs, however, slightly increased at 1 h of
infection and then decreased, but were still maintained at 60% of the initial lev-
el at 4 h of post-infection (grey circle). Thus, many of the intracellular GAS are
killed by the Atg5-dependent autophagic system. Then, we wondered why the
decrease of GAS was still observed in Atg5–/–cells. We considered the possibility
that GAS can escape the host cells into the surrounding medium. To explore
this, we analyzed the number of intracellular living GAS in the presence of tan-
nic acid (Fig. 7.4, squares). Tannic acid is a cell-impermeable fixative that pre-
vents fusion between secretory vesicles and the plasma membrane, but does not
affect intracellular membrane trafficking [54]. Thus, we expected that it also in-
hibit escape of GAS from inside to outside of cells by penetrating the plasma
membrane. As shown in Fig. 7.4, the numbers of intracellular GAS in tannic
acid-treated Atg5–/– MEFs increased at 2 h post-infection and maintained the
same level through 4 h post-infection (grey squares). In contrast, the numbers
of intracellular GAS decreased rapidly in tannic acid-treated Atg5+/+ cells as well
as that of the untreated Atg5+/+ cells (black squares). Thus, GAS were not killed
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Fig. 7.4 Lack of autophagic ability allows GAS survival in host
cells. Viability of intracellular GAS in wild-type MEFs and
Atg5–/– MEFs was measured in the presence (squares) and
absence (circles) of tannic acid (TA; final concentration 0.5%)
[40]. Data are representative of at least three independent ex-
periments.



at all in the Atg5–/– cells and some of them were released from the cells. We
therefore concluded that the autophagic machinery kills most of intracellular
GAS and helps prevent the expansion of GAS infection.

We next assessed whether intracellular GAS actually multiplied in Atg5–/–

cells. Host cells were metabolically labeled with [35S]methionine and [35S]cyste-
ine ([35S]Met + Cys) for 48 h, and then infected with GAS. GAS harbored within
Atg5–/– cells took up [35S]Met + Cys until 2 h post-infection, while the uptake of
[35S]Met+ Cys by GAS in the wild-type cells was quite low (about 25% of that in
Atg5–/– cells). This supports the idea that the autophagic machinery strongly in-
hibits the growth of GAS within the host cells.

7.9
GcAVs Fuse with Lysosomes for Degradation

Our results prompted us to inquire if the death of GAS is due to fusion of the
GcAVs with lysosomes. We first analyzed the colocalization of lysosome-asso-
ciated membrane protein 1 (LAMP-1), with GcAVs as an index of fusion be-
tween GcAVs and lysosomes. Confocal microscopy revealed that GcAVs formed
in GAS-infected HeLa cells did not include LAMP-1 within 2 h post-infection,
but clear colocalization of LC3 and LAMP-1 was observed at 2–3 h post-infec-
tion. GAS surrounded by LAMP-1, but not LC3, was also found, but these struc-
tures represented only 30% of the LAMP-1-positive GcAVs. The fact that GcAVs
acquired LAMP-1 indicates fusion with lysosomes subsequent to formation of
GcAVs, similar to the canonical autophagic pathway.

Certain bacterial pathogens, such as Salmonella, can survive inside lysosomes
[55]. We therefore examined whether the viability of GAS is impaired by lysoso-
mal enzymes. We performed a bacterial viability assay in the presence of the ly-
sosomal protease inhibitors leupeptin and E64d. As expected, the decrease of in-
tracellular GAS in wild-type cells was significantly suppressed by treatment with
protease inhibitors. In Atg5–/– cells, however, the protease inhibitors did not af-
fect the number of viable intracellular GAS, implying that the decrease in living
GAS in wild-type cells was due to proteases provided not by the endocytic path-
way, but by the autophagic pathway. Although degradation appeared to be par-
tial in the ultrastructural observation, this may be sufficient to kill GAS because
most were not viable at 4 h post-infection in wild-type cells.

7.10
Conclusion and Perspective

As shown schematically in Fig. 7.5, autophagic machinery can act as an impor-
tant degradation system to eliminate intracellularly invaded GAS. Intracellular
GAS was selectively sequestered by LC3-positive compartments. Atg5 was essen-
tial for formation of these compartments and elimination of intracellular GAS.

7.10 Conclusion and Perspective 147



The compartments eventually fused with lysosomes, where enzymes degraded
the GAS. The autophagic machinery apparently has a capacity to trap and de-
grade intracellularly invading pathogenic bacteria. Does such effective autopha-
gic elimination occur only for GAS? Another common Gram-positive bacterium,
Staphylococcus aureus, is also sequestered by LC3 compartments and multiplies
in Atg5–/– cells (Dr. Ichiro Nakagawa, University of Tokyo, Japan, personal com-
munication). These two species are the most ubiquitous and versatile patho-
gens, and are etiologically important. Therefore, autophagic elimination might
be a general aspect of mammalian human innate defense systems. Autophagic
elimination of both pathogens may be a clue as to an effective prevention or
new therapeutic methods of overcoming these infectious diseases.

The most important point in our study of GAS is that nonphagocytic cells have
the potential for effective elimination of intracellular bacteria that escape from the
endocytic pathway to the cytoplasm. This also means that the autophagic machin-
ery may function as a novel hand in innate immunity, which plays an important
role in host defense against infection. However, some bacterial species, such as
Shigella or Salmonella, seem to be able to avoid or subvert autophagy [56, 57]
(Chapter 8). Secretory proteins produced via the type III secretion system by Shi-
gella and Salmonella might disable the autophagic as well as endocytic machin-
eries. Autophagy may therefore be the battlefront of the running war between cells
and invasive pathogenic bacteria, and its significance in innate immunity is clear.

The autophagic machinery utilized in the defense against GAS is distinct in
several points from canonical autophagy. It is specifically induced by the emer-
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Fig. 7.5 Model for the fate of GAS in host cells with (“Wild-
type cells”) or without (“Atg5–/– cells”) autophagic activity.
(This figure also appears wth the color plates).



gence of GAS in the cytoplasm even under nutrient-rich conditions. Canonical
autophagy is thought to be nonselective, which represents random and bulk de-
gradation of cytoplasmic contents, whereas the GAS-specific autophagy appears
to selectively sequester the bacteria. The autophagosomes engulfing a GAS clus-
ter are extremely larger and live for longer than the canonical autophagosomes.
These striking features are reminiscent of the existence of the autophagic ma-
chinery specializing in defense against pathogenic bacteria. In fact, in prelimin-
ary analysis we identified several molecules essential to the formation of the
GAS-specific autophagosomes, but not to that of the canonical autophagosomes.
Many critical questions remain cryptic. How does the isolation membrane selec-
tively surround the bacteria? What of the bacteria induces autophagy? How are
such large autophagosomes able to be formed beyond the usual limitations?
What is the source of the membranes for the large autophagosomes? Extensive
work on the cell biological aspects will be required to answer these questions.
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Michinaga Ogawa and Chihiro Sasakawa

8.1
Shigella Invasion of Epithelia

Shigella are highly adapted human pathogens and the cause of bacillary dysen-
tery (shigellosis) – a disease manifested by severe bloody and mucous diarrhea.
Shigella are one of the leading infectious killers of children in developing coun-
tries, where more than a hundred million people develop shigellosis annually
and a million children die of the disease. Although Shigella are members of the
pathogenic Escherichia coli family, unlike other pathogenic E. coli they have no
adhesion molecules on their surface and are therefore unable to attach to the
intestinal epithelium. Thus, when ingested via the fecal–oral route, Shigella
eventually reach the colon and rectum, where they translocate through the
epithelial barrier via the M cells that overlie solitary lymphoid nodules (Fig. 8.1).
Once they reach the M cells, they invade the resident macrophages which lie
underneath M cells. However, the infecting bacteria escape from the phago-
somes into the cytoplasm, where they multiply and induce rapid cell death [1–
4]. Shigella released by the dead macrophages immediately enter the surround-
ing enterocytes via their basolateral surface by inducing macropinocytic events;
as soon as a bacterium is surrounded by the vacuole membrane of infected
epithelial cells, it disrupts the vacuole membrane and escapes into the cyto-
plasm. Shigella multiply in the cytoplasm, where they move by forming actin
comet tails at one pole of the bacterium (Fig. 8.1).

Shigella invade epithelial cells by a special method of entry, called “the trigger
mechanism of entry”, which is characterized by macropinocytic events that al-
low cells to trap several bacterial cells simultaneously [5]. When Shigella come
into contact with epithelial cells, the type III secretion system (TTSS) is acti-
vated, and delivers effectors into the host cells and space around the bacteria.
The secreted effectors are capable of modulating various host functions engaged
in remodeling the surface architecture of host cells and escaping from the in-
nate defense system of the host. Shigella effectors secreted via the TTSS, such
as IpaA, IpaB, IpaC, IpgB1, IpgD and VirA, are involved in stimulating the reor-
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ganization of F-actin and microtubule cytoskeletons, which trigger bacterial up-
take by host cells [6]. Recent studies have indicated that synergism between ac-
tivities arising from the interplay between Shigella effectors and target host pro-
teins orchestrated by Rho-GTPases and tyrosine kinases plays the central role in
inducing the phagocytic event [7–10].

8.2
Shigella Disseminate among Epithelial Cells

Some bacteria that invade the cytosol, such as Shigella, Listeria monocytogenes,
Rickettsia, Mycobacterium marinum and Burkholderia pseudomallei, are capable of
directing local actin polymerization at one end of the bacterium and moving
within the host cells as well as into neighboring cells [5, 11, 12]. The actin-based
motility of Shigella is dependent on VirG (IcsA), an outer membrane protein ex-
posed on the surface of bacteria [13–15]. When Shigella divide, VirG is gradually
distributed asymmetrically along the bacterial cell and eventually accumulates at
one pole of the bacterium [16]. VirG is composed of 1102 amino acids and con-
tains three distinctive domains: an N-terminal signal sequence (residues 1–52),
a 706-amino-acid �-domain (residues 53–758) and a 344-amino-acid C-terminal
�-core (residues 759–1102) [17, 18]. The �-domain is exposed on the surface,
whereas the �-core is embedded in the outer membrane, where it forms the
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Fig. 8.1 Strategy used by Shigella to invade
intestinal epithelial cells. Simplified illustra-
tion of infection of colonic epithelial cells by
Shigella. Shigella are able to multiply in the

cytosol of host cells and move into neigh-
boring cells. (This figure also appears with
the color plates).



membrane pore [17, 18]. The unipolar distribution of VirG is a prerequisite for
the polar movement of Shigella within epithelial cells [16]. VirG is capable of in-
teracting with vinculin and N-WASP [17, 19] – a member of the WASP family
that is required to mediate actin polymerization by interacting with Arp2/3
complex [20]. The VirG expressed on the bacterial surface in host cells is cap-
able of directly recruiting and activating N-WASP with the aid of Cdc42, and
the activated N-WASP in turn recruits and activates the Arp2/3 complex [19, 21,
22]. This enables the VirG–N-WASP–Arp2/3 complex formed at one pole of the
bacterium to mediate local actin nucleation and elongation (Fig. 8.2). In addi-
tion, profilin, which interacts with N-WASP and Arp2/3, and some other host
proteins, is required to sustain rapid bacterial movement [23]. In this way Shi-
gella acquire a propulsive force in the host cytoplasm. Some motile bacteria im-
pinge on the host cytoplasmic membrane, causing the membrane to protrude
and penetrate neighboring cells. The processes allow Shigella to move into adja-
cent epithelial cells by disrupting their double membranes, and they multiply
within the cytoplasm of the new cells [24–26] (Fig. 8.1).
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Fig. 8.2 The VirG–N-WASP–Arp2/3 complex formed at one
pole of the bacterium mediates local actin nucleation and
elongation. (This figure also appears with the color plates).



8.3
Shigella Infection Elicits an Inflammatory Response

Shigella multiplication in the cytoplasm of the macrophages induces cell death
1–2 h after infection. The macrophage cell death is achieved by two distinctive
pathways: one is through activation of caspase-1 by IpaB protein secreted via
the TTSS, which in turn leads to the maturation and release of interleukin (IL)-
1� [1, 2, 27], and the other pathway is through translocation of lipid A from cy-
tosolic Shigella and occurs independently of caspase-1 and Toll-like receptor 4 ac-
tivity [28]. Thus Shigella infection of macrophages leads to severe inflammation
of intestinal tissue and Shigella infection of epithelial cells induces a strong in-
flammatory response. During their multiplication in epithelial cells, the bacteria
release peptidoglycan (PGN) and a muropeptide composed of the diaminopime-
late (DAP)-containing N-acetylglucosamine-N-acetylmuramic acid dipeptide,
which is recognized by Nod1 protein, which results in the formation of the
IKK–RICK complex required for activation of NF-�B [29–32]. In this way, inva-
sion of epithelial cells by Shigella results in the production of pro-inflammatory
chemokines and cytokines, such as IL-1�, IL-6, IL-8 and tumor necrosis factor
(TNF)-�, which, in turn, induce neutrophil infiltration of intestinal tissue. The
migrating neutrophils exacerbate the infection, because they open up epithelial
cell–cell junctions as they move toward the lumen, thereby permitting Shigella
further access to the basolateral surface of the enterocytes. However, eventually
the activated neutrophils efficiently kill Shigella and that is assumed to be an
important step in resolution of the infection [33–35]. It is therefore argued that
Shigella possess some activity that modulates or optimizes host inflammatory re-
sponses and circumvents bacterial killing in the early stage of infection [36–39].

8.4
Shigella that do not Produce IcsB Undergo Autophagic Degradation

IcsB is one of the effectors secreted by intracellular Shigella via the TTSS and has
recently been shown to play a pivotal role in their escape from autophagy [40–42].
IcsB is a 52-kDa protein composed of 494 amino acids encoded by the icsB gene,
which is located upstream from the ipaBCD genes on the large 220-kb plasmid of
Shigella [43, 44]. Our previous study showed that an icsB-deleted mutant of S. flex-
neri is fully invasive and capable of escaping from the vacuole, but ultimately be-
comes deficient in its ability to multiply within host cells [42, 43]. For example, the
icsB mutant multiplies and moves normally for about 3 h in BHK cells, but intra-
cellular multiplication eventually plateaus 4 h after invasion [42]. At that stage the
icsB mutant is colocalized with markers for acidic lysosomes (LysoTracker) and au-
tophagosomes [monodansylcadaverine and microtubule-associated protein 1 light
chain 3 (LC3)] [45], and the morphology of the mutant is less distinct than that of
the wild-type. In the infection stage, around 40% of intracellular icsB mutants and
8% of intracellular wild-type Shigella are associated with LC3 signals, implying
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that the icsB mutant phenotype with deficient ability to multiply intracellularly is
associated with autophagy [42]. Autophagy can be triggered by nutrient-starved
conditions and is a response that is highly conserved from yeast cells to mamma-
lian cells. When MDCK cells expressing Green Fluorescent Protein (GFP)–LC3
(MDCK/pGFP-LC3) are infected with the icsB mutant or the wild-type under ami-
no-acid-starved conditions, the population of LC3-positive bacteria in the MDCK
cells significantly increases in response to amino acid depletion. Conversely, when
MDCK cells are treated with known inhibitors of autophagy or lysosomes, such as
wortmannin [an inhibitor of phosphatidylinositol-3-kinase (PI3K)], 3-methylade-
nine (an inhibitor of class III PI3K) or bafilomycin-A1 (Baf-A1; a v-ATPase inhib-
itor), the LC3-positive icsB population decreases markedly. The inability of the icsB
mutant to circumvent autophagy can also be demonstrated by infecting atg5
knockout mouse embryonic fibroblasts (atg5–/– MEFs), which are defective in au-
tophagy (3.3.1 and [46]). Although the LC3-positive icsB mutant is detectable in
normal MEF cells (atg5+/+ MEFs) expressing GFP-LC3, hardly any signals are de-
tected in atg5 knockout MEFs expressing GFP-LC3 infected with the icsB mutant.
As expected, intracellular multiplication of the icsB mutant is restored to the level
of wild type in atg5–/– MEFs.

When examined with a thin-section electron microscope, at the initial stage of
infection, 1–2 h after infection, the icsB mutant, the same as the wild-type, can
be seen to be free of the vacuoles and they sometimes possess an actin tail, in-
dicating the presence of motile bacteria. However, 3–4 h after infection the icsB
mutant is frequently enclosed by lamellar membranous structures in striking
contrast to the phagocytic membrane surrounding the invading bacterium. In
the infection stage, bacteria enclosed by lamellar membranes are occasionally
associated with onion-skin-like structures (Fig. 8.3). At that stage, wild-type Shi-
gella generally lack lamellar membranes and most have long actin tails instead.
Immunogold electron microscopy with anti-GFP antibody has shown that the
lamellar membrane around the icsB mutant in MDCK/pGFP-LC3 cells is specif-
ically labeled with immunogold and the onion-skin-like membranous structures
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Fig. 8.3 Autophagy induced by the Shigella
icsB mutant. Electron micrograph of auto-
phagosomes engulfing the Shigella icsB mu-
tant. MDCK cells infected with Shigella icsB
mutant for 4 h were examined by transmis-
sion electron microscopy. Bacteria enclosed
by lamellar membranes are occasionally as-
sociated with onion-skin-like structures.



are also strongly labeled with immunogold. Thus, the intracellular behavior of
the icsB mutant strongly suggests that Shigella that does not produce IcsB read-
ily succumb to autophagy [42].

8.5
Shigella VirG is a Target for Autophagy, but is Camouflaged by its IcsB

Intriguingly, the LC3 and Atg5 signals in the vicinity of intracellular Shigella, such
as the icsB mutant, are occasionally distributed asymmetrically and the signals are
accumulated at one pole of the bacterium [16]. Similarly, electron microscopy has
revealed that the lamellar membranes associated with the icsB mutant are fre-
quently located at one end of the bacterium, suggesting that some Shigella surface
component(s) is targeted by autophagy. The asymmetric distribution of the au-
tophagic signals on the icsB mutant is reminiscent of the asymmetric distribution
of VirG on Shigella (see above), raising the possibility of VirG being a target for
autophagy. When cell lysates prepared from COS-7 cells expressing GFP–Atg5,
GFP–beclin, GFP–LC3 or Myc–Vps34 are pulled down with GST–VirG� (the sur-
face-exposed VirG portion) (see above), Atg5 is reproducibly precipitated with
GST–VirG�, but none of the autophagic proteins at all is precipitated with
GST–IcsB. Indeed, when BHK cells expressing GFP–Atg5 (BHK/pGFP-Atg5)
are infected with the icsB mutant for 4 h, GFP–Atg5 signals are occasionally con-
fined to one pole of the bacterium, but no association with the Atg5 signals is ob-
served in the BHK/pGFP-Atg5 cells infected with the virG mutant. Furthermore,
when BHK cells expressing Myc–LC3 (BHK/pMyc-LC3) are infected with an E. coli
K-12 strain expressing VirG plus GFP together with virG/icsB mutant (invasion-
positive, autophagy-negative Shigella used as the carrier, which allow E. coli to
move into the host cytoplasm), the Myc–LC3 signals are merged with the VirG sig-
nals [42]. These findings strongly indicate that VirG, which is essential to mediat-
ing the actin-based motility of Shigella (see above), is a target for autophagy and
suggest that Atg5 plays a pivotal role as the “seed” in the formation of isolation
membranes, which leads to the maturation of autophagosomes.

Both IcsB and Atg5 proteins have been shown to have some ability to bind VirG
in vitro, and IcsB and Atg5 share the same binding region on VirG. It is noteworthy
that in pull-down experiments IcsB shows stronger binding affinity for VirG than
Atg5 does, suggesting that IcsB acts as an anti-Atg5 binding protein. Examination
of IcsB binding to VirG in a pull-down assay with GST–VirG� in the presence of
Atg5–Myc actually showed that Atg5–Myc was precipitated only in the absence of
IcsB. The extent of Atg5 binding to VirG� decreased as IcsB was added, supporting
the notion that Atg5 binding to VirG is competitively inhibited by IcsB. Attempts to
specify the location of the VirG site required for IcsB and Atg5 binding suggested
that VirG internal amino acid residues 319–507 are responsible for interacting with
both proteins, and that the binding site is located in the C-terminal end of the se-
quence involved in the interaction with N-WASP [19, 42]. This implies that the
IcsB binding to VirG still permits the pathogen to move by mediating actin poly-
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merization within the cell’s cytoplasm. Thus, the interaction between IcsB and
VirG in the vicinity of the bacterial surface seems to be the mechanism of the ca-
mouflage that protects against autophagic recognition (Fig. 8.4).

8.6
Perspective

Clearly, Shigella possess highly sophisticated systems for adapting to the human
intestinal cell environment that allow them to multiply and disseminate. In this
chapter we have discussed how Shigella use secreted proteins to gain a foothold
within the intestinal epithelium that permits them to survive within the host
and avoid recognition by the innate immune system, mediated, for example, by
autophagy. However, several questions need to be addressed. How and when
did Shigella acquire the icsB gene? Is VirG sufficient to induce autophagy in
epithelial cell cytoplasm? Is Atg5 binding to VirG in the cytoplasm alone suffi-
cient to induce autophagy? Further study is needed to answer the questions and
should also provide deeper insight into the escape mechanisms of cytosol-invad-
ing pathogens from autophagy and the mechanisms underlying autophagy.
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Fig. 8.4 Proposed model for the camouflage
against autophagic recognition during Shigella
infection. In the presence of IcsB (wild type),
IcsB binds to VirG and competitively inhibits
the binding of Atg5 to VirG. In the absence of

IcsB (icsB mutant), Atg5 can bind to the
VirG accumulated at one pole of the bacter-
ium, and intracellular Shigella are recognized
by autophagy. (This figure also appears with
the color plates).
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Kathryn A. Rich and Paul Webster

9.1
Listeriosis

Listeriosis is an economically important bacterial zoonosis that is caused by the
intracellular pathogen Listeria monocytogenes. It is a food-borne disease that
causes severe infections in farm animals and susceptible human hosts. In cows
and sheep the disease can cause spontaneous abortion, encephalitis, meningitis
and septicemia. Dairy cattle can develop mastitis as a result of a listerial infec-
tion. Consumption of foods contaminated with L. monocytogenes (e.g. dairy prod-
ucts and especially cheese) can lead to the development of listeriosis in suscepti-
ble humans. Such susceptible humans primarily include newborn children,
pregnant women, the immunocompromised and the elderly. Consequences of a
listeriosis infection in humans are very similar to those exhibited by farm ani-
mals and in widespread outbreaks of human listeriosis the mortality rates in
susceptible populations can be as high as 30%.

The organism responsible for this disease, L. monocytogenes, is a Gram-posi-
tive facultative intracellular bacterium. The entry process and subsequent intra-
cellular life in mammalian cells is well-documented (for a recent review, see
Dussurget et al., 2004). In vitro, L. monocytogenes can enter and replicate in a
variety of cell lines, including macrophages and epithelial cells. The extent of
our knowledge of how this organism interacts with host cells is in part due to
the establishment of the organism as a model system to study intracellular para-
sitism (Cossart and Mengaud, 1989).

9.2
Invasion of Mammalian Cells by L. monocytogenes

Many bacteria have evolved mechanisms for intracellular survival after invasion
of mammalian cells. Following phagocytosis, bacteria become sequestered in
membrane-bound organelles, called phagosomes, which undergo a process of
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maturation that involves acidification and several fusion events. The phagocytic
pathway is recognized to be an important component of host defense against
microorganisms, and many microbes remain in this compartment where they
are either are killed and degraded or delivered to lysosomes for subsequent de-
struction. However, some intracellular pathogens block or alter the maturation
of the phagosome and remain in vacuoles that neither acidify nor fuse with ly-
sosomes, while others escape into the cytoplasm (Sinai and Joiner, 1997). Aviru-
lent mutants of these organisms do not generally escape from the phagosome,
and are degraded by the phagolysosomal pathway.

Along with Shigella and Rickettsiae, L. monocytogenes belongs to a group of bac-
teria that are known to replicate in the cytoplasm (Meresse et al., 1999; Andrews
and Webster, 1991). L. monocytogenes uses the product of the hly gene, a thiol-ac-
tivated hemolysin [listeriolysin O (LLO)], to disrupt the phagosome membrane
and enter the cytoplasm. In the cytoplasm, the bacteria use a protein product of
the actA gene to form comet-shaped tails using host actin (Beauregard et al.,
1997; Tilney and Portnoy, 1989). These tails give the cytoplasmic bacteria the
ability to move around within the host cell and eventually into adjacent cells.
Mutant forms of L. monocytogenes, lacking the actA gene, have the ability to es-
cape from the phagosome and multiply within host cells. However, they are de-
fective in intra- and inter-cell spread and have reduced virulence in vivo (Brun-
dage et al., 1993).

Once the L. monocytogenes escape from the phagosome they begin to multiply
in the host cell cytoplasm. Tilney et al. (1990) found that treating Listeria-in-
fected J774 cells (a mouse macrophage cell line) with chloramphenicol (a specif-
ic inhibitor of bacterial protein synthesis) could inhibit bacterial growth and the
process of actin filament polymerization. While examining cytoplasmic L. mono-
cytogenes treated with the antibiotic chloramphenicol, we discovered that over
time the cytoplasmic bacteria eventually became re-enclosed within vacuoles.
Using the model system illustrated in Fig. 9.1, we have demonstrated that this
internalization of metabolically arrested cytoplasmic L. monocytogenes into vacu-
oles represents an autophagic process. Our claim was based on the observations
that the vacuoles containing the bacteria have double membranes and the pro-
cess can be inhibited by classic autophagy inhibitors (Rich et al., 2003). In addi-
tion, these vacuoles fuse with the endocytic pathway (Fig. 9.2), re-internalized
bacteria are eventually degraded (Fig. 9.3) and the time course of internalization
is accelerated under starvation conditions (Rich et al., 2003). Our study was the
first clear demonstration that cytoplasmic bacteria could be targets for the au-
tophagic pathway. Below, we propose the interactions of L. monocytogenes with
mammalian cells as an important model system for studying autophagy.
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Fig. 9.1 Schematic diagram to illustrate the
model system for studying AV formation
using L. monocytogenes as a cytoplasmic tar-
get. Phagocytosed L. monocytogenes escape
into the cell cytoplasm by secreting LLO.

Treatment of the cells with chloramphenicol
arrests the metabolic activity of the bacteria,
making them targets for autophagy. Bacteria
in AVs are then delivered to lysosomes for
degradation.

Fig. 9.2 A transmission electron microscopy
(TEM) image of an L. monocytogenes-con-
taining autophagosome that appears to be
fusing with an endocytic organelle. J774 cells
containing cytoplasmic L. monocytogenes
were incubated for 24 h in the presence of
chloramphenicol. The cells were exposed to
a suspension of colloidal gold particles

coupled to protein A during the last 30 min
of this incubation and then processed for
TEM examination. The Protein A–gold parti-
cles (arrowheads), taken up by endocytic or-
ganelles can be observed in an organelle
that is fusing with the L. monocytogenes-con-
taining autophagosome. Scale bar = 500 nm.



9.3
Autophagy

Autophagy is a bulk protein degradation process where cytoplasmic compo-
nents, including organelles, become enclosed by double-membrane structures
termed autophagic vacuoles (AVs) (Yorimitsu and Klionsky, 2005; Yoshimori,
2004). These fuse with the endocytic pathway (Seglen and Bohley, 1992; Dunn,
1990) and their contents are eventually degraded in lysosomes. Morphological
and biochemical studies have shown that autophagy is a multistep process. The
first step is the sequestration of various organelles (including mitochondria and
peroxisomes) and cytoplasmic components into a double-membrane AV. This
sequestration can be inhibited by 3-methyladenine (3-MA) (Blommaart et al.,
1997b; Seglen and Gordon, 1982), which has been shown to inhibit the class
III phosphatidylinositol-3-kinase (PI3K), and by wortmannin, a general inhibitor
of PI3Ks (Petiot et al., 2000). AVs then fuse with lysosomes, the inner mem-
brane is degraded and, finally, the sequestered cellular components are also de-
graded (Punnonen et al., 1993).

The autophagic pathway is understood to be ATP dependent, and is tightly
regulated by amino acids and hormones, being dramatically stimulated by star-
vation (Blommaart et al., 1997a). Autophagy is involved in a number of physio-
logical cellular processes such as lifespan extension and cellular development/
differentiation. It may also have a protective role against the progression of
some human diseases, including cancer, muscular disorders and neurodegen-
eration. However, there is evidence that autophagy is involved in some forms of
programmed cell death and might contribute to the pathology of some diseases
(Cuervo, 2004; Levine and Klionsky, 2004; Shintani and Klionsky, 2004; Bursch,
2001). In addition, the role of autophagy as a cellular defense mechanism
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Fig. 9.3 An intracellular L. monocytogenes
bacterium after 3 days inside a J774 cell. To
examine the eventual fate of the L. monocy-
togenes that had entered the autophagic
pathway, we incubated cells containing bac-
teria for 3 days with chloramphenicol. In ad-
dition to there being lower numbers of

bacteria in the cells than at the start of the
time-course, there were many bacterial pro-
files, such as this one, that were enclosed by
a single membrane and appeared to be in
the process of being degraded. Scale
bar = 500 nm.



against infection by certain pathogenic bacteria and viruses is gaining accep-
tance (for recent reviews, see Colombo, 2005; Levine, 2005; Mizushima, 2005;
Kirkegaard et al., 2004; Shintani and Klionsky, 2004s).

Prominent gaps remain in our understanding of autophagy in mammalian
cells. For example, the origin of the membranes used to assemble AVs is still un-
resolved. Various sources have been proposed, including the rough endoplasmic
reticulum (ER) (Dunn, 1990a), a post-Golgi compartment (Yamamoto et al.,
1990) or a novel compartment (Stromhaug et al., 1998). In addition, there is no
definitive information on how cells recognize specific cargo as targets for autoph-
agy, partially a result of the difficulty in identifying newly forming AVs in the cell
cytoplasm. The process by which cells are able to identify targets for autophagy
was once thought to be a nonselective process. However, it is clear that in some
instances cells can selectively target superfluous or damaged organelles and aber-
rant protein aggregates for degradation (Lemasters, 2005; Reggiori and Klionsky,
2005; Yu et al., 2005; Kissova et al., 2004). Indeed, autophagy is the only mecha-
nism for the turnover of organelles including mitochondria and peroxisomes.

Since autophagy is a degradative pathway, it is not unreasonable to propose that
cells might also use this pathway as a defensive mechanism against invading
pathogens, in addition to the well-characterized phagolysosomal route. While it
is becoming increasingly clear that autophagy has been underestimated as an in-
nate immunity pathway, the term xenophagy has been proposed in order to distin-
guish use of the autophagy machinery for the degradation of intracellular patho-
gens from classical autophagy (Levine, 2005). However, throughout this chapter
we have continued to use the term autophagy to describe the process by which
cells engulf cytoplasmic bacteria into double-membrane organelles.

9.4
The Ideal Target for Studying the Early Stages of Autophagy

Early autophagic events in mammalian cells are difficult to follow, both bio-
chemically and morphologically. Biochemical experiments that look for protein
degradation are prone to complications resulting from the fact that there are
many degradative processes in cells that target endogenous proteins. Morpho-
logically, the main problem is that early AVs are very similar to the surrounding
cytoplasm. Even so, there are many examples in the literature where inspired
and creative methods have been used to examine these early structures (Ra-
bouille et al., 1993; Seglen et al., 1986). Examination of late autophagosomes is
less problematic as they have the characteristic morphology of a double-enclos-
ing membrane and have unique marker proteins associated with them.

Currently, the earliest stage that can be readily examined in mammalian cells
during the AV assembly process is when the Atg8 ortholog microtubule-asso-
ciated protein 1 light chain 3 (LC3) associates with membranes after it is conju-
gated to a lipid molecule and post-translationally processed (Mizushima, 2004).
LC3 is a general marker for autophagic membranes, and labels both cup and
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ring-shaped structures by confocal microscopy, probably representing fully
formed AVs and bent isolation membranes. Other markers, such as Atg5 and
Atg7 could potentially be used to label isolation membranes, but the signal is
very transient (Amer and Swanson, 2005; Mizushima et al., 2001).

The identification of the later autophagy stages is possible in mammalian
cells because of the unique characteristics associated with this process. Autopha-
gy is generally considered to be occurring if the following criteria are met: (a) if
cytoplasmic components are taken into double-membrane vacuoles (Stromhaug
et al., 1998), (b) if the process is slowed or stopped using inhibitors of autop-
hagy (Seglen and Gordon, 1982), (c) if the process is stimulated by starvation
(Susan and Dunn, 2001; Mortimore et al., 1989) and (d) if vacuoles containing
engulfed cytoplasmic material fuse with the endocytic pathway (Liou et al.,
1997; Lucocq and Walker, 1997; Punnonen et al., 1993; Tooze et al., 1990).

To make the study of the early events possible requires the availability of an eas-
ily identifiable cargo in the cell cytoplasm that can be triggered to become a target
for autophagy. A trigger mechanism is essential if synchronous time-courses are
to be studied. Such a cargo would have easy access to the cell cytoplasm and re-
main in the cytoplasm until triggered to become an autophagy target. The cargo
should be large enough to apply simple subcellular purification protocols, should
have unique morphological features that make it distinct from the surrounding
cell cytoplasm and be easily recognizable at the ultrastructural level.

We believe that L. monocytogenes in conjunction with inhibitors of bacterial
protein synthesis could be a good model system for studying the early stages of
the autophagic process. While it may seem unusual to use bacteria as targets
for autophagy, the application of nontraditional targets to study constitutive cel-
lular processes has provided extremely valuable information in other systems.
Latex beads have been used as targets for phagocytosis (Defacque et al., 2002;
Gagnon et al., 2002; Desjardins et al., 1994), viruses have been important tools
for elucidating the mechanisms of the synthetic and secretory pathways (Sodeik
and Krijnse-Locker, 2002; Stegmann, 2000; Doms et al., 1993), and protozoans
have revealed much about lysosome function (Andrews, 2002).

We performed our initial experiments demonstrating that the internalization
of metabolically arrested L. monocytogenes is a form of autophagy using wild-type
bacteria. Since it has been established that cell-to-cell spread of wild-type Listeria
also results in the formation of double-membrane structures around the bacte-
ria (Tilney and Portnoy, 1989), we needed to carefully evaluate our observations.
Although the structures surrounding bacteria that enter cells from adjacent, in-
fected cells are morphologically similar to autophagosomes, they are actually va-
cuoles consisting of plasma membrane from two cells (Gedde et al., 2000).
While internalization of metabolically arrested L. monocytogenes into double-
membrane vacuoles was observed with wild-type bacteria (Fig. 9.4), to ensure
that we were not examining the unrelated process of cell-to-cell spread, we
chose to focus our studies on the actA mutant (Fig. 9.4), the form that multi-
plies normally within host cells but is defective in actin recruitment and intra-
and inter-cellular spread (Brundage et al., 1993).

9 Listeria monocytogenes: A Model System for Studying Autophagy166



9.5
Why other Organisms may not be as Useful to Study the Autophagic Process

Recently, a number of studies have provided substantial evidence that stimula-
tion of autophagy can be part of the host response to pathogen invasion, not
only to those that access the cytoplasm, but also to those that remain in the
phagosomal compartment. The most obvious alternative organism that could be
considered as a suitable target for autophagy is Shigella flexneri (Ogawa et al.,
2005). It is more economically important, being a human pathogen that is ende-
mic worldwide with a broader host pool than L. monocytogenes. S. flexneri is also
able to enter and survive within host cell cytoplasm and, like L. monocytogenes,
is able to recruit host cell actin to accomplish cell-to-cell spread. VirG which is
required for actin-based intracellular motility of Shigella bacteria, interacts with
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Fig. 9.4 Autophagic vacuoles form around
intracellular wt and actA– L. monocytogenes.
Double-membrane structures can form
around wt (A and B) and actA– L. monocyto-
genes (C and D) 12 h after chloramphenicol
treatment. (A) The wt bacteria are first ob-
served associated with a large double-mem-
brane structure (arrowheads) that is in close
proximity to the bacterial outer membrane.
Small vesicles (arrow) are also often ob-
served around the bacteria. (B) The wt

bacteria are also found completely enclosed
within double membrane vacuoles (arrow-
heads). (C) Cytoplasmic actA– bacteria also
associate with a membrane structure (arrow-
heads) that is found in close proximity to
the bacterial outer membrane. Small vesicles
around the bacteria can be seen (arrows).
(D) The actA– bacteria are also enclosed
within double-membrane vacuoles (arrow-
heads). Scale bars= 500 nm.



the host autophagy protein Atg5, and the VirG–Atg5 interaction is competitively
inhibited by IcsB, suggesting a potential mechanism whereby wild-type Shigella
can avoid autophagy (Ogawa et al., 2005). Prevention of cell-to-cell spread, an es-
sential step if we are to examine bacteria within double-membrane organelles,
could be accomplished by deleting virG. However, deletion of this gene may
result in the mutant forms of S. flexneri becoming unrecognizable by the auto-
phagic pathway when in the host cell cytoplasm. Thus, timed, sequential stud-
ies of AV assembly may not be possible using these mutants.

Other organisms that have recently been found to interact with the autopha-
gic pathway include group A Streptococcus (GAS), Mycobacterium tuberculosis, Le-
gionella pneumophila, Brucella abortus, Porphyromonas gingivalis and Coxiella bur-
netti. Although these findings are important for understanding the pathogenesis
of each organism, none of them are suitable on which to base a model system
for studying the early stages of AV formation – the reason being that none of
these organisms have an extended cytoplasmic stage that can be disturbed by
an external trigger such as inhibition of protein synthesis to turn them into au-
tophagy targets.

GAS, upon escaping into the cytosol, are immediately sequestered by autoph-
agosome-like structures which eventually fuse with lysosomes (Nakagawa et al.,
2004). M. tuberculosis normally resides in a phagosome compartment within
macrophages, but if autophagy is stimulated by starvation or rapamycin the my-
cobacteria are instead transported to lysosomes and degraded (Gutierrez et al.,
2004). Similar findings have been reported for L. pneumophila (Amer et al.,
2005; Amer and Swanson, 2005). Another group of vacuolar pathogens includ-
ing L. pneumophila (Swanson and Isberg, 1995), B. abortus (Pizarro-Cerda et al.,
1998b; Pizarro-Cerda et al., 1998a), P. gingivalis (Dorn et al., 2001) and C. bur-
netti (Gutierrez et al., 2005) appears to infiltrate the autophagic pathway in or-
der to avoid host cell defenses and, in some instances, to gain access to the ER.
Once within the ER, all of these bacteria may modify the pathway, perhaps by
preventing maturation of autophagosomes, in order to establish an environment
necessary for replication and survival. The intracellular route of these organisms
is difficult to control so that they can be easily studied. Moreover, recent evi-
dence suggests that L. pneumophila manipulate different pathways to gain even-
tual access to its replicative niche in the rough ER (Kagan and Roy, 2002; Tilney
et al., 2001).

In contrast, L. monocytogenes is an organism that is not normally associated
with the autophagic pathway. Once the bacteria have gained access to the host
cell cytoplasm, they are able to continue growing with no apparent damage
being inflicted by the host cells. This extended cytoplasmic phase makes it easy
to manipulate the bacteria, especially if we use the actA-deficient mutant forms
that remain trapped inside the cell they invaded. The cells can be incubated
with bacteria until all, or most, of the bacteria become cytoplasmic and the cyto-
plasmic bacteria can be left to multiply within the cell cytoplasm. Most impor-
tantly, the cytoplasmic bacteria can be synchronously triggered to become tar-
gets for autophagy by treating the infected cells with inhibitors of bacterial pro-
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tein synthesis. In our initial experiments we used chloramphenicol to inhibit
protein synthesis of the cytoplasmic bacteria. However, we have also found that
tetracycline treatment will also cause cytoplasmic L. monocytogenes to become
targets for autophagy.

9.6
Assembly of AVs may Result from Fusion of Cytoplasmic Membrane Structures

Treatment of infected cells with either 3-MA or wortmannin, two established in-
hibitors of autophagy (Petiot et al., 2000), led to a marked reduction in the per-
centage of internalized cytoplasmic bacteria (Rich et al., 2003). Interestingly, nu-
merous small vesicular structures were observed around the cytoplasmic bacte-
ria when cells were treated with a low concentration of wortmannin. Although
not as obvious, similar observations were made in cultures without inhibitor
after about 3 h of chloramphenicol treatment (Tilney and Portnoy, 1989). It is
known that the effects of wortmannin are reversible (Blommaart et al., 1997b).
Thus, it is possible that the lower concentration of wortmannin results in a par-
tial inhibition of AV formation and that the small vesicular structures represent
an early stage of AV formation. Combined, these observations suggest that AVs
may assemble by fusion of small cytoplasmic vesicles around the target destined
for autophagic sequestration, rather from any preformed organelle.

Previous studies have described a lipid-rich cup-shaped isolation membrane
in the cytoplasm of cells undergoing autophagy, and suggested that double-
membrane AVs may form by elongation and closure of this isolation mem-
brane, thus sequestering cytoplasmic components (Mizushima et al., 2001; Se-
glen et al., 1996). On the other hand, Dunn (1994) proposed that AVs might
form by invagination of cisternae from the ER, while Stromhaug et al. (1998)
proposed that AVs were derived from preformed structures called phagophores.
Our observations, suggesting assembly of AVs by fusion of small cytoplasmic
vesicles, could be envisioned to fit with these previously proposed mechanisms
of AV formation, simply representing a much earlier stage in the process than
has been examined before. Furthermore, our finding that membranes around
cytoplasmic bacteria could be immunolabeled with anti-protein disulfide isomer-
ase (PDI) antibodies (Rich et al., 2003) supports the concept that AV mem-
branes may originate from elements of the rough ER. In addition, by demon-
strating that the association of Atg7 with Legionella vacuoles was reduced when
vesicular traffic was inhibited by brefeldin A, Amer and Swanson (2005) provide
another example where the ER appears to be the source of AV membranes.
However, these data do not provide conclusive proof that the ER membranes
are involved in autophagosome formation and more studies are required to elu-
cidate the origin of autophagosome membranes.

The changing composition of the AVs is suggested by our finding that PDI
(an accepted ER marker) is absent from fully formed AVs (Rich et al., 2003).
This result is consistent with previous suggestions that ER markers may rapidly

9.6 Assembly of AVs may Result from Fusion of Cytoplasmic Membrane Structures 169



disappear from AV membranes (Dunn, 1994; Furuno et al., 1990; Reunanen
and Hirsimaki, 1983). Rapid loss of ER markers is a process that has been ex-
tensively documented in viral systems (e.g. vaccinia virus; Sodeik et al., 1993).
The changing composition of AV membranes may also explain the controversy
over the origin of AV membranes. It is possible that, with no ability to identify
the very beginning of the AV assembly process, investigators have studied AVs
in different stages of assembly. It is also possible that AVs are assembled from
membranes derived from several sources or that autophagy differs between tis-
sues and cell types (Mizushima et al., 2002; Dunn, 1994).

Interestingly, a similar phenomenon of aggregates of small vesicles forming
part of a pre-autophagosomal structure (PAS) has been implicated in yeast au-
tophagy (Kim et al., 2002; Suzuki et al., 2001; Kirisako et al., 1999). Signals that
might trigger transport of such cytoplasmic vesicles to sites of AV assembly are
unknown at present. However, as a general theme, intracellular membrane traf-
ficking commonly involves the transportation of small vesicles around the cell
(e.g. during endocytosis, secretion and receptor recycling as well as during the
reassembly of the Golgi and ER following mitosis). A requirement for the actin
cytoskeleton in AV formation (Aplin et al., 1992) further suggests that vesicular
transport mechanisms may have an important role in autophagy. Interestingly,
it has recently been shown in yeast that actin plays a role in selective autophagy,
but not in the nonselective, bulk process (Reggiori et al., 2005).

In a recent study, Amer and Swanson (Amer and Swanson, 2005) suggest
that biogenesis of the Legionella double-membrane replication vacuole forms by
homotypic fusion of numerous small vesicles derived from the secretory path-
way analogous to the nucleation-assembly elongation process proposed for au-
tophagosome formation in yeast (Noda et al., 2002). However, their model,
which requires secretory vesicles to attach to the cytoplasmic face of L. pneumo-
phila phagosomes to form a second membrane around the pathogen phago-
some should be evaluated in the context of the soluble N-ethylmalemide-sensi-
tive fusion protein (NSF) attachment protein/soluble NSF attachment receptor
(SNAP/SNARE) hypothesis (for recent review, see Ungermann and Langosch,
2005). The fusion of all vesicles with target membranes is initiated by an ATP-
dependent process that involves a v-SNARE on the vesicle membrane binding
to a ubiquitous fusion protein, called SNAP25, and an integral membrane pro-
tein on the target membrane (t-SNARE). In this way, membranes are fused with
each other to form larger membrane structures as part of a complete vesicle. It
is unlikely that membranes will fuse to form unstable exposed ends that are
not closed to form complete vesicles. The prediction that autophagosome forma-
tion during selective autophagy involves expansion of the sequestering mem-
brane would appear to be a more likely scenario since the cargo probably plays
an active role in directing membrane elongation (Reggiori and Klionsky, 2005).
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9.7
Pathogenic Cytoplasmic Bacteria can Avoid the Autophagic Pathway

Intracellular pathogens are known to modify their environment in multiple
ways to avoid destruction by innate host cell defense mechanisms, while exploit-
ing the natural cellular physiology in their favor. The most successful pathogens
are those that strongly interfere with host cell functions. Less virulent variants
fail to thrive and are presumably overcome by host cell defense mechanisms. It
is not surprising that successful pathogens have evolved strategies to avoid au-
tophagy or to actively subvert its components. Bacteria that are normally never
found in the cell cytoplasm fail to replicate when microinjected directly into the
cytoplasm (O’Riordan and Portnoy, 2002; O’Riordan et al., 2002; Goetz et al.,
2001). Other bacteria, able to exploit the cell cytoplasm, thrive by subjugating
host cell processes for their own use (O’Riordan and Portnoy, 2002; O’Riordan
et al., 2002; Goetz et al., 2001). Ogawa et al. (2005) reported that a Shigella mu-
tant lacking the secretory protein IcsB is sequestered by autophagosome-like
structures in contrast to the wild-type which can avoid autophagy. They further
found that VirG, which is required for actin-based intracellular motility of Shi-
gella bacteria, interacts with the host autophagy protein Atg5 and that the VirG–
Atg5 interaction is competitively inhibited by IcsB, suggesting a potential mech-
anism whereby wild-type Shigella can avoid autophagy.

L. monocytogenes are not normally a target for autophagy – a fact that implies
they have an avoidance mechanism. However, the mechanism proposed for Shi-
gella cannot be applied to L. monocytogenes, because although the actA protein is
functionally equivalent to VirG in being required for actin-based motility, we
have shown that both the actA mutant and the wild-type bacteria are equally
capable of avoiding autophagy. The question remains whether all cytoplasmic
bacteria have evolved avoidance mechanisms in order to survive in the cyto-
plasm. We have shown that if cytoplasmic bacteria are prevented from adapting
to the intracellular niche (e.g. by antibiotic treatment), this may enable the host
cell to access the autophagic pathway as a route for their removal from the cyto-
plasm and subsequent delivery to the endocytic pathway for degradation. Analy-
sis of such avoidance mechanisms offers a unique opportunity to study autoph-
agy from the perspective of the bacteria.

In order to examine whether the phenomenon observed with Listeria repre-
sents a general cellular mechanism, we have experimented with a Bacillus subti-
lis strain that has been engineered to express the hly gene from Listeria (Portnoy
et al., 1992; Bielecki et al., 1990). B. subtilis is a free-living, Gram-positive bacte-
rium that is nonpathogenic both in humans and animals. When the hly gene is
present, the bacterium, which can be phagocytosed by macrophages, is able to
enter the cell cytoplasm by disrupting the phagosome membrane (Fig. 9.4).
Although initially promising in that we were able to place non-pathogenic bacte-
ria into the cell cytoplasm, the experiment revealed something we had over-
looked. When the modified B. subtilis bacteria entered the cell cytoplasm they
immediately became targets for autophagy, a fact revealed by our inability to ac-
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curately quantify cytoplasmic bacteria. Instead of all the phagocytosed bacteria
entering and remaining in the cell cytoplasm, as is the case with L. monocyto-
genes, the modified B. subtilis could be found in many sites within the cell, even
after short incubation times with cells (Fig. 9.5). In addition to finding B. subtilis
escaping from phagosomes and being cytoplasmic, we also observed bacteria en-
closed within single and double membrane-bounded structures showing various
stages of morphological damage (Fig. 9.5), suggesting that they were under-
going digestion by the cell.

These experiments with B. subtilis, a nonpathogenic bacteria, also highlight
the differing abilities of different bacteria to avoid autophagy. While L. monocyto-
genes is capable of actively avoiding autophagy, B. subtilis appears to have no
such ability and the host response to these bacteria in the cytoplasm is very rap-
id. On the other hand, even after L. monocytogenes is metabolically inhibited
with chloramphenicol, the time course for the bacteria to become enveloped in
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Fig. 9.5 Intracellular B. subtilis mutants that
express the hly gene were incubated for 3 h
with J774 cells. (A) The B. subtilis bacteria
are internalized by J774 cells and are found
in many intracellular sites. The B. subtilis,
which is approximately 3 times longer than
the L. monocytogenes bacteria, can be found
partially enclosed within a membrane (ar-
rows). Parts of the membrane appear absent
or disrupted (arrowheads). (B) In the same
cell population are bacteria that are com-
pletely free within the cytoplasm with only

small membrane profiles in close proximity
(arrowhead). (C) Sometimes the intracellular
bacteria are found within vacuoles that have
double-membrane profiles in some regions
(arrows) with incomplete inner membranes.
Some regions of the inner membrane (ar-
rowheads) appear to be in the process of de-
grading. (D) Other intracellular bacteria are
enclosed within double-membrane organ-
elles and have empty or collapsed profiles,
suggesting that they are being destroyed.
Scale bars = 500 nm.



an AV is much slower than normal cellular physiological processes, in which
the half-life of autophagosomes is only around 10 min (Yoshimori, 2004). How-
ever, for L. monocytogenes the process takes 4–6 h. The difference between patho-
genic and nonpathogenic bacteria and their ability to avoid autophagy is likely
to depend on virulence factors. Indeed, a number of pathogenic Gram-negative
and Gram-positive bacteria are known to use type III and IV secretion systems
to influence host responses (Abe et al., 2005; Christie et al., 2005; Mota and
Cornelis, 2005; Segal et al., 2005). Amer and Swanson (2005) demonstrated that
a soluble factor from Legionella bacteria stimulates macrophages to activate the
autophagy pathway for their own benefit.

Although the hly-modified forms of B. subtilis may not be suitable for experi-
ments that avoid protein synthesis inhibitors such as chloramphenicol, it is pos-
sible that this organism may be useful if used with inhibitors of autophagy. For
example, if the B. subtilis are added to cells in the presence of 3-MA, then the
bacteria should accumulate within the host cell cytoplasm. Using a reversible
inhibitor such as wortmannin would allow cytoplasmic bacteria to accumulate
in the presence of wortmannin. The process of AV formation could be followed
when the inhibitor is removed.

While the cytosol was once considered to be permissive for the growth of bac-
teria, there are now ample examples to show that this is not the case. In addi-
tion to intracellular pathogens being susceptible to attack from the autophagic
pathway, there is also evidence to suggest the existence of innate cytosolic host
surveillance mechanisms (O’Riordan and Portnoy, 2002; O’Riordan et al., 2002).
For example, the emerging function of the NOD family of pathogen-recognition
receptors is to detect intracellular pathogens or danger signals in general (Ino-
hara et al., 2005; Martinon and Tschopp, 2005). In the continuing battle be-
tween pathogen and their hosts, virulence factors produced by the bacteria have
been shown to induce or repress the expression of specific host genes (Cohen
et al., 2000; Goebel and Kuhn, 2000).

9.8
Cellular Fate of Metabolically Inhibited L. monocytogenes

It is well established that the autophagic and endocytic pathways eventually fuse.
However, the sequence of events leading to this maturation is not known in detail.
Previous reports show that input from the endocytic pathway can converge at dif-
ferent steps of the autophagic pathway (Liou et al., 1997; Lucocq and Walker, 1997;
Tooze et al., 1990), but it has not been possible to determine exactly when AVs be-
come fusion – competent with endocytic structures. In order to determine
whether the vacuoles containing internalized bacteria fused with the endocytic
pathway we examined intracellular bacteria to see if there was an increase in
the colocalization with lysosome-associated membrane protein type 1 (LAMP-1),
an established marker of late endocytic organelles. After a short incubation with
chloramphenicol, few intracellular bacteria were colocalized with the LAMP-1
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marker. However, after a 24-h incubation a large proportion of the intracellular
bacteria had LAMP-1 associated with them. This suggests that the bacteria were
being delivered to endocytic organelles during this 24-h time period.

The time course for Listeria to become enveloped in an AV and delivered to ly-
sosomes, which is much slower than normal cellular physiological processes,
could reflect the fact that the bacteria are actively fighting the host defensive re-
sponses. An interesting parallel is seen in the time course for maturation of Le-
gionella bacteria-containing AVs. In macrophages from permissive strains of
mice, maturation is much slower than in those from nonpermissive strains
(Amer and Swanson, 2005). In macrophages from permissive strains, LC3 is
present between 2 and 4 h after infection and the vacuoles do not become
LAMP-1-positive until 8 h after infection.

The internalization of L. monocytogenes from the cell cytoplasm is a process
with characteristics that strongly link it to autophagy. The reason that metabolic
inhibition of the bacteria by treatment of the cells with chloramphenicol results
in the bacteria becoming targets for autophagy is unknown at present, but un-
derstanding the mechanism may shed some light on the general process by
which a cell distinguishes cargo destined for the autophagic pathway. The selec-
tivity of the sequestration event has been the subject of some debate as there is
evidence for both selective and nonselective uptake of cellular components into
AVs (Kopitz et al., 1990; Lardeux and Mortimore, 1987). For example, peroxi-
somes are selectively removed from the cell by autophagy after cessation of drug
treatment (Kondo and Makita, 1997; Luiken et al., 1992) as are mitochondria
during apoptosis (Elmore et al., 2001; Xue et al., 2001). Perhaps metabolically
inhibited cytoplasmic bacteria are targeted for degradation by the cell in a simi-
lar manner to nonfunctional or damaged cellular organelles.

In conclusion, we suggest that carefully designed studies using L. monocyto-
genes as a target for autophagy will eventually assist in revealing the origin of
the membranes of AVs and provide a novel approach for directly examining the
cellular events of AV assembly. In addition to assisting in the understanding of
AV biogenesis, such studies will also help understand how cells are able to clear
pathogens from their cytoplasm. These studies may also reveal how some
pathogens are able to avoid host cytoplasmic factors that identify the invaders as
targets for autophagy.
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10.1
Introduction

Phagosomes are transient membrane-bound compartments which result from
the internalization of microorganisms or inert particles. The newly formed pha-
gosome interacts with different compartments from the endocytic pathway lead-
ing to its maturation into a phagolysosome in which the incorporated material
is normally degraded [1]. This maturation process, which involves not only fu-
sion, but also fission events, is in general controlled by the phagocytic cell.
However, several pathogens have developed different strategies to hijack host
cell functions, hampering this maturation process or avoiding degradation by
other means [2].

10.2
Coxiella burnetii

C. burnetii is an obligate intracellular pathogen that in humans causes Q fever
[3, 4] characterized by flu-like symptoms and high fever in the acute phase of
this disease. The chronic disease eventually leads to endocarditis and hepatitis.
Q fever endocarditis is a potentially severe infection, with 24% of fatal cases [5].
The infection occurs mainly by inhalation of contaminated aerosols from natu-
ral environments [6]. Due to its low infectious dose and high environmental re-
sistance, the Centers for Disease Control and Prevention considers this patho-
gen a class B agent of bioterrorism [7]. Alveolar macrophages are the initial tar-
gets, but the bacterium subsequently disseminates and replicates in a wide vari-
ety of tissues.

A broad range of animals, including most mammals, fish, birds and reptiles,
can be infected by C. burnetii. Rodents and livestock usually host Coxiella, and
pathogen infections are especially common in goats and sheep [8]. In vitro, the
bacteria only replicate after phagocytosis in a wide variety of fibroblast, epithelial
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and macrophage-like cell lines [9], generating a bacteria-customized compart-
ment which displays certain characteristics of a phagolysosome [9, 10]. This re-
sistance to lysosomal degradation makes C. burnetii unique among other intra-
cellular bacteria.

10.3
Bacterium Morphology and Phylogeny

C. burnetii is a nonmotile pleomorphic rod, between 0.3 and 1.0 �m in size, that
possesses a membrane similar to that of Gram-negative bacteria. This microor-
ganism is an obligate intracellular acidophil pathogen with a slow doubling
time of 8–12 h [8].

C. burnetii was originally included together with Rickettsia (Rickettsia-like) in
the �-protobacterial subdivision, but phylogenetic studies now consider C. burne-
tii �-proteobacteria. C. burnetii 16S rRNA sequence studies have shown that the
bacterium is distantly related to the genus Legionella [11]. This is supported by
the homologies found between a number of Coxiella and Legionella genes [12,
13]. Due to this connection, the family Coxiellaceae, which includes C. burnetii,
has been transferred to the order Legionellales, close to the family Legionellaceae,
which cover the genus Legionella. However, C. burnetii still shares characteristics
with bacteria included in the genus Rickettsia such as a small genome, staining
by the Gimenez method [14], strict intracellular growth in eukaryotic cells and
association with arthropods (a tick host, Dermacentor andersonii, has been impli-
cated).

10.4
Lipopolysaccharide (LPS) and Phases

Two phases of the bacteria have been described – a highly virulent phase I and
a nonvirulent phase II. This phenomenon, similar to the rough–smooth varia-
tion in enterobacteria, is due to a truncated LPS [15, 16]. The C. burnetii phase
II Nine Mile strain contains a 26-kb deletion in the genome and, although it is
avirulent in animals, it effectively infects several cultured cells [17]. This particu-
lar antigenic variation of C. burnetii is called phase variation. It has been exten-
sively shown that the virulence of C. burnetii decreases with the transition from
the phase I to the phase II during passaging in chicken embryo yolk sacs,
which changes the organism LPS phenotype and causes the truncation of the O
polysaccharide chain in their cell wall [18]. Structurally, phase II LPS possesses
2-keto-3-deoxyoctulonosic acid, d-mannose, d-glycero-d-manno-heptose, lipid A or
a lipid A analog and a very complex mixture of fatty acids, many of which are
branched [19–23]. Phase I LPS also possesses these components, but, in addi-
tion, has virenose, dihydrohydroxystreptose [21, 24, 25] and galactosaminuronyl-
(1,6)-glucosamine [24].
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LPS represents a major virulence determinant of C. burnetii [26]. When iso-
lated from animals or humans, C. burnetii expresses on its surface the phase I
carbohydrate and is highly infectious. It has been proposed that phase I LPS,
with its full carbohydrate structure, blocks the access of antibody to surface pro-
teins [26]. This may explain, at least in part, both the persistence of the bacteri-
um at unknown sites recovered from acute cases of Q fever and lifelong seropo-
sitivity. LPS seems to be the only antigen and immunogen differing between
phase I and II in C. burnetii [19]. This antigenic peculiarity is extremely valuable
for the serological differentiation between acute and chronic Q fever. However,
some variation in the composition of LPS has been demonstrated [27]. More-
over, 20 different genotypes have been delineated by pulsed-field gel electropho-
resis [28] and/or restriction fragment length polymorphism analysis [29].

Phenotypically, phase I Nine Mile differs from phase II Nine Mile C. burnetii
in that only phase I causes disease and persists in a guinea pig model of infec-
tion [30]. Uptake of phase I by monocytes seems to be mediated by the �v�3 in-
tegrin, whereas uptake of phase II is mediated both by �v�3 and complement re-
ceptor 3. This differential uptake has been implicated in a change of intracellu-
lar transport in the host cell [31].

10.5
Genome and Genetics

Although The Institute for Genomic Research has sequenced the C. burnetii
Nine Mile strain complete genome [32], determining gene function in this or-
ganism has been slow, essentially due to the lack of suitable conditions for the
axenic growth of the organism, making isolation of mutants impossible. The
1.995�106-bp genome comprises a chromosome and four copies of a plasmid
of 37.393 bp called QpH1. Four different plasmids have been described for the
Nine Mile strain and they vary in their size. Apart from host response, which
probably plays a major role in the clinical appearance of the disease, the role of
LPS and plasmid type, and the route of infection are not clear. However, some
researchers have associated the presence of certain plasmids with virulence, e.g.
the plasmid QpH1 was found in strains of C. burnetii associated with acute in-
fections, i.e. genome groups I, II and III, while plasmid QpRS was found only
in strains belonging to genome group IV, which has been related to strains that
tend to produce chronic disease [33–35].

10.6
Host Response and Immunity

Using DNA microarray analysis in THP-1 cells, Ren et al. [36] identified the
host transcriptional response to infection by C. burnetii. The analysis revealed
that the number of upregulated genes and the degree to which their expression
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is altered during C. burnetii infection was relatively low (105 genes). Interest-
ingly, C. burnetii infection failed to induce the expression of a cytokine response
and the chemokine expression was limited to macrophage-inflammatory protein
(MIP)-1 (and MIP-1�). However, C. burnetii infection induced the expression of
the vacuolar-type (H+)-ATPase (ATP6V1H), and several lysosomal glycosidases
including �-hexosaminidase (HEXB) and sialidase (NEU1).

Phase I C. burnetii infection causes an increase in transferrin receptor expres-
sion in J774A.1 macrophages. Iron is essential for C. burnetii replication and it
has been proposed that upregulation of transferrin receptor may facilitate the
sequestration of this nutrient. Another important consequence of increasing in-
tracellular levels of iron is the enhanced survival, because iron is known to de-
crease the killing of intracellular pathogens [37].

Interaction of C. burnetii with the host immune system is complex and still
poorly understood. When infection proceeds through the respiratory route, al-
veolar macrophages are the primary cells to be infected during acute Q fever.
The acute form of Q fever appears to trigger an efficient immune response that
eventually limits bacterial replication, but fails, in many cases, to completely
clear the pathogen. This failure to eradicate the organism is based on both its
ability to grow and multiply within phagolysosomes, and its tendency to estab-
lish persistent infections.

Chronic infections are believed to be a result of both immunological reactions
and defects [38, 39]. There is evidence suggesting that C. burnetii persists in
fixed macrophages, and that its intracellular survival is due to the subversion of
some macrophage functions and the presence of an unknown mechanism of
suppression of cell mediated immunity [40, 41].

Cellular immunity plays a central role in the clearance of the organisms from
infected animals [42]. Intact mice clear infection within 14 days, but the organ-
ism persists for at least 60 days in athymic mice, despite the production of anti-
bodies [43].

The expression of antigens specific to C. burnetii in the membranes of in-
fected host cells [44] supports the hypothesis that infected cells are detected by
the immune system and lysed by antibody-dependent cellular cytotoxicity by
monocytes and other effector cells [45]. Released organisms are then vulnerable
to attack by activated macrophages. As there is greater expression of C. burnetii
antigens by cells infected with acute isolates of the pathogen, the weaker and
less immunologically visible expression of antigens by chronic strains may be a
factor in persistent infections [46].

The differences in the length of the LPS molecule are also involved in the
dendritic cell (DC) response to C. burnetii infection. Phase I C. burnetii infect
and grow within DCs without inducing the maturation and activation of these
cells. In contrast, phase II bacteria induce maturation and activation of DCs.
This outcome has been attributed to the presence of full-length LPS, which acts
as a shielding molecule masking other bacterial surface proteins critical for in-
duction of dendritic cell maturation. Moreover, these studies suggest that lack
of DC maturation after infection by phase I C. burnetii results in an immune re-

10 Coxiella burnetii Hijacks the Autophagy Pathway to Survive182



sponse that lacks the potency required for complete clearance of the organism,
thereby allowing persistence [47].

It has been shown that interferon (IFN)-� limits the in vitro multiplication of
C. burnetii and enhances the killing of the organism through tumor necrosis
factor (TNF)-mediated apoptosis [41, 48]. Recent work indicates that IFN-� in-
duces apoptosis in infected monocytes [48]. Nitric oxide, whose generation is
upregulated by IFN-� and TNF-�, inhibits the multiplication of the organism in
vitro [49, 50]. At the cellular level, IFN-� is thought to mediate the killing of C.
burnetii through the alteration of conditions within the phagosomes [51].

10.7
Developmental Cycle of C. burnetii:
Small Cell Variant (SCV) and Large Cell Variant (LCV)

Coxiella presents a pleomorphic nature during its replication in the large intra-
cellular parasitophorous vacuole (Fig. 10.1A) [52]. Two major morphological cell
types have been described, i.e. the SCV and the LCV, which can be separated by
differential centrifugation [3]. By electron microscopy, the SCV presents a com-
pact rod-shaped aspect, with a very dense central region corresponding to con-
densed nucleoid filaments surrounded by ribonucleoproteins (Fig. 10.1 B–D). In
contrast, the LCVs are larger and elongated less electron-dense bacteria, with
the nucleoid dense filaments radiating from the central region into the more
transparent cytoplasm (Fig. 10.1E–G). These two forms are not only morpholog-
ically, but also functionally distinct – the SCV is considered the metabolically
dormant, less replicating, but environmentally stable cell variant, whereas LCVs
are the metabolically active and replicating large bacteria [3]. The relationship
between the Coxiella cell variants has not been fully elucidated. SCVs are now
thought to be the infective forms and the form responsible for surviving
through prolonged periods in the environment [53], although spore-like particles
have been described ultrastructurally.

A few proteins that are differentially expressed by the SCV and LCV have
been identified. Elongation factors EF-Tu and EF-Ts, the stationary-phase sigma
factor RpoS, and a protein with porin activity, termed P1, are preferentially ex-
pressed by LCVs [54–56]. In contrast, two highly basic proteins specific to the
SCV, ScvA and Hq1, DNA-binding proteins that likely play roles in chromatin
condensation, have been found [57]. When C. burnetii variants are separated on
a density gradient, only the denser SCVs are labeled by an antibody to ScvA, in-
dicating that detection of this protein can be used to distinguish the SCVs from
the LCVs [58].
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10.8
C. burnetii Type IV Secretion System

Many bacterial microorganisms use secretion systems as a mechanism of patho-
genesis. One of the best studied systems is the type III secretion system, a de-
vice used by bacterial pathogens such as Salmonella enterica and Shigella flexneri
[59]. An increasing number of bacterial pathogens are being found to have type
IV secretion systems ([13], reviewed in Ref. [60]) which are used to subvert host
defenses. The type IV systems have homology to plasmid transfer systems but
they have been adapted as a protein export apparatus. Several intracellular
pathogens such as Legionella pneumophila, C. burnetii, Brucella abortus and Heli-
cobacter pylori possess this specialized type of secretion apparatus. Since a grow-
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Fig. 10.1 C. burnetii is a pleomorphic bacter-
ium that replicates in a large intracellular
parasitophorous vacuole. (A) HeLa cells
were infected with C. burnetii phase II for
12 h and processed for transmission elec-
tron microscopy following standard proce-
dures. A typical large Coxiella-containing vac-
uole showing the pleomorphic bacteria is

depicted. (B–D) The small cell variant (SCV)
is shown. (E–G) Images show the large cell
variant (LCV). (H and I) Cryosectioning
images showing the SCV and LCV Coxiella
forms in cells pre-incubated for 2 h before
the infection in full nutrient media (H) or in
starvation media (I). Panel (I) shows a larger
proportion of LCV than in panel (H).



ing number of diverse sets of type IV genes are being reported, the type IV se-
cretion system has been divided in two – type IVA and type IVB [61]. Type IVA
systems are highly homologous to the virB operon of the plant pathogen Agro-
bacterium tumefaciens [62]. Type IVB has extensive homology to the transfer sys-
tem of Incl plasmids. Interestingly, L. pneumophila possesses both types of se-
cretion systems: the Lvh complex and the Dot/Icm (defective for organelle trans-
port/intracellular multiplication) system that is absolutely required for virulence
[63]. These genes assembly as a translocation channel (reviewed in Ref. [64])
that delivers proteins and single-stranded DNA from the bacterial cell into the
host cell. Therefore, these devices are believed to be key elements in determin-
ing the intracellular fate and the replication capability of the pathogens via the
secretion of effector molecules. However, for many of these systems the actual
proteins exported by the apparatus have not been identified.

As indicated above, genomic sequence data indicate that C. burnetii has many
gene products with strong homology to L. pneumophila genes [12]. Among them
21 genes are similar to components of the Legionella Dot/Icm type IV secretion
system. In contrast to L. pneumophila, where the Dot/Icm proteins are located
on two distinct pathogenicity islands, most of the C. burnetii Dot/Icm genes are
located in a contiguous DNA fragment. It has been shown that some of these
genes can actually restore the growth of Legionella mutants deficient for dot/icm
gene products [65, 66]. These results clearly indicate that the Coxiella dot/icm re-
lated genes encode a functional type IV secretion system. Interestingly, four C.
burnetii Dot/Icm proteins can substitute for their homologs in L. pneumophila,
but six other proteins cannot [65, 66].

By an undefined mechanism Coxiella generates large, spacious vacuoles in
which the bacteria replicate [3]. It is believed that the Coxiella type IV secretion
system plays a critical role in the biogenesis of the Coxiella replicative niche
(see below). However, since C. burnetii is an obligate intracellular pathogen, ge-
netic manipulations are very difficult to perform and thus there is very limited
information available about its pathogenesis systems.

10.9
Interaction with the Endocytic and Autophagic Pathways

C. burnetii can be grown in vitro in numerous cell types including macrophage-
like cells and fibroblast-like cells. This obligate intracellular pathogen is shel-
tered in a replicative vacuole (RV) which manifests characteristics of mature
phagolysosomes (see Tab. 10.1) [9, 57]. After entry into the host cell, C. burnetii
is localized in early phagosomes that fuse homo- and heterotypically with other
vesicles to form the large RV where this pathogen multiplies. In contrast to
other pathogens, these RVs appear not to interact with Golgi-derived vesicles
[57]. However, vacuoles containing C. burnetii are able to fuse with other vesicles
of the phagocytic–endocytic system [67, 68]. The fusogenic properties of the
Coxiella RV are likely one of the major features that may contribute to its spa-
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ciousness. Inert particles such as zymosan particles and latex beads phagocy-
tosed by infected Chinese hamster ovary (CHO) cells are transferred to the lu-
men of vacuoles that shelter C. burnetii. The first report of colonization of the
vacuoles of C. burnetii by L. amazonensis in a mammalian cell supports the high
fusogenicity of the RVs. This study opened up numerous coinfection experi-
ments in the search of pathogens or host-derived signals regulating intracellular
transport. From this point of view, RVs can be useful to analyze the behavior of
different intracellular pathogens within a lysosomal milieu. Interestingly, in
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Table 10.1 Intracellular markers associated to C. burnetii RVs
generated at least 24 h post-infection

Markers RVs References

Early endosomes
Rab5 yes 73
EEA-1 no 81

Late endosomes
Rab7 yes 73

Lysosomal
LAMP-1 yes 3, 81
LAMP-2 yes 3
V H+-ATPase yes 51, 57
5�-nucleotidase yes 103
cathepsin D yes 51, 57
acid phosphatase yes 40, 92
CD63 yes 51
Acridine Orange yes 57
CI-M6PR no 57
Autophagic
MAP-LC3 yes 73, 77
Rab24 yes 77
MDC yes 73
Golgi
sphingolipid no 57

�

Fig. 10.2 C. burnetii RVs interact with the au-
tophagic pathway. (A) Stably transfected CHO
cells overexpressing GFP–LC3 (green) were
infected with C. burnetii phase II for 48 h. Cells
were fixed and the Coxiella (red) were detected
by indirect immunofluorescence with a spe-
cific antibody. (B) CHO cells were infected as
indicated in (A), fixed and subjected to indi-
rect immunofluorescence to detect endoge-
nous LC3 (red) using a specific antibody. (C)
Stably transfected CHO cells overexpressing

GFP–Rab7 (green) were infected with Coxiel-
la and processed as indicated in (A).
(D) HeLa cells were infected with C. burnetii
phase II for 72 h, fixed and subjected to indi-
rect immunofluorescence to detect endoge-
nous Rab24 (red) using a mouse polyclonal
antibody against Rab24. Confocal images are
depicted. (E) A model showing the interac-
tion between the Coxiella-containing vacuole
and the autophagic pathway. (This figure
also appears with the color plates).
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cells coinfected with C. burnetii and M. avium or M. tuberculosis H37Rv, the ma-
jority of mycobacteria colocalize with the lysosomal-like RVs harboring C. burne-
tii [69, 70]. This study shows that whereas M. avium can growth in the C. burne-
tii RVs, M. tuberculosis H37Rv growth appears to be inhibited. Thus, the Coxiella
RV appears to override the regulatory mechanisms that normally stall matura-
tion of parasitophorous vacuoles harboring M. avium or M. tuberculosis at an
early endosome stage [71, 72].

We have shown that this bacterial customized RV also has the hallmarks of
an autophagosomal compartment [73]. Cells infected for 48 h with C. burnetii
phase II generate Coxiella-rich large vacuoles which can be easily distinguished
by phase contrast microscopy. These parasitophorous vacuoles were found to ac-
cumulate the autophagosome marker monodansylcadaverine (MDC) [74, 75]. In-
terestingly, clusters of MDC-labeled vesicles were also observed in close proximi-
ty, suggesting that these vesicles fuse with Coxiella-containing compartments
and contribute to the generation of the large RV [73]. Furthermore, the Coxiella
RVs were decorated with the specific autophagosomal protein microtubule-asso-
ciated protein 1 light chain 3 (LC3). Figure 10.2 (A) shows a CHO cell overex-
pressing Green Fluorescent Protein (GFP)–LC3 with a typical Coxiella RV
clearly labeled by the protein. Interestingly, not only GFP–LC3, but also the en-
dogenous protein decorates the membrane of Coxiella RVs (Fig. 10.2B), indicat-
ing that this localization is not due to protein overexpression. This observation
clearly confirms the autophagic nature of the RV.

Work from our laboratory has shown that the small GTPase Rab24 changes
its distribution from a reticular to a vesicular pattern after shifting to conditions
that induce autophagy, such as amino acid deprivation [76]. Furthermore, GFP–
Rab24 decorated vesicles were labeled with the autophagosome marker MDC
and partially colocalized with the specific autophagosomal protein LC3, suggest-
ing that under starvation conditions Rab24 is targeted to autophagic vacuoles
(AVs).

Since LC3 colocalizes significantly with the Coxiella RVs, we wondered if
Rab24 would also label this compartment. We showed that in CHO cells stably
transfected with GFP–Rab24 and infected with C. burnetii some of the Coxiella-
containing vacuoles were decorated by GFP–Rab24, indicating that Rab24 is also
recruited to Coxiella RVs [77]. However, the degree of colocalization of Rab24
with RVs was not as evident as in the case of LC3, although colocalization was
consistently observed at different post-infection times. Furthermore, we have
also shown that both LC3 and Rab24 decorate the same Coxiella RVs. These re-
sults clearly indicate that the limiting membrane of the C. burnetii RVs is deco-
rated by proteins normally localized to AVs, confirming the link with this path-
way.

Endocytosis and autophagocytosis are not separated pathways. Indeed, endo-
cytosed material can be localized within AVs in mammalian cells [78, 78]. In
our laboratory we have produced evidence that Rab7, a late endosomal–lysoso-
mal marker, is a component of the autophagic pathway since this protein was
associated with AVs [79]. Furthermore, overexpression of a Rab7 dominant-nega-
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tive mutant led to the accumulation of large autophagosomes, likely because
this mutant hampered fusion with lysosomes, indicating that Rab7 is involved
in the maturation of autophagosomes [79, 80]. When cells overexpressing
Rab7wt were infected with C. burnetii, the generated vacuoles harboring Coxiella
were labeled by this Rab protein [73] (Fig. 10.2 C). Thus, we have extended the
number of markers that label the Coxiella RV as indicated in Tab. 10.1, pointing
out that Coxiella resides in a unique pathogen customized compartment.

10.10
Contribution of Autophagy to RV Development

At 24 h post-infection Coxiella is contained in small vesicles, whereas at 48 h
the bacteria are found in very large vacuoles, although only a few bacteria may
be observed per vacuole. In contrast, by 96 h the C. burnetii RV is almost com-
pletely filled with bacteria, indicating a very fast replication rate between 2 and
3 days [50, 81]. This indicates that C. burnetii exhibits a growth cycle typical of a
closed bacterial system with lag, exponential, and stationary phases. Lag phase
extended to approximately 2 days post-infection and was composed primarily of
SCVs differentiating to LCVs. Exponential phase occurred over the next 4 days,
with parasitophorous vacuoles harboring replicating LCVs almost exclusively
[82]. The synchronous infection model described in this study also allowed an
initial analysis of developmentally regulated gene expression in C. burnetii. All
genes tested, with the exception of scvA, demonstrated their highest expression
levels during midexponential phase (3 days post-infection). De novo expression
of scvA was evident at 3 days post-infection, with expression levels increasing
throughout the stationary phase.

As indicated above, the vacuole that shelters Coxiella displays some of the fea-
tures of an autophagic compartment. In order to begin to study the role of au-
tophagy in the generation of the Coxiella parasitophorous vacuole, we have ana-
lyzed the development of the RVs under different experimental conditions. It is
known that the activity of a member of the class III phosphatidylinositol-3-ki-
nase (PI3K) family is required for the initial stages in the autophagic pathway
[85]. Wortmannin and 3-methyladenine (3-MA) inhibit autophagy by blocking
PI3K activity [83]. Therefore, to investigate the involvement of autophagy in C.
burnetii growth, we tested the effect of wortmannin and 3-MA on the develop-
ment of the large vacuoles. Cells were first infected with C. burnetii for 12 h
and subsequently incubated with the PI3K inhibitors. Both compounds blocked
Coxiella vacuole formation, suggesting that the autophagic pathway has a critical
role in RV development and bacterial replication [73].

We next analyzed the overall effect of inducing autophagy on the generation
of the Coxiella RV and bacterial growth. Autophagy can be regulated by the level
of specific amino acids ([84], for a review see Ref. [85]), thus we tested the effect
of amino acid deprivation on infection. Our results indicate that incubation of
cells under starvation conditions (amino acid- and serum-free medium) for dif-
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ferent periods of time prior infection increased the percentage of infected cells
and the size and development of RVs [77]. The enhancing effect of starvation
on infection was blocked by the autophagy inhibitors wortmannin or 3-MA, con-
sistent with the results previously observed [73].

Autophagy can be activated not only physiologically (e.g. by starvation), but
also pharmacologically by treatment with rapamycin, an inhibitor of target of ra-
pamycin (TOR), a critical kinase involved in the autophagic pathway ([86], re-
viewed in Refs. [87, 88]). Rapamycin inhibition of TOR markedly enhanced the
percentage of cells containing RVs at 12 h post-infection. Interestingly, Coxiella
survival was also affected by conditions which increase autophagy. Both starva-
tion and rapamycin markedly enhanced C. burnetii replication and viability as
determined by an infectious focus-forming units assay [77], and this effect was
overridden by treatment with wortmannin and 3-MA. Taken together these re-
sults indicate that inducing autophagy in the host cell favors C. burnetii growth.

To identify the autophagy factors that modulate the generation of Coxiella
RVs at the molecular level, cells overexpressing proteins involved in the autoph-
agy pathway were infected with C. burnetii phase II. The autophagosomal pro-
tein LC3 is recruited to the sequestering membrane, and is located in the inner
and outer membranes of autophagosomes [89]. LC3 binding to the autophago-
somal membrane depends on post-translational modifications which involves C-
terminal cleavage of the protein and conjugation with phosphatidylethano-
lamine at the free Gly residue generated [89]. Replacement of the amino acid
Gly120 by Ala yields a LC3G120A mutant that cannot bind to autophagosomes
and remains cytosolic. Therefore, we studied the behavior of C. burnetii in stably
transfected CHO cells overexpressing wild-type GFP–LC3 or the mutant
LC3G120A. Similarly, we studied pathogen fate in cells overexpressing GFP–
Rab24wt or GFP–Rab24S67L, a mutant that also remains cytosolic. As mentioned
above, during the first 12 h post-infection Coxiella resides in small vesicles and
the large RVs are generated only after 48 h. Interestingly, in cells overexpressing
either GFP–LC3wt or Rab24wt, large Coxiella RVs were already formed at 12 h
after infection, whereas in cells overexpressing the mutants both the infection
and the size of RVs were drastically reduced [77]. These results clearly indicate
that overexpression of proteins involved in the autophagic pathway remarkably
accelerates the development of the compartment where C. burnetii replicates,
suggesting that components of the cellular machinery of autophagosome forma-
tion are subverted to promote C. burnetii replication and differentiation.

As indicated above, Rab7 also decorates the Coxiella vacuole [73]. Interestingly,
overexpression of a dominant-negative Rab7 mutant altered the development of
the RVs ([73]; Romano et al., submitted). These results suggest that Rab7, an-
other protein connected to the autophagic pathway, participates in the biogen-
esis of the C. burnetii-containing vacuoles.

Another interesting observation is that infection of CHO cells overexpressing
GFP–LC3 or GFP–Rab24 with Coxiella causes a remarkable redistribution of
these chimeric proteins, with the generation of a large number of small GFP
decorated vesicles similar to those found in the course of autophagy. This obser-
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vation suggests that Coxiella induces autophagy and, as a consequence, LC3 and
Rab24 are targeted to autophagy vacuoles distributed throughout the cytoplasm
[76, 89]. This redistribution of autophagic proteins has also been previously ob-
served in cells infected with Porphyromonas gingivalis where the infection in-
duced a change in the distribution of the autophagic protein Atg7 [90]. This ob-
servation raises the question of whether Coxiella itself activates autophagy or if
this is a generalized cell response upon pathogen infection. Indeed, evidences
indicate that, like other intracellular pathogens, C. burnetii protein synthesis is
required for maturation of its RV [81]. Treatment of cells containing large and
spacious RVs with chloramphenicol, an antibiotic that inhibits bacterial protein
synthesis, causes the collapse of the vacuole. Thus, it is possible that Coxiella,
through the injection of bacterial effector proteins via the type IV secretion sys-
tem (see model), may activate autophagy generating the large replicative niche
and a more permissive environment for bacterial replication.

All this evidence suggests that Coxiella benefits from the autophagic pathway
[91]. However, many questions remain unanswered. Does C. burnetii follow the
classical phagocytic pathway acquiring the early endosomal markers Rab5 and
EEA1 at early times after infection? If that is the case, when are the autophago-
somal markers acquired?

We have begun to address these questions by carefully analyzing the develop-
ment of the Coxiella-containing phagosomes at different times post-infection.
Results from our laboratory using CHO cells infected with C. burnetii Phase II
indicate that indeed the Coxiella phagosome sequentially acquires both Rab5
and Rab7 and also the early endosomal protein EEA1 between 20 and 40 min
post-infection (Romano et al., submitted). By later times (60 min post-infection),
the majority of the Coxiella phagosomes have acquired the lysosomal enzyme
cathepsin D, indicating that Coxiella transits the phagocytic pathway and re-
cruits maturation markers. However, our kinetics studies indicate that the Cox-
iella-containing phagosomes do not acquire the lysosomal enzymes immediately
after internalization, suggesting that there is a delay in the fusion with the lyso-
somal compartment (Romano et al., submitted). This is consistent with the ob-
servation by Howe and Mallavia, indicating that viable Phase I C. burnetii delay
phagosome–lysosome fusion early during infection in J774 macrophages [92].
In this report the authors have shown that at 1 h post-incubation, 31% of the
Coxiella-containing vacuoles were labeled with the lysosomal enzyme acid phos-
phatase, while inactivation of Coxiella resulted in an increase in the percentage
of colocalization with lysosomal markers, indicating that the bacteria actively de-
lays lysosomal fusion. It has also been shown that virulent Coxiella are able to
survive in monocytes by altering phagosome maturation and preventing the ac-
quisition of cathepsin D [51].
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10.11
Autophagy and Bacterial Differentiation from SCVs to LCVs

Another important question is why induction of autophagy accelerates the de-
velopment of RVs. What are the factors released by the bacteria that modulate
host cell function, hijacking the autophagic pathway? What signals ultimately
lead to bacterial differentiation and replication inside the cells? As described
above, C. burnetii is a pleomorphic bacterium that presents two morphologically
distinct forms known as SCVs and LCVs. We have tested the hypothesis that
modulation of autophagy affects the intravacuolar differentiation of C. burnetii.
For this purpose we analyzed infected HeLa cells by transmission electron mi-
croscopy to differentiate between the LCV and SCV forms, based on the mor-
phological criteria described above. Interestingly, cells subjected to a condition
that stimulates autophagy prior to the infection showed a higher number of
LCVs at 24 h post-infection compared to cells pre-incubated in full medium
(Fig. 10.1H and I). A quantitative analysis of SCV and LCV forms present in
the RV indicated that, in cells incubated under starvation conditions, the per-
centage of LCVs increased significantly from 50 to 70% [93]. Studies of the mor-
phological differentiation under different physiological and pharmacological
conditions that modulate autophagy are currently under way in our laboratory.
We postulate that C. burnetii, after its internalization, injects effector molecules
across the phagosomal membrane via type IV secretion, which stimulates the
autophagic pathway in the host cell. The availability of nutrients provided by fu-
sion with the newly generated autophagosomes may trigger specific signals re-
quired to induce the differentiation from SCVs to LCVs (Fig. 10.2 D).

As mentioned previously, C. burnetii survives and replicates within large, acidi-
fied, phagolysosome-like vacuoles. This bacterium has efficiently adapted to sur-
vive in this harsh environment, but the mechanism of resistance to acid hydro-
lases is largely unknown. Indeed, C. burnetii requires the low pH found within
the phagolysosome to activate its metabolism [94]. Coxiella replication can be
blocked by raising the phagolysosomal pH with chloroquine [40]. Moreover, when
Bafilomycin A, the specific inhibitor of the V-ATPase, responsible for acidifying
intracellular compartments, is added to the medium of C. burnetii-infected cells
the growth of C. burnetii was completely inhibited [57]. These features argue that
C. burnetii is unique among intracellular bacteria in requiring an acidic pH for de-
velopment. It is noteworthy that in vitro incubation of isolated C. burnetii samples
in an acidic buffer with a pH 5.5 caused a 42% decrease in the labeling of ScvA, a
protein that decreases when the bacteria transform to the LCV form [92]. However,
this decrease was less marked than the decrease in ScvA label seen in vivo during
the same time period, suggesting that other factors beside the pH are responsible
for the bacterial differentiation. Interestingly, the decrease in ScvA protein labeling
did not occur at a lysosomal pH of 4.5, suggesting that Coxiella differentiation re-
quires a moderate acidic pH and, more importantly, that the transformation is in-
itiated in a compartment prior to fusion with lysosomes. Also protein synthesis
increases in C. burnetii incubated at pH 5.5 (late endosomal pH) compared to that
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observed at pH 4.5. These results suggest that C. burnetii may initially prefer a
slightly less acidic compartment, perhaps with characteristics of a late endoso-
mal/autophagosomal compartment. Indeed, this is consistent with the observa-
tion that phase I C. burnetii delays the fusion with lysosomes at least during the
first 2 h of infection [92]. This is also in agreement with our observations that Cox-
iella phagosomes do not colocalize with cathepsin D during the first 20–40 min
after internalization (Romano et al., submitted).

In summary, we hypothesize that the bacterial morphological changes and its
replication would depend not only on pH, as indicated above [92, 94], but also
on the accessibility to nutrients [82] which are likely provided by interaction
with the autophagic pathway. It is possible that Coxiella is diverted to the au-
tophagic pathway to enable differentiation in a variant form that can tolerate
the harsh environment of the lysosomal compartment as proposed by others
[95]. Consistent with this idea, it has been suggested that the C. burnetii transi-
tion from SCVs to LCVs begins in a phagosomal compartment prior to fusion
with the lysosomes [92]. However, it might be beneficial for the bacteria to re-
side in an autophagic-like vacuole that represents a continuous source of metab-
olites for bacteria intracellular growth and development [93].

In our current model (Fig. 10.2D) we postulate that the development of the
Coxiella replicative compartment is modulated by circumstances that regulate
autophagy, favoring Coxiella replication. Our evidence also suggests that autoph-
agic proteins play an important role in the generation and maturation of the
highly specialized niche where C. burnetii replicates and survives. Hence, C. bur-
netii can be added to the group of intracellular bacteria that use the autophagic
pathway as a means of surviving.

When cells are grown in a full nutrient medium only basal levels of autopha-
gy are active and the number of autophagic structures is low, whereas induction
of autophagy increases the number of preformed autophagosomes rich in cellu-
lar components such us lipids and proteins. After C. burnetii internalization into
host cells, the nascent Coxiella-containing phagosomes fuse rapidly with these
autophagic compartments. Whether C. burnetii injects effector molecules, which
modulates the host cell autophagy via the type IV secretion system, is an open
question. In any case, the nutrients provided by fusion with autophagosomes
trigger signals required to induce the differentiation from SCVs to LCVs and al-
low bacterial replication. Thus, the morphogenesis and multiplication of the or-
ganism would depend not only on pH, but also on accessibility to nutrients as
indicated above. From this point of view, fusion with autophagic compartments
is likely required for the biogenesis of the RV and triggers the appearance of
the vegetative forms of C. burnetii. It is important to mention that, normally,
the RV occupies most of the cytoplasm. This observation implies that at some
point when the infection proceeds and the host nutrients become scarce, LCV
switches back to the infectious and more resistant form SCV. However, it is not
known how the equilibrium between host and pathogen is generated at the end
of infection since persistent infected cultures and minimal cytopathic effect of
the infection have been reported [96].
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10.12
Unanswered Questions and Future Perspectives

Results from our laboratory indicate that induction of autophagy or overexpres-
sion of proteins (e.g. LC3, Rab24) involved in the autophagic pathway favors the
development and maturation of the RV during the first 12 h post-infection [77].
In contrast, overexpression of mutants of LC3 and Rab24 that cannot interact
with the autophagosomal membrane delayed the formation of the RV. However,
by 48 h no differences in the development of the RV were observed [77], sug-
gesting that autophagy is involved in the early steps of vacuole development.
This observation raises an important question: is autophagy actually required
for C. burnetii replication or is it dispensable? Experiments using “knockout”
cells for specific autophagy genes are underway in our laboratory to address this
question.

Programmed cell death is a strictly regulated genetic and biochemical pro-
gram that plays a critical physiological role during development and tissue
homeostasis in multicellular organisms. Accumulating evidence suggests that
programmed cell death is not confined to apoptosis. Cells use different path-
ways for this suicide program: programmed cell death type I or apoptosis, char-
acterized by a prominent nuclear condensation, and programmed cell death
type II or autophagic cell death, characterized by the development of notorious
AVs (reviewed in Refs. [97–99]). Even though these programmed cell death types
are morphologically distinct, both pathways have certain similarities and they
may represent different forms by which the cell responds to physiological or
pathological conditions. It has been suggested that there is abundant overlap be-
tween apoptotic and autophagic cell death. It is important to take into account
that apoptosis and autophagic cell death are not mutually exclusive, and they
may occur simultaneously in tissues or even conjointly or consequently in the
same cell [99, 100].

There is growing evidence that apoptosis plays important roles in influencing
the pathogenesis of a variety of infectious diseases. It has been shown that in-
tracellular bacterial pathogens induce or hamper apoptosis (for reviews, see
Refs. [101, 102]) and this modulation of the host cell response adds another per-
spective to our understanding of the exploitation of host cell biology by intracel-
lular parasites. Induction of apoptosis in the host cell might facilitate the escape
and spreading of certain intracellular pathogens. Bacteria might also induce the
expression of antiapoptotic factors that will prevent apoptosis until the microor-
ganism has completed its replication in the host cell. In this context, it is possi-
ble that Coxiella infection may initially activate autophagy not only to generate a
more permissive niche for intracellular replication, but also as a prosurvival
mechanism. It is also likely that at later stages during infection autophagic cell
death and/or apoptosis might be suppressed to allow pathogen survival in the
host cell. Future experiments should be designed to address these issues and
their contribution to pathogenesis.
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Mary-Pat Stein and Craig R. Roy

11.1
Introduction

Legionella pneumophila are Gram-negative bacteria that live in fresh water envi-
ronments. Legionella normally replicate within protozoan host cells, but can in-
fect humans when contaminated water sources are aerosolized. Inhaled Legionel-
la are internalized by human alveolar macrophages, replicate and spread within
the lung, causing inflammation and tissue damage. Healthy individuals are
usually able to clear Legionella from the lung; however, immunocompromised
and elderly individuals sometimes develop Legionnaires’ disease – a severe
pneumonia that can be life threatening.

In amoebae, the natural reservoir of Legionella [1], and in alveolar macro-
phages, intracellular survival and replication relies on the ability of Legionella to
modulate transport of the vacuole in which they reside. Normally, pathogens in-
ternalized by macrophages are transported to lysosomes where they are killed
and degraded. In contrast, after uptake by host cells, Legionella inhibit phago-
some transport down this degradative pathway and subsequently remodel the
compartment in which they reside to a replication-competent endoplasmic reti-
culum (ER)-like vacuole [2–4]. Modulation of vacuole transport is dependent on
the expression of a functional type IV secretion system called the Dot/Icm (de-
fective for organelle transport/intracellular multiplication) apparatus [5, 6]. The
Dot/Icm apparatus directs the translocation of Legionella effector proteins across
the bacterial cell and into the host cell cytoplasm. Within the host cell cytosol,
effector proteins have activities that allow internalized bacteria to avoid phago-
some–lysosome fusion and direct the remodeling of the vacuolar membrane to
generate a replicative niche.

Significant progress has been made in understanding the cell biology of Legio-
nella infection in host cells. Upon contact with host cells, Legionella are able to im-
mediately translocate bacterial effector proteins into the host cell cytosol using the
Dot/Icm Type IV secretion apparatus [7]. Within 5 min of infection, Legionella-con-
taining vacuoles (LCVs) are surrounded by host cell vesicles and mitochondria [8].
Vesicles recruited to the LCVs are derived from the ER [3, 9]. These vesicles flatten
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and fuse together with the limiting membrane of the vacuole, encapsulating the
LCV within a membrane compartment that resembles the ER [10]. At 4 h post-in-
fection, ribosomes decorate the LCV membrane [8, 10, 11] and within these ribo-
some-studded ER-like compartments, Legionella replicate. Large replicative va-
cuoles (RVs) crowded with Legionella are clearly visible 10–12 h post-infection.
The recruitment and fusion of host vesicles derived from the ER indicates that Le-
gionella has the ability to subvert the transport of host ER membranes.

The process of autophagy, which in mammalian cells has been linked to cel-
lular homeostasis, differentiation, tissue remodeling, development, cancer, neu-
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Fig. 11.1 Model depicting two alternative
pathways for the intracellular trafficking of
Legionella. (A1) Legionella induces autophagy
by injecting effector proteins into the host
cell cytoplasm using the type IV Dot/Icm se-
cretion apparatus. Autophagic membranes
labeled with Atg7 and Atg8 are recruited to
the LCV, remodeling the limiting membrane
into an autophagosome-like compartment
where Legionella replication takes place. (A2)
After a long delay of 16–24 h after infection,
autophagosomes containing Legionella fuse
with lysosomes. (B1) Legionella inject effec-

tor proteins into the host cell cytoplasm
using the type IV Dot/Icm secretion appara-
tus to inhibit transport to lysosomes and di-
rect the recruitment of ER-derived vesicles to
the LCV limiting membrane. Remodeling of
the LCV involves the recruitment of Rab1-
and Sec22b-containing ER-derived vesicles to
the LCV. (B2) Remodeling of the LCV mem-
brane to resemble the ER, including thinning
of the membrane and attachment of ribo-
somes, facilitates bacterial growth and repli-
cation. (This figure also appears with the
color plates).



rodegeneration and myopathies, involves the sequestration of proteins, organ-
elles or organisms into a membrane-bounded compartment derived from host
cell membranes [12]. Autophagy can be divided into several distinct steps [13–
15]. First, cells recognize intracellular and/or extracellular signals that induce
autophagy. Following induction, autophagosome formation proceeds through
the action of a variety of autophagy (Atg) proteins [16, 17]. These proteins direct
the recruitment and fusion of host vesicles to generate a sequestering organelle.
Subsequently, autophagosomes fuse with lysosomes and the breakdown of au-
tophagosomal content completes the process.

The role of autophagy in the establishment of the Legionella RV was first hy-
pothesized based on the ultrastructural similarities between the LCV and au-
tophagosomes [11]. In this chapter we summarize recent studies that suggest a
role for the autophagic pathway in the generation of the Legionella RV and pro-
vide an alternative model (Fig 11.1) that does not invoke an essential role for au-
tophagy in the intracellular growth of Legionella.

11.2
Evidence that Legionella Utilizes the Autophagy Machinery
for Biogenesis of a Replicative Organelle

11.2.1
Induction of Autophagy

The first step in the formation of autophagosomes is the induction of the autop-
hagy machinery [14]. Induction occurs nonselectively when cells sense extracel-
lular cues, such as nutrient starvation or changes in local cytokine concentra-
tions. In response to these signals, double membrane-bound autophagosomes
form and envelop intracellular constituents including cytosol and organelles. Se-
lective autophagy involves activation of the autophagy machinery and incorpora-
tion of specific intracellular cargo into the autophagosome. Selective autophagy
has been described for specific organelles, such as peroxisomes (pexophagy)
[18], and for a number of intracellular bacteria, including Legionella, group A
Streptococcus and Shigella flexneri. Although a role for a bacterial protein in the
induction of autophagy has been described for Shigella [19], the mechanisms by
which the other intracellular organisms induce autophagy remain to be deter-
mined.

It is attractive to speculate that Legionella induces autophagy by injection of ef-
fector substrates into host cells by the Dot/Icm secretion system. Legionella mu-
tants defective in the Dot/Icm system are transported directly from early endo-
some-like phagosomes to lysosomes through the endocytic pathway [20, 21]. In-
terestingly, recent experimental evidence suggests that proteins secreted by Le-
gionella may be capable of inducing autophagy. It was shown that cell-free
supernatants from virulent, but not from a type IV secretion-defective mutant,
dotA, Legionella, were capable of inducing the formation of autophagosomes in
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murine macrophages [22]. Vesicle formation was not induced by supernatants
prepared from Escherichia coli or from noninfectious exponential-phase Legionel-
la. Furthermore, the formation of autophagosomes was limited to bone-marrow-
derived macrophages treated with supernatant fractions containing the 10- to
30-kDa protein species, but not fractions containing protein species of greater
than 30 kDa or less than 10 kDa. Legionella supernatants treated with proteinase
K lost their ability to stimulate autophagosome formation, indicating that the
autophagosome-inducing component in the supernatants was proteinacious in
nature. These data suggest that an unidentified bacterial protein produced by
Legionella has the capacity to induce autophagy in murine macrophages. In fu-
ture work, it will be important to determine if the 10- to 30-kDa Legionella pro-
teins that induce autophagy are proteins secreted via the Dot/Icm apparatus
into the host cell cytosol where they could exert their action in host cells during
infection.

While the data suggest that partially purified proteins from Legionella can in-
duce autophagy in murine macrophages, the induction of autophagy following
infection with Legionella has not been demonstrated. Recruitment of autophagy-
related proteins to internalized Legionella has only been observed when macro-
phages were starved or treated with pharmacological agents to induce autop-
hagy. The observation that purified proteins from Legionella may be capable of
inducing autophagy suggests that following infection, the induction of autopha-
gy may be below the level of detection or it may not be required to establish a
replicative niche in vivo. Identification of the specific Legionella proteins capable
of inducing autophagy in host cells will improve our understanding of the role
of autophagy in Legionella’s intracellular survival and propagation.

11.2.2
Formation of Autophagosomes

After induction, autophagosome formation proceeds through a series of molecu-
lar conjugation reactions leading to the formation of a double membrane-bound
structure. In yeast, the molecular cascade of events leading to the formation of
these macromolecular complexes has been described [15–17, 23]. Two of the
main reactions in autophagosome formation in yeast are the conjugation of an
Atg5–Atg12 complex and the lipidation of Atg8 [microtubule-associated protein
1 light chain 3 (LC3)] to phosphatidylethanolamine. Both these reactions require
the action of Atg7, which acts as an E1-ubiquitin ligase. In mammalian cells,
homologs of many of the yeast autophagy proteins have been identified and the
molecular details of autophagosome assembly closely parallel those described
for yeast [15]. Localization of Atg5, Atg7 and Atg8 is routinely used to analyze
the formation and trafficking of autophagosomes [24–26].

The initiation of autophagy involves the recruitment of the Atg5–Atg12 com-
plex to a membrane-bound compartment referred to as autophagosome precur-
sors, sequestration crescents, phagophores or pre-autophagosome structures
(PAS) [14, 15, 27]. The source of the membranes constituting these autophago-
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somal precursors is a continued topic of dispute. Early morphological studies
suggested that autophagosomal membranes were derived from the ER [28]. Im-
munological labeling experiments demonstrated the absence of plasma mem-
brane, Golgi and endosomal proteins on these membrane structures. In con-
trast, proteins derived from the ER, such as ribophorin II, serum albumin and
�2a-globulin and several ER-specific proteins were localized to autophagosome
membranes [28]. Recently, however, the formation of autophagosomes from
non-ER derived pre-existing autophagosome precursor membranes has been
postulated [26]. Ultrastructural analyses demonstrated that upon the induction
of autophagy, small crescent-shaped membranes labeled with Atg5 expand and
elongate forming first curved, then semi-spherical structures [26]. While the na-
ture of these small precursor membranes has not been determined, it remains
entirely possible that these autophagosomal precursors are ultimately derived
from the ER.

The initial observation suggesting that Legionella utilizes autophagy in the for-
mation of its replicative niche comes from morphological observations of LCVs
early after infection. Ultrastructural and immunofluorescence analyses demon-
strated that smooth vesicles are recruited to the limiting membrane of the LCV,
and flatten and fuse with the vacuole [8, 10]. Legionella has been observed in a
double-membrane-bound compartment [8, 10, 11] morphologically similar to
those surrounding autophagosomes. Furthermore, localization of ER markers
including BIP, calnexin and KDEL to the LCVs suggests that vesicles recruited
to the limiting membrane of the LCVs are derived from the ER [3, 11]. Since en-
closure in an ER-derived double-membrane-bound compartment is the hallmark
of autophagosome formation, these data indicate that LCV are remodeled by a
process that is strikingly similar to autophagy.

To further investigate whether autophagy might play a significant role in es-
tablishment of the Legionella replicative organelle, the effects of demonstrated
activators and inhibitors of autophagy on Legionella intracellular growth were
analyzed. Stimulation or inhibition of autophagy in murine macrophage cells
was followed by infection with Legionella. RV formation and bacterial growth
were measured. In macrophages starved of amino acids to induce autophagy,
the kinetics of Legionella RV formation was more rapid than in non-induced
macrophages. Increased association of LCV with the ER marker, BIP, 3 h post-
infection and increased yields of intracellular bacteria recovered 3 days following
infection were observed in macrophages in which autophagy was induced com-
pared to macrophages cultured in non-inducing conditions [11]. The increased
association of LCVs with ER and increased bacterial loads recovered from starva-
tion-induced cells were modest with 2.5- and 3.5-fold increases, respectively. In
contrast, cells treated with bafilomycin A or 3-methyladenine to inhibit autopha-
gy exhibited decreased Legionella RV formation and increased association of
LCVs with lysosomes compared to non-treated cells [22]. These results suggest
that in the absence of autophagy, the ability of Legionella to create an ER-derived
vacuole is diminished, leading to decreased bacterial survival. Together, experi-
ments using pharmacological agents to manipulate cellular autophagy provide
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additional evidence in support of the theory that Legionella are capable of creat-
ing a RV using the autophagy machinery of the host cell.

11.2.3
Maturation of Autophagosomes and Fusion with Lysosomes

The final stage of autophagosomal trafficking in mammalian cells involves
docking and fusion with late endosomes and lysosomes. The docking and fu-
sion of membrane compartments in mammalian cells utilizes specific Rab and
N-ethylmalemide-sensitive fusion protein attachment receptor (SNARE) proteins
to direct the specificity between compartments. Rab7 and Rab24 have been
shown to play a role in mammalian autophagy [29, 30]. In yeast, several SNARE
proteins, including Vam3, Vam7 and Vti1, have been proposed to facilitate fu-
sion of autophagosomes with the vacuole [31–33]. As additional components re-
quired for fusion are identified, more specific details of the fusion mechanism
between autophagosomes and lysosomes will likely be revealed.

Fusion of autophagosomes with late endosomes and lysosomes results in the
acquisition of hydrolytic enzymes and vacuolar acidification. Both of these activ-
ities are required for the breakdown of the interior vesicles and contents of au-
tophagosomes in the autolysosome [13]. Inhibition of autophagosome–lysosome
fusion by expression of a dominant-negative mutant of SDK1, a AAA ATPase
protein important in late endosomal transport to the lysosomes, demonstrated
that autophagosomes interact with late endosomes prior to fusion with lyso-
somes [34]. Additionally, treatment of cells with Bafilomycin A1, an inhibitor of
the V-ATPase, resulted in the accumulation of autophagosomes and decreased
protein degradation [35]. Microtubule-based vesicular transport also plays a role
in fusion of autophagosomes with both endosomes and lysosomes, since accu-
mulation of cellular proteins and acidified autophagosomes was observed fol-
lowing treatment of cells with the microtubule depolymerizing agent nocodo-
zole [36]. The accumulation of acidified autophagosomes following treatment
with nocodozole suggested that the recruitment of the V-ATPase to autophago-
somes precedes fusion with lysosomes. Taken together, these results suggest
that interactions between autophagosomes and late endosomal compartments
may provide required molecules for autophagosome fusion with lysosomes.

Following this paradigm, the LCVs should fuse with late endosomes and lyso-
somes resulting in acidification of the Legionella RV if these vacuoles are utiliz-
ing the autophagosome trafficking pathway. Consistent with this hypothesis, it
was demonstrated that numerous vacuoles containing replicating Legionella had
a pH of approximately 5.6 at 16–24 h post-infection. In addition, the accumula-
tion of monodansylcadaverine (MDC), a marker of acidic autophagosomes, was
observed in the LCV as early as 6 h post-infection (30% MDC-positive) [37]. Fi-
nally, the acidification of the LCV was inhibited by treatment of cells with Bafi-
lomycin A1. These results demonstrate that the LCV acidifies slowly from 6 to
24 h after infection, similar to the acidification of autophagosomes, albeit with
significantly slower kinetics.
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The fusion of the LCVs with lysosomes was delayed compared to starvation-
induced autophagy. Accumulation of the lysosomal markers, lysosome-asso-
ciated membrane protein type 1 (LAMP-1) and cathepsin D, was observed on
LCVs at 16 h post-infection [38]. Confirmation that LAMP-1- and cathepsin D-
positive LCVs were lysosomal compartments was demonstrated by chasing repli-
cating LCVs into lysosomal compartments labeled with Texas Red-labeled oval-
bumin or dextran. These data demonstrated that at 6 h post-infection, acidifica-
tion of the LCVs could be detected, followed by fusion of LCVs with lysosomes
between 16 and 20 h after infection [38]. One interpretation of these data is that
the LCV is acting as an autophagosome, acidifying and fusing with lysosomes
at very late time points after infection.

11.3
Evidence that the Host Autophagy Machinery
is not Essential for Transport or Growth of Legionella

11.3.1
Dictyostelium discoideum Autophagy Mutants Support Legionella Growth

A remarkable aspect of Legionella biology is the ability of these bacteria to grow
in different eukaryotic hosts by exploiting cellular processes that are conserved
evolutionarily. Although in a human infection Legionella grow within macro-
phages, in nature Legionella grow in a diverse number of different protozoan
hosts. Importantly, it was shown that the ER-derived vacuole in which Legionella
replicates in macrophages is indistinguishable from that observed in a natural
host, such as the amoeba, Dictyostelium discoideum [39–41]. Thus, it was possible
to directly test whether host autophagy machinery is required for Legionella rep-
lication by analyzing bacterial growth in autophagy mutants that were con-
structed in D. discoideum [42]. These data revealed that loss-of-function muta-
tions in atg1, atg5, atg6, atg7 and atg8 had no effect on growth of Legionella, but
as predicted these mutations severely reduced the turnover of host proteins by
the autophagy pathway. In addition, the morphology of the LCV was unchanged
in D. discoideum autophagy mutants when compared to wild-type cells. Addi-
tionally, it was shown that Atg8 was not recruited to the LCVs at detectable lev-
els in D. discoideum. These results indicate that autophagy does not play a sig-
nificant role in the pathogenesis of Legionella in D. discoideum, suggesting that
the autophagy machinery is not essential for biogenesis of the Legionella RV.

11.3.2
Morphological Differences between LCVs and Autophagosomes

Morphologically, the LCV and autophagosome membranes display some notable
differences. First, mitochondria, nuclear membranes and ribosomes have been
observed at various time points following infection attached to the membranes
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encircling internalized Legionella [8, 10]. In contrast, autophagosomes containing
engulfed organelles and host cell cytoplasm have only smooth vesicles localized
to the limiting membranes. Second, ultrastructural analyses of LCV membranes
and their associated vesicles demonstrated that small osmiophilic hair-like pro-
jections exist between the inner LCV membrane and the outer vesicular mem-
branes [10]. These projections are hypothesized to represent connections be-
tween these two compartments. In autophagosomes, no such osmiophilic pro-
jections between membranes have been observed. Third, over time, the thick-
ness of the LCV limiting membrane decreased, thinning from the width of the
plasma membrane to the width of the typical ER membrane [10], suggesting fu-
sion between the attached ER-derived vacuoles and the LCV. In contrast, the
thickness of the isolation membrane of autophagosomes remains constant and
fusion between pre-autophagosomal membranes and membranes of the organ-
elle being engulfed has not been documented. These results suggest that active
remodeling of the LCV membrane continues over time by fusion of the attached
vesicles with the vacuole, reducing the thickness of the LCV membrane to be
consistent with ER membranes. In contrast, autophagosomal membranes elon-
gate to enclose cytosolic content without any alterations in membrane thickness.
These distinctions demonstrate that significant differences between these mem-
brane-bound compartments exist, in particular with regard to the thickness of
the final limiting membranes.

The time course for the remodeling of the LCV and for trafficking to lyso-
somes is significantly longer than that observed for cellular autophagy induced
by rapamycin or amino acid starvation. Induction of autophagy results in the
formation of Atg7-positive compartments as early as 5 min after induction.
Atg7-positive compartments are transient and Atg8-positive compartments be-
come visible within 1 h. In contrast, LCVs have been reported to stain positive
for Atg7 for the first 3 h post-infection [22] and Atg8 accumulation occurred
only after Atg7 diminished approximately 4 h after infection. It has been argued
that this delay represents a “pregnant pause” that may be caused by Legionella
effector proteins that delay the maturation of autophagosomes, thereby allowing
Legionella to replicate prior to delivery to lysosomes [43].

11.3.3
Differences Between Legionella and Other Bacteria
that Utilize Autophagy for Intracellular Survival

Brucella abortus, Porphyromonas gingivalis and Coxiella burnetii are bacterial
pathogens that have been proposed to enter the autophagic pathway at some
point during their intracellular lifecycle. Similar to Legionella, increased Brucella
and Coxiella growth were observed in cells where autophagy was induced and
decreased bacterial loads were detected following inhibition of autophagy [44–
46]. However, in contrast to Legionella, virulent Brucella-containing autophago-
some-like structures did not fuse with lysosomes as determined by the lack of
cathepsin D colocalization with replicating bacteria [44]. Similarly, when Por-
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phyromonas infection of human coronary artery endothelial cells was examined,
clear changes in both the occurrence of autophagosomes and in Atg7
(HsGsa7p) localization were observed [47]. However, no colocalization of cathep-
sin L with Porphyromonas RVs was noted, indicating inhibition of autophago-
some–lysosome fusion. Experimental evidence from the intracellular trafficking
of another bacterial pathogen, Coxiella, demonstrated that although some bacte-
ria are able to utilize the autophagy pathway to create a replicative niche, au-
tophagy is not an absolute requirement for intracellular survival and replication
[46]. Transient expression of dominant-negative mutants of Atg8 and Rab24,
proteins associated with autophagosome formation [30], decreased targeting of
Coxiella to autophagosome-like structures. At late time points, however, infec-
tion recovered to levels similar to those observed in nontransfected control cells.
Results suggested that while autophagy may aid in the establishment of the
Coxiella RV, the ability of Coxiella to survive and multiply is not dependent on
transit through an autophagosome-like compartment.

11.4
Creation of an ER-derived Vacuole that Supports Legionella Replication
by Subversion of the Host Secretory Pathway

An alternative model for how Legionella creates a replicative organelle that does
not rely upon the autophagy machinery of host cells proposes that the LCV ac-
quires membranes and vesicles exiting the host secretory pathway. Acquisition
of secretory vesicles allows Legionella to modify the vacuole into an organelle
that resembles the ER. In this ER-like compartment, Legionella both avoids fu-
sion with lysosomes and obtains the nutrients required for bacterial growth and
replication.

In addition to early electron microscopy studies showing the recruitment of
ribosomes to the Legionella replicative organelle, evidence in support of the LCV
intercepting secretory vesicles exiting the ER comes from studies demonstrating
that host proteins contained in early secretory vesicles, such as BIP and proteins
with the KDEL motif, localized to the LCVs within 30 min of infection [3, 11].
At 10 h post-infection, KDEL staining of the LCVs was lost and vacuoles stained
positive for the resident ER protein calnexin [3]. These results suggested that
ER-derived vesicles containing secretory cargo, such as KDEL-containing pro-
teins, are recruited to the LCVs early after internalization. The appearance of ri-
bosomes on the LCVs [8], which are never observed on autophagosomes, and
the accumulation of the ER-resident protein calnexin at later time points signif-
ied the remodeling of the LCV to an ER-like compartment.

Initial insight into the mechanism by which ER-derived vesicles were re-
cruited to the LCV came from experiments using inhibitors of the secretory
pathway [3, 9]. Prior to infection, pretreatment of cells with Brefeldin A, a fun-
gal metabolite known to inhibit ARF-dependent secretory transport [48], resulted
in decreased RV formation 12 h post-infection and decreased bacterial loads at

11.4 Creation of an ER-derived Vacuole that Supports Legionella Replication 207



24 and 48 h post-infection [3]. Furthermore, expression of Sar1H79G and
Arf1T31N, mutant proteins previously shown to block release of secretory vesi-
cles from the ER [49], also inhibited Legionella RVs formation [3]. These results
established that early secretory vesicles from the ER are important in the forma-
tion of Legionella’s RVs.

The discovery that early secretory transport was important for the establish-
ment of the LCV prompted the investigation into the roles other secretory pro-
teins play in LCV biogenesis. First, the importance of Rab1, the small GTPase
that mediates transport of secretory vesicles from the ER to the Golgi, was ex-
amined. Immunofluorescence analyses of cells infected with wild-type Legionella
demonstrated that Rab1, but not Rab2 or Rab6, was recruited to the LCV early
after infection [9]. Furthermore, expression of a dominant-negative mutant of
Rab1 inhibited intracellular growth of Legionella, whereas the expression of mu-
tant Rab2 and mutant Rab6 had no such effect [9]. Sec22b, a SNARE protein
that normally participates in the fusion of ER-derived vesicles to ERGIC (ER
Golgi intermediate compartment) and Golgi membranes, was also observed on
the LCVs early after infection [9]. Intriguingly, Membrin, rBet and Syntaxin5,
the cognate SNARE binding partners for Sec22b, were not observed with Sec22b
on LCVs, suggesting that other host SNARE proteins or Legionella effector pro-
teins localized to LCVs could provide binding partners for Sec22b. The recruit-
ment of Sec22b to LCVs was inhibited by overexpression of Membrin, which
also inhibited the intracellular growth of Legionella. Membrin-dependent growth
inhibition was reversed by overexpression of Sec22b, and recruitment of Sec22b
to LCVs was demonstrated to be dependent on the relative ratio of Membrin to
Sec22b expressed in transfected cells [9]. These results suggested that titration
of Sec22b off LCVs was associated with the inability of Legionella to establish a
productive RV. Roles for Rab1 and Sec22b in autophagosome formation have
not been reported, and, as such, the importance of Rab1 and Sec22b in the bio-
genesis of Legionella’s RV demonstrates that Legionella modulates the host cell
secretory machinery to form a specialized compartment for replication.

11.5
Conclusion

Although similarities exist between autophagosomes and LCVs, the data to sug-
gest that the trafficking of Legionella utilizes the autophagy pathway in mamma-
lian cells to generate a RV remains inconclusive. The data suggest that when
cells are induced to initiate autophagy by artificial means, LCVs can utilize new-
ly formed autophagosomal membranes to increase the limiting membrane of
their vacuolar compartments. In both Legionella and Coxiella, it is clear that in-
duction of autophagy can enhance bacterial growth, but in neither case is au-
tophagy strictly required for growth. Future experiments to identify Legionella ef-
fector proteins that are translocated into host cells to induce autophagy would
provide support for an autophagy model of Legionella growth. If instead autoph-
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agy is a normal cellular response to infection by Legionella, it would be benefi-
cial to demonstrate increased autophagy gene transcription and/or increased
mRNA for conserved autophagy genes following infection. In this paradigm, ad-
ditional Legionella effector proteins that inhibit or delay the maturation of au-
tophagosomes should be isolated and identified. With the increasing availability
of RNAi, it will also be possible to determine which autophagy proteins play a
role in Legionella intracellular trafficking by directly inhibiting protein produc-
tion. Thus, recently developed methodologies should allow researchers to defini-
tively address the importance of autophagy in Legionella trafficking and intracel-
lular growth in mammalian cells.
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Part III
Autophagy and Viruses



Dorothee Schmid and Christian Münz

12.1
Introduction

Immune control of intracellular pathogens like viruses relies to a large degree
on T cells of the adaptive immune system. In contrast to B cells and their anti-
bodies, T cells scan with their T cell receptor the cell surface for fragments,
which are generated within all body tissues and displayed on major histocom-
patibility complex (MHC) molecules. Detection of a pathogen-derived constitu-
ent leads either to direct destruction of the infected cell or to activation of other
components of the immune system. Classical T cells come in two main flavors
– CD8+ and CD4+ T cells. Both recognize peptides from intracellular or endocy-
tosed proteins after presentation on MHC class I and II molecules, respectively.
However, these peptides are generated by distinct proteolytic systems within
cells. MHC class I ligands are primarily produced by proteasomes, whereas
MHC class II ligands originate mainly from lysosomal degradation. Access to
these proteolytic compartments determines how efficiently T cells detect viral
antigens and, therefore, an understanding of these antigen-processing pathways
is crucial to our understanding of successful versus insufficient immune re-
sponses as well as vaccine development.

In this chapter we summarize recent evidence that autophagy contributes to
CD4+ T cell immunity via delivery of antigens for MHC class II presentation.
We will outline the canonic pathways of MHC class I and II antigen processing.
Furthermore, we discuss viral antigens that gain access to MHC class II loading
within cells and which pathways have been implicated in their processing.
Moreover, we highlight autophagy substrates that get presented on MHC class
II, and point out similarities between source proteins of MHC class II ligands
and autophagy substrates. In addition, we discuss where MHC class II loading
of autophagy substrates might occur in cells. Finally, we speculate how this
pathway might be generally involved in the immune control of viral infections
and how it might be harnessed for enhanced MHC class II presentation of viral
antigens in vaccination strategies.
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12.2
Classical Pathways of Antigen Processing for MHC Presentation

MHC class I and II molecules, the two main categories of T cell restriction ele-
ments, are loaded with their peptide cargo in different cytoplasmic locations [1].
Furthermore, MHC class I and II ligands are generated by distinct proteolytic
events. Antigens for MHC class I presentation are primarily degraded by protea-
somes – large multicatalytic proteases found in cytosol and nucleus [2]. Access
to proteasomal degradation is primarily regulated via ubiquitinylation of its sub-
strates and this degradation pathway regulates mainly short-lived proteins [3].
One group of short-lived proteasomal substrates that has recently received a lot
of attention are the so-called defective ribosomal products (DRiPs), which are
degraded by the ubiquitin–proteasome system immediately after misfolding or
premature termination of their translation [4]. Degradation of short-lived patho-
genic products for MHC class I presentation enables the immune system to de-
tect pathogenic determinants rapidly after infection. Proteasomal products, pri-
marily peptides of below 10 amino acids length, are then translocated via the
transporter associated with antigen processing (TAP) into the endoplasmic reti-
culum (ER), where they meet newly synthesized MHC class I molecules, which
are cotranslationally inserted into the ER membrane. Within the MHC class I
loading complex in the ER, which contains chaperones, aminopeptidases and
thiol oxidoreductases, primarily octamer or nonamer peptides are loaded onto
MHC class I molecules [5]. Stably associated MHC class I/peptide complexes
are then exported to the cell membrane via the Golgi apparatus. As MHC class
I ligands are mainly generated in a TAP- and proteasome-dependent fashion,
they are thought to mainly originate from cytosolic and nuclear source proteins.

MHC class II ligands, however, are thought to primarily originate from extra-
cellular antigens after endocytosis and degradation in lysosomes [1]. Newly
synthesized MHC class II molecules associate in the ER with a chaperone called
invariant chain (Ii), which blocks the MHC class II peptide-binding groove and
with its cytosolic targeting signal directs MHC class II molecules to the MHC
class II loading compartment, which consists of late endosomes [6]. In these
late endosomes Ii is degraded by lysosomal proteases and the remaining peptide
[class II-associated peptide (CLIP)] is replaced by lysosomal products under the
influence of the nonclassical MHC class II molecule and chaperone HLA-DM/
H2-M [7]. Assembled MHC class II/peptide complexes then migrate to the cell
surface for surveillance by CD4+ T cells.

These classical MHC antigen-processing pathways suggest that intracellular
antigens get preferentially presented on MHC class I, while extracellular anti-
gens are the main source of MHC class II ligands. However, both the elution of
natural ligands from MHC class II molecules and the analysis of the processing
requirements for several CD4+ T cell epitopes revealed that intracellular pro-
teins, including important viral antigens, gain access to MHC class II presenta-
tion.
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12.3
Endogenous MHC Class II Antigen Processing of Viral Antigens

Initial evidence that intracellular antigens gain access to MHC class II presenta-
tion came from acid extractions of natural MHC class II ligands. The analysis
of eluted peptides from immunoaffinity purified MHC class II molecules of
mouse and human macrophages and B cells, including Epstein–Barr virus
(EBV)-transformed human B cell lines, revealed that the majority of MHC class
II ligands were derived from intracellular proteins [8]. While most ligands were
found to originate from membrane and secretory proteins, around 20% were
found to have nuclear and cytosolic sources [9–11]. These studies suggested that
intracellular proteins gain access to MHC class II presentation by one or more
nonclassical endogenous antigen-processing pathways.

These findings were supported when CD4+ T cell recognition after endoge-
nous MHC class II antigen processing was found for several viral antigens
(Tab. 12.1). Initially measles virus matrix and nucleocapsid proteins were deter-
mined to be presented on HLA-DR molecules to CD4+ T cells after transfection
of human fibroblasts [12]. Furthermore, endogenous MHC class II antigen pro-
cessing was characterized for influenza matrix protein (M1) [13, 14] and hemag-
glutinin [15, 16] in human HLA-DR-transfected HeLa cervical carcinoma cells or
EBV-transformed B cells. In addition, hepatitis C virus core protein was found
to be presented to CD4+ T cells after intracellular antigen processing in human
EBV-transformed B cells [17]. Moreover, the ER-restricted glycoprotein Gpt of ve-
sicular stomatitis virus followed endogenous MHC class II antigen processing
in the murine A20 B cell lymphoma cell line [18]. Finally, the nuclear antigen 1
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Table 12.1 Viral proteins processed endogenously onto MHC class II

Antigen Localization Cell type References

Measles virus matrix protein cytosol HLA-DR-transfected
fibroblasts

12

Measles virus nucleocapsid
protein

cytosol HLA-DR-transfected
fibroblasts

12

Influenza A virus matrix
protein 1

cytosol,
nucleus

B cells 13, 14, 26

Influenza A virus
hemagglutinin

cytosol, ER HLA-DR-transfected
HeLa cells, B cells

15, 16

Hepatitis C virus core
protein

cytosol B cells 17

Vesicular stomatitis virus
ER-restricted protein Gpt

ER B cells 18

EBNA1 nucleus B cells 27



of EBV (EBNA1) was found to sensitize human EBV-transformed B cell lines
for CD4+ T cell recognition [19, 20]. From these examples it becomes clear that
important viral antigens are presented on MHC class II molecules to CD4+ T
cells after endogenous processing.

The analysis of characteristic processing steps revealed that at least four dis-
tinct endogenous MHC class II antigen-processing pathways exist [21]. First,
newly synthesized MHC class II molecules can associate with secreted or mem-
brane proteins, such as influenza hemagglutinin [16], and travel together to
MHC class II loading compartments, where the respective antigens are pro-
cessed and loaded onto MHC class II ligands. Second, MHC class II ligands
can be generated by the classical MHC class I antigen-processing pathway [15].
Exogenous influenza hemagglutinin and neuraminidase follow this route in
dendritic cells after escape from endosomes [22]. Third, cytosolic antigens can
gain access to MHC class II loading in a TAP-independent, but proteasome-de-
pendent pathway, thought to involve peptide transport directly into lysosomes
[23, 24]. Recently, lysosome-associated membrane protein type 2A (LAMP-2A),
the transporter of chaperone-mediated autophagy, was suggested to mediate this
antigenic peptide import into lysosomes [25]. However, no viral- or pathogen-de-
rived protein has been found so far to follow this pathway. As a fourth endoge-
nous MHC class II antigen-processing pathway, TAP- and proteasome-indepen-
dent processing of endogenous antigens in lysosomes was found to lead to
MHC class II antigen processing. Two viral antigens have so far been described
to follow this pathway – M1 [14, 26] and EBNA1 [27]. For at least one of them,
EBNA1, macroautophagy contributes to the delivery of the antigen to lysosomal
degradation, followed by MHC class II presentation to CD4+ T cells. It is con-
ceivable that the three latter pathways (proteasome- and TAP-dependent, protea-
some-dependent/TAP-independent, and proteasome- and TAP-independent)
generate the 20% of natural MHC class II ligands of cytosolic and nuclear ori-
gin [10].

12.4
Autophagic Delivery of Antigens for Lysosomal Degradation
and MHC Class II Presentation

Six antigens have so far been shown to use autophagy pathways for their pre-
sentation on MHC class II. Two autoantigens, glutamate decarboxylase and mu-
tated human immunoglobulin � chain (SMA), were more efficiently presented
to CD4+ T cells upon LAMP-2A overexpression [25]. Since LAMP-2A is the
transporter involved in chaperone-mediated autophagy [28, 29], this autophagic
pathway was suggested to deliver proteasomal products of autoantigens to MHC
class II loading compartments for presentation to CD4+ T cells (Fig. 12.1). The
other autophagic pathway implicated in endogenous MHC class II antigen pro-
cessing is macroautophagy. Neomycin phosphotransferase II [30], complement
C5 [31], MUC1 [32] and EBNA1 [27] have been described to be presented on
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MHC class II after macroautophagy (Fig. 12.1). In all of these studies, inhibitors
of class III phosphatidylinositol-3-kinases (PI3Ks) like 3-methyladenine (3-MA)
and wortmannin have been used to inhibit autophagosome formation and to
downregulate CD4+ T cell recognition of the respective antigen. For EBNA1, lo-
calization of the antigen in autophagosomes was demonstrated in deconvolution
immunofluorescence and immune electron microcopy. CD4+ T cell recognition
of EBNA1 could in addition to inhibition by 3-MA also be downregulated by
RNA interference against atg12, an essential autophagy gene. The studies de-
scribed above implicate two autophagic pathways, i.e. macroautophagy and
chaperone-mediated autophagy, in the endogenous MHC class II antigen pro-
cessing and CD4+ T cell recognition of B cells, dendritic cells and macrophages.

For EBV-transformed B cell lines (LCLs) autophagy has also been demon-
strated to generate natural MHC class II ligands. In biochemical studies HLA-
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Fig. 12.1 Macroautophagy and chaperone-
mediated autophagy target antigens to MHC
class II loading compartments. During
macroautophagy an isolation membrane en-
gulfs cytoplasmic constituents and delivers
them to late endosomes, which are equipped
with the MHC class II antigen-loading ma-
chinery. MHC class II is transported to this
compartment from the ER under the guidance
of the Ii. HLA-DM/H2-M, a nonclassical MHC
class II molecule and chaperone, reaches this
compartment also from the ER and replaces
the proteolytic peptide product of Ii (CLIP)

with antigenic peptides that are generated
from autophagy substrates by lysosomal pro-
teases in the MHC class II loading compart-
ment. Chaperone-mediated autophagy prob-
ably directly imports antigens into the same
MHC class II loading vesicles for processing
onto MHC class II. Cytosolic and endosomal
forms of Hsc70 chaperones assist LAMP-2A
during the peptide or protein transport in
this form of autophagy. MHC class II mole-
cules associated with high-affinity peptide li-
gands then travel to the cell surface for im-
mune surveillance by CD4+ T cells.



DR ligands were characterized with and without autophagy induction by starva-
tion [11]. After 24 h of autophagy induction peptide presentation on MHC class
II from intracellular and lysosomal proteins rose by 50%, while ligands derived
from membrane and secreted proteins remained constant. Three cytosolic/nu-
clear proteins (eukaryotic translation elongation factor 1�, ubiquitin protein li-
gase NEDD4La and RAD23 homolog B nucleotide excision repair protein) and
one lysosomal protein (cathepsin D) were most dramatically upregulated in
their presentation on HLA-DR. In addition to MHC class II ligand induction
upon starvation, the same study found two peptides of the autophagosome-asso-
ciated protein Atg8/microtubule-associated protein 1 light chain 3 (LC3) pre-
sented on HLA-DR of LCLs cultured under nutrient-rich conditions. Therefore,
Atg8/LC3, which is coupled to autophagosome membranes and partially de-
graded with autophagy substrates, is processed onto MHC class II under steady-
state conditions. This study suggested that autophagy delivers cytoplasmic anti-
gens for MHC class II presentation constitutively and in an enhanced manner
upon starvation.

12.5
Similarities Between Sources of MHC Class II Ligands and Autophagy Substrates

Autophagic delivery seems to allow cytosolic and nuclear antigens to gain access
to MHC class II presentation. Therefore, immune surveillance of intracellular
antigens seems not to be exclusively the domain of CD8+ T cells. Since antigen
localization is not the decisive factor for MHC class I versus class II presenta-
tion anymore, the question arises which protein features target antigens primar-
ily for CD8+ versus CD4+ T cell recognition. One possibility is that the character-
istics of proteasome and lysosome substrates overlap with the qualities targeting
preferentially for MHC class I and class II loading, respectively. Proteasome
substrates are primarily short-lived proteins [3] and one class of short-lived pro-
teins, i.e. cyclins, was frequently found to be the source of natural MHC class I,
but so far not of MHC class II ligands [33]. Conversely, autophagy substrates
destined for lysosomal proteolysis have been reported to be mainly long-lived
(t1/2 > 30 min) [34], e.g. glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
with its estimated half-life of 130 h is a representative of this protein category
[35]. GAPDH was found to be both a substrate of chaperone-mediated autopha-
gy [36] and to be contained in autophagosomes [37]. Consistent with long-lived
autophagy substrates being presented on MHC class II are the reports of natu-
ral HLA class II ligands of GAPDH that have been isolated from four different
HLA-DR and -DQ alleles by different investigators [8, 38, 39]. So far no natural
MHC class I ligands of GAPDH have been found. Supporting this analysis,
half-life modification of the M1 influenced its MHC class I versus class II pre-
sentation [26]. Long-lived wild-type M1 (t1/2 = 5 h) gets endogenously processed
both for MHC class I and II presentation. Shortening the half-life to 10 min
abolished endogenous MHC class II presentation to CD4+ T cells of M1, but
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maintained CD8+ T cell recognition. Along these lines EBNA1 is recognized by
CD4+ T cells after endogenous MHC class II processing involving autophagy
[27]. EBNA1 is a very long-lived protein (t1/2 > 20 h in EBV transformed B cells)
due to its glycine–alanine repeat (GA) domain, which inhibits rapid degradation
of EBNA1 by proteasomes [40]. When the GA domain is removed, EBNA1’s
half-life shortens and CD8+ T cell recognition of EBV-transformed B cells is in-
creased 4-fold [41]. Finally, DRiPs are rapidly turned over by proteasomes and
contribute substantially to MHC class I ligand pools [42, 43]. Taken together
these studies suggest that long-lived cytosolic and nuclear antigens are preferen-
tially targeted for MHC class II presentation via autophagy and short-lived pri-
marily for loading onto MHC class I.

How might protein half-life influence the degradation pathways of proteins?
One possible mechanism could be that long-lived proteins preferentially gain ac-
cess to protein aggregates in cells, which then in turn serve as autophagy sub-
strates. There is so far little evidence for this hypothesis. However, in the autoph-
agy-related cytosol-to-vacuole (Cvt) pathway in yeast, aminopeptidase I is trans-
ported to the vacuole, the lysosome-equivalent in yeast, in a double-membrane-
coated vesicle only after its proenzyme aggregates to dodecamers in the cytosol
[44]. Furthermore, disruption of the essential autophagy gene Atg5 leads to the ac-
cumulation of protein aggregates in mouse embryonic fibroblasts [45]. Such pro-
tein aggregates containing polyglutamine and polyalanine harboring proteins get
degraded by autophagy in vitro in COS-7 cells and in vivo in mice and flies [46, 47].
Finally, the autophagy-linked FYVE protein (Alfy) localizes to ubiquitin-containing
protein aggregates, which are partially targeted to autophagosomes [48]. All these
studies suggest that protein aggregates might be preferentially cleared by autop-
hagy. However, why long-lived proteins might be selectively incorporated into pro-
tein aggregates and how these are recognized by the autophagy machinery re-
mains unclear, requiring additional studies in the future.

12.6
Overlap Between the Vesicular Transport Pathways of Autophagosomes
and MHC Class II Loading Compartments

Two lines of cell biological evidence suggest that autophagosomes deliver their
cargo to MHC class II loading compartments. First, autophagosomes morpho-
logically resemble MHC class II loading vesicles. These cellular compartments,
in which the Ii is degraded and MHC class II is loaded with high-affinity anti-
genic peptides under the influence of the nonclassical MHC class II molecule
HLA-DM/H2-M [1], have been described to be multivesicular or multilamellar
in morphology (Fig. 12.1) [49]. Isolated autophagosomes display a similar phe-
notype with multiple intravesicular membranes [50, 51]. In addition, multila-
mellar body development was found to depend on autophagy in lung epithelial
cells [52]. Therefore, autophagosomes might contribute intravesicular mem-
branes to MHC class II loading compartments.
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Autophagosomes have also been described to fuse with late endosomes [53,
54], which in professional antigen-presenting cells are equipped with the MHC
class II antigen loading machinery [55]. Fusion products of autophagosomes
and late endosomes, so-called amphisomes, were found to contain colloidal
gold-loaded endosomes and gold-negative, double-membrane-coated autophago-
somes. These amphisomes could be stabilized by inhibition of lysosomal degra-
dation. These studies suggest that autophagosomes frequently target their cargo
to late endosomes, which in B cells, macrophages and dendritic cells are
equipped with the machinery for MHC class II loading.

12.7
Possible Functions of MHC Class II Presentation after Autophagy
in the Immune Control of Viral Infections

The above studies on autophagy in endogenous MHC class II antigen proces-
sing have so far primarily focused on classical antigen-presenting cells like B
cells [11, 25, 27, 30], macrophages [31] and dendritic cells [32]. However, this
pathway might be even more important for cells with limited endocytic capacity.
In support of this hypothesis, thymic cortical epithelial cells have been found to
show a high level of constitutive macroautophagy in mice, in which autophago-
somes were selectively visualized via a transgene encoding for Green Fluores-
cent Protein (GFP)-tagged Atg8/LC3 [56]. Cortical epithelial cells are capable of
mediating positive selection of T lymphocytes in the thymus, including CD4+ T
cells that have to be educated on MHC class II [57]. Since thymic cortical
epithelial cells are only weakly phagocytic, endogenous MHC class II antigen
processing might play a major role in loading MHC class II molecules for posi-
tive selection of CD4+ T cells and autophagy might contribute self-antigens for
this positive T cell selection.

In addition to constitutive MHC class II expression on some cell types with low
endocytic capacity, such as thymic cortical epithelial cells, it is also upregulated
on many tissues after inflammation [58]. Mediated primarily by interferon-�,
endothelial and epithelial tissues upregulate MHC class II after inflammation.
In addition, nearly all activated human lymphocytes display HLA class II on
their cell surface. Since endocytosis is not increased by these treatments, a sub-
stantial proportion of MHC class II molecules on these tissues might be loaded
with intracellular antigens after endogenous antigen processing. Immune sur-
veillance of intracellular pathogens by this pathway might provide T cell help
for adaptive immune responses and evoke direct effector functions of CD4+ T
cells against infected cells. Specifically, CD4+ T cell help has been reported to be
essential for the maintenance of protective CD8+ T cell responses [59, 60]. In
various viral infections, CD4+ T cells have also been found to directly lyse in-
fected cells [20, 61] and mediate immune control on their own [62–66]. There-
fore, endogenous MHC class II processing after autophagy at sites of inflamma-
tion might enhance CD4+ T cell help and elicit antiviral effector mechanisms.
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Long-lived autophagy substrates could complement immune surveillance by
CD8+ T cells, primarily focusing on short-lived antigens degraded by protea-
somes.

12.8
Future Directions of Research into Endogenous MHC Class II Antigen Processing

The novel endogenous MHC class II processing pathways via autophagy pro-
mise to allow a better understanding of immune surveillance by CD4+ T cells
and should be targeted for enhanced presentation of antigens on MHC class II.
For both purposes the autophagic delivery of antigens has to be characterized in
more detail. Currently, there are two main challenges in our understanding of
substrate selection for autophagy. One is the characterization of autophagy sub-
strates. The preferential degradation of long-lived proteins and damaged cell or-
ganelles by lysosomes after autophagy suggests that autophagosomes not just
unspecifically engulf cytosolic material. The characterization of more substrates
for this degradation pathway should allow us to define features of proteins that
render them susceptible to autophagic degradation. The second challenge is
how constituents of other cellular compartments gain access to this pathway. In
this respect, nuclear antigens like EBNA1 might either be exported from the
nucleus prior to MHC class II antigen processing via autophagy or engulfed
into autophagosomes before they can reach the nucleus. In addition, Mycobacte-
rium tuberculosis (Mtb) containing phagosomes have been found to fuse with au-
tophagosomes [67] and apart from hydrolytic destruction this might lead to
MHC class II presentation of Mtb constituents. Characterization of the mecha-
nisms that make noncytosolic antigens accessible to autophagy will allow us to
understand which antigens can be surveilled by CD4+ T cells after endogenous
MHC class II antigen processing via autophagy.

Furthermore, autophagy can be targeted for enhanced MHC class II presenta-
tion of antigens. Two autophagy pathways, i.e. macroautophagy [27] and chaper-
one-mediated autophagy [25], have been implicated in endogenous MHC class
II antigen processing and should be harnessed for efficient antigen display by
MHC class II. Known autophagy substrates or, once the import characteristics
into autophagosomes have been defined, domains of these can be fused to the
antigen of choice to enhance endogenous MHC class II antigen processing and
increase CD4+ T cell recognition. Hybrid antigens constructed in this fashion
can then be delivered to antigen-presenting cells with viral vectors for immuni-
zations. One can envision that the same antigen, targeted for MHC class I and
class II presentation with two hybrid proteins could be incorporated into a vac-
cine for optimal CD8+ and CD4+ T cell stimulations to achieve comprehensive
immune control and long-lasting immune memory.
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12.9
Summary

Endogenous MHC class II antigen processing has been demonstrated for some
antigens of influenza, measles, hepatitis C, vesicular stomatitis and EBV. For
EBNA1, macroautophagy has been shown to contribute to antigen delivery for
HLA class II presentation. These findings raise the possibility that long-lived
proteins, which are preferentially degraded by autophagy, give rise to MHC class
II ligands, including viral antigens relevant to disease. CD4+ T cell recognition
of antigens displayed by this pathway can contribute to antiviral immune con-
trol by assisting adaptive immunity and target infected cells directly. The antigen
characteristics targeting this pathway should be defined in more detail in order
to harness them for targeting of viral and tumor proteins for enhanced MHC
class II presentation.

Acknowledgments

We thank the National Cancer Institute (R01CA108609), the Arnold and Mabel
Beckman Foundation, and the Alexandrine and Alexander Sinsheimer Founda-
tion for supporting our research (to C.M.). D.S. is recipient of a Predoctoral Fel-
lowship from the Schering Foundation.

12 Endogenous Major Histocompatibility Complex Class II Antigen Processing of Viral Antigens222

References

1 Trombetta ES, Mellman I. 2005. Cell
biology of antigen processing in vitro and
in vivo. Annu Rev Immunol 23, 975–1028.

2 Kloetzel PM. 2001. Antigen processing
by the proteasome. Nat Rev Mol Cell Biol
2, 179–187.

3 Ciechanover A, Finley D, Varshavsky A.
1984. Ubiquitin dependence of selective
protein degradation demonstrated in the
mammalian cell cycle mutant ts85. Cell
37, 57–66.

4 Yewdell JW, Reits E, Neefjes J. 2003.
Making sense of mass destruction: quan-
titating MHC class I antigen presenta-
tion. Nat Rev Immunol 3, 952–961.

5 Shastri N, Schwab S, Serwold T. 2002.
Producing nature’s gene-chips: the gen-
eration of peptides for display by MHC
class I molecules. Annu Rev Immunol 20,
463–493.

6 Bryant P, Ploegh H. 2004. Class II MHC
peptide loading by the professionals.
Curr Opin Immunol 16, 96–102.

7 Busch R, Doebele RC, Patil NS, Pashine
A, Mellins ED. 2000. Accessory mole-
cules for MHC class II peptide loading.
Curr Opin Immunol 12, 99–106.

8 Rammensee H-G, Bachman J, Stevano-
vic S. 1997. MHC Ligands and Peptide
Motifs. Austin, TX: Springer/Landes
Bioscience.

9 Chicz RM, Urban RG, Gorga JC, Vignali
DA, Lane WS, Strominger JL. 1993.
Specificity and promiscuity among natu-
rally processed peptides bound to HLA-
DR alleles. J Exp Med 178, 27–47.

10 Dongre AR, Kovats S, deRoos P, McCor-
mack AL, Nakagawa T, Paharkova-Vatch-
kova V, Eng J, Caldwell H, Yates JR, 3rd.,
Rudensky AY. 2001. In vivo MHC class
II presentation of cytosolic proteins re-
vealed by rapid automated tandem mass
spectrometry and functional analyses.
Eur J Immunol 31, 1485–1494.

11 Dengjel J, Schoor O, Fischer R, Reich M,
Kraus M, Muller M, Kreymborg K, Al-



References 223

tenberend F, Brandenburg J, Kalbacher
H, Brock R, Driessen C, Rammensee HG,
Stevanovic S. 2005. Autophagy promotes
MHC class II presentation of peptides
from intracellular source proteins. Proc
Natl Acad Sci USA 102, 7922–7927.

12 Jacobson S, Sekaly RP, Jacobson CL,
McFarland HF, Long EO. 1989. HLA
class II-restricted presentation of cyto-
plasmic measles virus antigens to cyto-
toxic T cells. J Virol 63, 1756–1762.

13 Nuchtern JG, Biddison WE, Klausner
RD. 1990. Class II MHC molecules can
use the endogenous pathway of antigen
presentation. Nature 343, 74–76.

14 Jaraquemada D, Marti M, Long EO.
1990. An endogenous processing path-
way in vaccinia virus-infected cells for
presentation of cytoplasmic antigens to
class II-restricted T cells. J Exp Med 172,
947–954.

15 Malnati MS, Marti M, LaVaute T, Jara-
quemada D, Biddison W, DeMars R,
Long EO. 1992. Processing pathways for
presentation of cytosolic antigen to
MHC class II-restricted T cells. Nature
357, 702–704.

16 Aichinger G, Karlsson L, Jackson MR,
Vestberg M, Vaughan JH, Teyton L,
Lechler RI, Peterson PA. 1997. Major
histocompatibility complex class II-de-
pendent unfolding, transport, and degra-
dation of endogenous proteins. J Biol
Chem 272, 29127–29136.

17 Chen M, Shirai M, Liu Z, Arichi T, Taka-
hashi H, Nishioka M. 1998. Efficient
class II major histocompatibility complex
presentation of endogenously synthe-
sized hepatitis C virus core protein by
Epstein–Barr virus-transformed B-lym-
phoblastoid cell lines to CD4+ T cells. J
Virol 72, 8301–8308.

18 Bartido SM, Diment S, Reiss CS. 1995.
Processing of a viral glycoprotein in the
endoplasmic reticulum for class II pre-
sentation. Eur J Immunol 25, 2211–2219.

19 Münz C, Bickham KL, Subklewe M,
Tsang ML, Chahroudi A, Kurilla MG,
Zhang D, O’Donnell M, Steinman RM.
2000. Human CD4+ T lymphocytes con-
sistently respond to the latent Epstein–
Barr virus nuclear antigen EBNA1. J Exp
Med 191, 1649–1660.

20 Paludan C, Bickham K, Nikiforow S,
Tsang ML, Goodman K, Hanekom WA,
Fonteneau JF, Stevanovic S, Münz C.
2002. EBNA1 specific CD4+ Th1 cells kill
Burkitt’s lymphoma cells. J Immunol
169, 1593–1603.

21 Lechler R, Aichinger G, Lightstone L.
1996. The endogenous pathway of MHC
class II antigen presentation. Immunol
Rev 151, 51–79.

22 Tewari MK, Sinnathamby G, Rajagopal
D, Eisenlohr LC. 2005. A cytosolic path-
way for MHC class II-restricted antigen
processing that is proteasome and TAP
dependent. Nat Immunol 6, 287–294.

23 Lich JD, Elliott JF, Blum JS. 2000. Cyto-
plasmic processing is a prerequisite for
presentation of an endogenous antigen by
major histocompatibility complex class II
proteins. J Exp Med 191, 1513–1524.

24 Dani A, Chaudhry A, Mukherjee P, Raja-
gopal D, Bhatia S, George A, Bal V, Rath
S, Mayor S. 2004. The pathway for
MHCII-mediated presentation of endog-
enous proteins involves peptide transport
to the endo-lysosomal compartment. J
Cell Sci 117, 4219–4230.

25 Zhou D, Li P, Lott JM, Hislop A, Cana-
day DH, Brutkiewicz RR, Blum JS. 2005.
Lamp-2a facilitates MHC class II presen-
tation of cytoplasmic antigens. Immunity
22, 571–581.

26 Gueguen M, Long EO. 1996. Presenta-
tion of a cytosolic antigen by major his-
tocompatibility complex class II mole-
cules requires a long-lived form of the
antigen. Proc Natl Acad Sci USA 93,
14692–14697.

27 Paludan C, Schmid D, Landthaler M,
Vockerodt M, Kube D, Tuschl T, Münz
C. 2005. Endogenous MHC class II pro-
cessing of a viral nuclear antigen after
autophagy. Science 307, 593–596.

28 Cuervo AM, Dice JF. 1996. A receptor
for the selective uptake and degradation
of proteins by lysosomes. Science 273,
501–503.

29 Cuervo AM, Dice JF. 2000. Unique prop-
erties of lamp2a compared to other
lamp2 isoforms. J Cell Sci 113, 4441–
4450.

30 Nimmerjahn F, Milosevic S, Behrends
U, Jaffee EM, Pardoll DM, Bornkamm



12 Endogenous Major Histocompatibility Complex Class II Antigen Processing of Viral Antigens224

GW, Mautner J. 2003. Major histocom-
patibility complex class II-restricted pre-
sentation of a cytosolic antigen by au-
tophagy. Eur J Immunol 33, 1250–1259.

31 Brazil MI, Weiss S, Stockinger B. 1997.
Excessive degradation of intracellular
protein in macrophages prevents presen-
tation in the context of major histocom-
patibility complex class II molecules. Eur
J Immunol 27, 1506–1514.

32 Dörfel D, Appel S, Grunebach F, Weck
MM, Muller MR, Heine A, Brossart P.
2005. Processing and presentation of
HLA class I and II epitopes by dendritic
cells after transfection with in vitro tran-
scribed MUC1 RNA. Blood 105, 3199–
3205.

33 Rammensee H, Bachmann J, Emmerich
NP, Bachor OA, Stevanovic S. 1999.
SYFPEITHI: database for MHC ligands
and peptide motifs. Immunogenetics 50,
213–219.

34 Henell F, Berkenstam A, Ahlberg J,
Glaumann H. 1987. Degradation of
short- and long-lived proteins in per-
fused liver and in isolated autophagic
vacuoles – lysosomes. Exp Mol Pathol 46,
1–14.

35 Dice JF, Goldberg AL. 1975. A statistical
analysis of the relationship between de-
gradative rates and molecular weights of
proteins. Arch Biochem Biophys 170, 213–
219.

36 Aniento F, Roche E, Cuervo AM, Knecht
E. 1993. Uptake and degradation of gly-
ceraldehyde-3-phosphate dehydrogenase
by rat liver lysosomes. J Biol Chem 268,
10463–10470.

37 Fengsrud M, Raiborg C, Berg TO,
Stromhaug PE, Ueno T, Erichsen ES, Se-
glen PO. 2000. Autophagosome-asso-
ciated variant isoforms of cytosolic en-
zymes. Biochem J 352, 773–781.

38 Friede T, Gnau V, Jung G, Keilholz W,
Stevanovic S, Rammensee HG. 1996.
Natural ligand motifs of closely related
HLA-DR4 molecules predict features of
rheumatoid arthritis associated peptides.
Biochim Biophys Acta 1316, 85–101.

39 Harris PE, Maffei A, Colovai AI, Kinne
J, Tugulea S, Suciu-Foca N. 1996. Pre-
dominant HLA-class II bound self-pep-
tides of a hematopoietic progenitor cell

line are derived from intracellular pro-
teins. Blood 87, 5104–5112.

40 Levitskaya J, Sharipo A, Leonchiks A,
Ciechanover A, Masucci MG. 1997. Inhi-
bition of ubiquitin/proteasome-depen-
dent protein degradation by the Gly-Ala
repeat domain of the Epstein–Barr virus
nuclear antigen 1. Proc Natl Acad Sci
USA 94, 12616–12621.

41 Lee SP, Brooks JM, Al-Jarrah H, Thomas
WA, Haigh TA, Taylor GS, Humme S,
Schepers A, Hammerschmidt W, Yates
JL, Rickinson AB, Blake NW. 2004. CD8
T cell recognition of endogenously ex-
pressed Epstein–Barr virus nuclear anti-
gen 1. J Exp Med 199, 1409–1420.

42 Reits EA, Vos JC, Gromme M, Neefjes J.
2000. The major substrates for TAP in
vivo are derived from newly synthesized
proteins. Nature 404, 774–778.

43 Schubert U, Anton LC, Gibbs J, Norbury
CC, Yewdell JW, Bennink JR. 2000. Rap-
id degradation of a large fraction of new-
ly synthesized proteins by proteasomes.
Nature 404, 770–774.

44 Kim J, Klionsky DJ. 2000. Autophagy, cy-
toplasm-to-vacuole targeting pathway,
and pexophagy in yeast and mammalian
cells. Annu Rev Biochem 69, 303–342.

45 Yoshimori T. 2004. Autophagy: a regu-
lated bulk degradation process inside
cells. Biochem Biophys Res Commun 313,
453–458.

46 Ravikumar B, Vacher C, Berger Z, Da-
vies JE, Luo S, Oroz LG, Scaravilli F,
Easton DF, Duden R, O’Kane CJ, Ru-
binsztein DC. 2004. Inhibition of mTOR
induces autophagy and reduces toxicity
of polyglutamine expansions in fly and
mouse models of Huntington disease.
Nat Genet 36, 585–595.

47 Ravikumar B, Duden R, Rubinsztein
DC. 2002. Aggregate-prone proteins with
polyglutamine and polyalanine expan-
sions are degraded by autophagy. Hum
Mol Genet 11, 1107–1117.

48 Simonsen A, Birkeland HC, Gillooly DJ,
Mizushima N, Kuma A, Yoshimori T,
Slagsvold T, Brech A, Stenmark H. 2004.
Alfy, a novel FYVE-domain-containing
protein associated with protein granules
and autophagic membranes. J Cell Sci
117, 4239–4251.



References 225

49 Zwart W, Griekspoor A, Kuijl C, Mars-
man M, van Rheenen J, Janssen H, Cala-
fat J, van Ham M, Janssen L, van Lith
M, Jalink K, Neefjes J. 2005. Spatial sep-
aration of HLA-DM/HLA-DR interactions
within MIIC and phagosome-induced
immune escape. Immunity 22, 221–233.

50 Fengsrud M, Erichsen ES, Berg TO, Rai-
borg C, Seglen PO. 2000. Ultrastructural
characterization of the delimiting mem-
branes of isolated autophagosomes and
amphisomes by freeze-fracture electron
microscopy. Eur J Cell Biol 79, 871–882.

51 Stromhaug PE, Berg TO, Fengsrud M,
Seglen PO. 1998. Purification and char-
acterization of autophagosomes from rat
hepatocytes. Biochem J 335, 217–224.

52 Lajoie P, Guay G, Dennis JW, Nabi IR.
2005. The lipid composition of autophagic
vacuoles regulates expression of multila-
mellar bodies. J Cell Sci 118, 1991–2003.

53 Berg TO, Fengsrud M, Stromhaug PE,
Berg T, Seglen PO. 1998. Isolation and
characterization of rat liver amphisomes.
Evidence for fusion of autophagosomes
with both early and late endosomes. J
Biol Chem 273, 21883–21892.

54 Liou W, Geuze HJ, Geelen MJ, Slot JW.
1997. The autophagic and endocytic
pathways converge at the nascent au-
tophagic vacuoles. J Cell Biol 136, 61–70.

55 Kleijmeer MJ, Morkowski S, Griffith JM,
Rudensky AY, Geuze HJ. 1997. Major
histocompatibility complex class II com-
partments in human and mouse B lym-
phoblasts represent conventional endo-
cytic compartments. J Cell Biol 139, 639–
649.

56 Mizushima N, Yamamoto A, Matsui M,
Yoshimori T, Ohsumi Y. 2004. In vivo
analysis of autophagy in response to nu-
trient starvation using transgenic mice
expressing a fluorescent autophagosome
marker. Mol Biol Cell 15, 1101–1111.

57 Starr TK, Jameson SC, Hogquist KA.
2003. Positive and negative selection of
T cells. Annu Rev Immunol 21, 139–76.

58 Reith W, Mach B. 2001. The bare lym-
phocyte syndrome and the regulation of
MHC expression. Annu Rev Immunol 19,
331–373.

59 Sun JC, Williams MA, Bevan MJ. 2004.
CD4+ T cells are required for the mainte-
nance, not programming, of memory
CD8+ T cells after acute infection. Nat
Immunol 5, 927–933.

60 Bevan MJ. 2004. Helping the CD8+ T-cell
response. Nat Rev Immunol 4, 595–602.

61 Jellison ER, Kim SK, Welsh RM. 2005.
Cutting edge: MHC class II-restricted
killing in vivo during viral infection. J
Immunol 174, 614–618.

62 Nikiforow S, Bottomly K, Miller G,
Münz C. 2003. Cytolytic CD4+-T-cell
clones reactive to EBNA1 inhibit Ep-
stein–Barr virus-induced B-cell prolifera-
tion. J Virol 77, 12088–12104.

63 Stevenson PG, Cardin RD, Christensen
JP, Doherty PC. 1999. Immunological
control of a murine gammaherpesvirus
independent of CD8+ T cells. J Gen Virol
80, 477–483.

64 Sparks-Thissen RL, Braaten DC, Kreher
S, Speck SH, Virgin HW. 2004. An opti-
mized CD4 T-cell response can control
productive and latent gammaherpesvirus
infection. J Virol 78, 6827–6835.

65 Robertson KA, Usherwood EJ, Nash AA.
2001. Regression of a murine gamma-
herpesvirus 68-positive B-cell lymphoma
mediated by CD4 T lymphocytes. J Virol
75, 3480–3482.

66 Fu T, Voo KS, Wang RF. 2004. Critical
role of EBNA1-specific CD4+ T cells in
the control of mouse Burkitt lymphoma
in vivo. J Clin Invest 114, 542–550.

67 Gutierrez MG, Master SS, Singh SB,
Taylor GA, Colombo MI, Deretic V.
2004. Autophagy is a defense mecha-
nism inhibiting BCG and Mycobacterium
tuberculosis survival in infected macro-
phages. Cell 119, 753–766.



Beth Levine

13.1
Introduction

Autophagy is emerging as an important mechanism of innate immunity against
viral pathogens. This concept is supported by several lines of evidence, including
(a) links between type I and type II interferon (IFN) signaling and autophagy reg-
ulation, (b) antiviral effects of plant and mammalian autophagy genes, and (c)
suppression of host autophagy by viral virulence factors. The recently described
role of autophagy in antigen presentation suggests that autophagy may also foster
adaptive immune responses to viral infections. In this chapter we highlight recent
discoveries in each of these areas. The reader is referred to the addendum after
this chapter for a discussion of how some viruses (e.g. poliovirus, murine hepa-
titis virus) may subvert the host autophagy pathway to foster their own replication.

13.2
Role of Antiviral Signaling Pathways in Autophagy Regulation

Two major signaling molecules involved in antiviral immunity have been shown
to positively regulate autophagy – the type I IFN-inducible double-stranded (ds)
RNA-dependent protein kinase R (PKR) and type II (or IFN-�) (Fig. 13.1).

13.2.1
PKR is Required for Virus-induced Autophagy

The IFN-inducible molecule, PKR, plays an important role in innate immunity
against viral infections and many viruses encode gene products that block PKR
function (reviewed in Refs. [1, 2]). Until recently, it was believed that PKR func-
tions as an antiviral effector molecule entirely via its ability to shutdown host
and viral protein synthesis in infected cells through phosphorylation of the � sub-
unit of eukaryotic initiation factor 2 (eIF2�). However, PKR and its downstream
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phosphorylation target, the Ser51 residue of eIF2�, are both required for autop-
hagy induction in virally infected cells [3]. At present, the relative contributions
of PKR-dependent host cell shutoff and PKR-dependent autophagy in mediating
its antiviral effects are unknown. Nonetheless, since autophagy execution genes
are known to inhibit viral replication (see below), the possibility that some of
the antiviral effects of PKR may be mediated through autophagy is intriguing.

The regulation of virus-induced autophagy by PKR is part of an evolutionarily
conserved strategy by which cells activate autophagy in response to different
forms of cellular stress [3]. In yeast, disruption of the starvation-activated eIF2�
kinase, Gcn2, mutation of the Ser51 phosphorylation site of eIF2� and mutation
of a transcription factor downstream of Gcn2/eIF2�, Gcn4, block starvation-in-
duced autophagy, and mammalian PKR rescues starvation-induced autophagy
in gcn2 null yeast. In mammalian cells, disruption of PKR blocks virus-induced
autophagy, and mutation of the Ser51 residue of eIF2� blocks starvation and
virus-induced autophagy. These findings indicate an unequivocal role for the
eIF2� kinase signaling pathway in both virus- and starvation-induced autophagy.
Since many viruses also activate the endoplasmic reticulum (ER) stress-induced
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Fig. 13.1 Conceptual overview of the inter-re-
lationships between autophagy signaling
pathways, autophagy execution genes, autop-
hagy functions in viral infections and viral in-
hibitors of autophagy. The viral gene prod-
ucts shown in gray are known to modulate

the indicated autophagy signals, but have
not yet been shown to inhibit autophagy.
See text for a more detailed explanation of
these concepts. The role of autophagy in
promoting viral replication is discussed in
the addendum after this chapter.



eIF2� kinase, PERK, the prediction is that virus-induced ER stress may repre-
sent yet another mechanism to activate host cellular autophagy.

Studies using a herpes simplex virus (HSV) type 1 model have begun to un-
ravel a possible antiviral role of PKR-dependent autophagy [4]. HSV-1 encodes a
neurovirulence protein, ICP34.5, that binds to a protein phosphatase and causes
it to dephosphorylate eIF2�, thereby negating the activity of PKR [5–7]. A neu-
roattenuated HSV-1 mutant lacking ICP34.5 exhibits wild-type replication and
virulence in mice genetically lacking pkr, proving that the ICP34.5 gene product
mediates neurovirulence by antagonizing PKR-dependent functions [8]. Talloczy
et al. found that in murine embryonic fibroblasts and neurons infected with the
mutant HSV-1 virus lacking the PKR inhibitor, ICP34.5, significantly more
HSV-1 virions are degraded inside autophagosomes (Fig. 13.2); moreover, the
degradation of these mutant virions is blocked in cells with a null mutation in
pkr [4]. Thus, PKR stimulates the autophagic degradation of HSV-1 and this
function of PKR is antagonized by the ICP34.5 neurovirulence gene product.
Although further studies are needed to dissect the relative contributions of
PKR-dependent translational control and PKR-dependent autophagy in the regu-
lation of HSV-1 replication, it is reasonable to speculate that PKR-dependent au-
tophagic degradation of viruses may be involved in innate antiviral immunity.

During HSV-1 infection, PKR-dependent autophagy not only targets viruses
for degradation, but also increases the autophagic degradation of long-lived cel-
lular proteins [3]. In theory, the degradation of cellular proteins could have
either a proviral role by generating building blocks for viral protein synthesis or
an antiviral role by degrading host proteins necessary for viral replication. Inde-
pendently of effects on viral replication, the autophagic degradation of self-con-
stituents may benefit host cells during viral infection, either by promoting adap-
tations to nutrient, oxidative, ER or other forms of cellular stress (Fig. 13.3).

To date, the role of PKR in autophagy regulation has only been studied in the
context of HSV-1 infection. However, it is important to note the multiplicity of
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Fig. 13.2 Electron micrographs demonstrat-
ing autophagic degradation of HSV-1 (A)
and Sindbis virus (B) in neurons. The HSV-1
strain is a mutant lacking the virus-encoded

PKR inhibitor, ICP34.5. Similar structures are
not observed in neurons infected with wild-type
HSV-1 (containing ICP34.5), or in HSV-1-in-
fected or Sindbis virus-infected pkr–/– neurons.



strategies that different viruses have evolved to antagonize PKR function (re-
viewed in Refs. [2, 9]). For example (a) vaccinia virus E3, influenza virus NS1,
HSV-1 Us11, reovirus �3 and rotavirus NSP3 encode dsRNA-binding proteins
that prevent PKR activation; (b) adenovirus VAI RNAs and HIV Tar RNAs bind
to dsRNA substrates and inhibit PKR; (c) hepatitis C virus NS5A protein inhib-
its the dimerization of PKR; (d) influenza virus recruits a cellular protein,
P58IPK, that directly interacts with PKR and inhibits its dimerization; and (e)
vaccinia virus K3L, hepatitis C virus E2 and HIV Tat proteins act as pseudosub-
strates of PKR. Given the evolutionarily conserved requirement for an intact
eIF2� kinase signaling pathway in autophagy induction, the prediction is that
these other viral inhibitors of PKR, like HSV-1 ICP34.5, will also function as an-
tagonists of host autophagy. Further studies are needed to test this prediction
and to study the role of viral evasion of autophagy in the pathogenesis of dis-
eases caused by viral pathogens that encode PKR (and putative autophagy) inhi-
bitors.

13.2.2
IFN-� Stimulates Autophagy

Type II IFN (IFN-�) is synthesized by cells of the immune system, including
natural killer cells, CD4+ T cells and CD8+ T cells, and plays a role in host de-
fense against viral as well as intracellular bacterial pathogens (reviewed in Ref.
[10]). Although not yet studied in the context of viral infection, three different
studies have shown that IFN-� induces autophagy. Inbal et al. and Pyo et al.
both found that IFN-� stimulates autophagy in HeLa cells [11, 12], and Gutier-
rez et al found that IFN-� activates autophagy in macrophages [13]. The latter
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Fig. 13.3 Conceptual overview of the protec-
tive roles of autophagy in mammalian and
plant viral infections. Areas in boxed regions

represent potential mechanisms by which
autophagy exerts each type of protective ef-
fect.



observations are particularly relevant to antimycobacterial immunity, since IFN-
� is an important antituberculosis immune mediator and autophagy has re-
cently been shown to be a defense mechanism inhibiting Mycobacterium tuber-
culosis survival in infected macrophages (reviewed in Ref. [14]). These findings
raise the possibility that IFN-� may, at least in part, exert antimycobacterial ac-
tivity via autophagy induction.

A critical question for the field of viral immunology is whether IFN-� acts in
a similar fashion during viral infections and whether the activation of autopha-
gy by IFN-� contributes to antiviral host defense. Moreover, as with PKR, viruses
have evolved strategies to antagonize the antiviral actions of IFN-� (Fig. 13.1).
For example, several poxviruses encode viral soluble receptors for IFN-� (re-
viewed in Ref. [15]), and paramyxoviruses and herpesviruses encode inhibitors
of the signal transducer and activators of transcription (STAT) family of proteins
that activate gene transcription downstream of IFN-� (reviewed in Refs. [16,
17]). It will therefore be important to examine the effects of viral antagonism of
IFN-� activity on autophagy regulation.

13.3
Role of Mammalian Autophagy Genes in Antiviral Host Defense

The role of PKR and IFN-� in antiviral immunity is well established, but both
of these molecules regulate many different cellular processes and it is not yet
known exactly what role autophagy induction plays in their antiviral effects. The
concept that autophagy is important in innate immunity is more directly sup-
ported by studies involving components of the mammalian and plant autopha-
gic machinery.

The first identified mammalian autophagy gene product, Beclin 1, was iso-
lated in a yeast two-hybrid screen, in the context of studies of the mechanism
by which the antiapoptotic protein, Bcl-2, protects mice against lethal Sindbis
virus encephalitis [18]. Similar to the neuroprotective effects of Bcl-2 [19], en-
forced neuronal expression of wild-type Beclin 1 in a recombinant chimeric
Sindbis virus vector reduces Sindbis virus replication, reduces Sindbis virus-in-
duced apoptosis and protects mice against lethal Sindbis virus encephalitis [18]
(Fig. 13.4). Mutations in the Bcl-2-binding domain of Beclin 1 (that preserve au-
tophagy function) and mutations in other regions of Beclin 1 that block autoph-
agy function inhibit the protective effects of Beclin 1 during Sindbis virus infec-
tion [18, 20]. Thus, it appears that both the interaction with Bcl-2 and the autop-
hagy function may be required for the antiviral effects of Beclin 1.

Preliminary studies with beclin 1 null embryonic stem (ES) cells and atg5 null
mouse embryonic fibroblasts (MEFs) also indicate a role for these two endogenous
autophagy genes in innate immunity against Sindbis virus infection [21]. Sindbis
virus replicates to higher titers and results in accelerated death in beclin 1 null ES
cells as compared to wild-type ES cells and atg5 null MEFs as compared to wild-
type MEFs. It is not yet known whether the acceleration of virus-induced death
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in Sindbis virus infected beclin 1 or atg5 null cells is the indirect result of increased
viral replication or results from more direct effects of atg gene deficiency on cell
death. However, studies comparing HSV-1 infection in wild-type and beclin 1 null
ES cells suggest that Beclin 1 can protect against virus-induced cell death in the
absence of inhibitory effects on viral replication [22].

The mechanisms by which autophagy genes exert protective effects on Sindbis
virus infection are not yet known. Presumably, the autophagic breakdown of viral
components, as observed by electron microscopic analyses of Sindbis virus-in-
fected neurons (Fig. 13.2), leads to decreased viral yields. However, it as also pos-
sible that autophagy leads to the breakdown of cellular components required for
viral replication. As noted above, the protective affects against cell death may be
secondary to inhibitory effects on viral replication. Alternatively, the protective ef-
fects may relate to the nutrient recycling functions or “damage control” functions
of autophagy. It is also possible that autophagy may protect against cell death by
degrading specific viral proteins (e.g. the Sindbis virus E1 and E2 envelope glyco-
proteins) that are involved in triggering the apoptotic pathway [23].
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Fig. 13.4 Enforced neuronal expression of
Beclin 1 protects mice against lethal Sindbis
virus encephalitis (A), decreases CNS viral
replication (B) and decreases CNS virus-in-
duced apoptosis (C). Data are shown for re-
combinant chimeric Sindbis virus constructs
that express either wild-type human Beclin 1

(SIN/beclin1), human Beclin 1 lacking the
Bcl-2-binding domain of Beclin 1 (SIN/be-
clin1�Bcl-2BD) or human Beclin 1 contain-
ing a premature stop codon at nucleotide
position 270 (SIN/beclin1stop). Adapted with
permission from Ref. [18].



In summary, the studies of Sindbis virus infection in neurons overexpressing
Beclin 1 or in cultured cells lacking beclin 1 or atg5 demonstrate a role for mam-
malian autophagy genes in both restricting viral replication and in protection
against virus-induced cell death. It will be important to examine whether other au-
tophagy genes have a similar antiviral function and to examine whether autophagy
genes also protect against other types of virus infections. Moreover, it will also be
important to determine the role of autophagy genes in antiviral host defense in vivo
using newly developed tissue-specific autophagy gene knockout mouse models.

13.4
Role of Plant Autophagy Genes in Antiviral Host Defense

Autophagy genes play a role not only in antiviral host defense in mammalian
cells, but also in plants [24]. Similar to mammalian beclin 1, the plant orthologs
of three autophagy genes, beclin 1, atg3 and atg7, restrict viral replication. How-
ever, in contrast to mammalian beclin 1, which prevents the death of Sindbis
virus- and HSV-1-infected cells, plant autophagy genes play an interesting role
in preventing the death of uninfected cells.

Liu et al. used a tobacco mosaic virus (TMV) infection model to study the role of
autophagy genes in plant innate immunity [24]. During virus infection or in re-
sponse to expression of a virally encoded pathogen avirulence protein, the success-
ful plant innate immune response is characterized by a hypersensitive response.
This is a programmed cell death response that occurs around the infected areas,
and serves to limit virus spread and confer pathogen resistance. During TMV in-
fection, the hypersensitive response is triggered by the tobacco mosaic virus pro-
tein, TMV p50, which is the helicase domain of the viral replicase [25]. TMV p50 is
recognized by a specific plant resistance (R) protein, the N protein, which is com-
posed of a Toll/interleukin-1 receptor domain, a nucleotide-binding domain and a
leucine-rich repeat domain [26]. Therefore, in tobacco plants containing the N pro-
tein, there is death localized to cells that are either infected with TMV or that ex-
press the TMV p50 protein, but no viral spread or death of uninfected cells.

RNA interference (RNAi) silencing of autophagy genes in N protein-containing
tobacco plants results in a significant increase in local replication of TMV (consis-
tent with the antiviral role of autophagy genes during mammalian virus infection)
without increasing viral spread [24] (Fig. 13.5). Furthermore, it results in the un-
controlled spread of cell death that extends far beyond the sites of TMV infection
until there is death of the entire inoculated leaf and other uninoculated leaves. A
similar spreading cell death phenotype is seen with local expression of the TMV
p50 protein in autophagy gene-silenced plants, confirming that the cell death oc-
curs in response to a specific signal triggered by the pathogen-encoded avirulence
protein and is not due to increased TMV replication or altered virus movement.

At present, it is not yet clear how autophagy genes protect uninfected cells
against death during the plant hypersensitive response. One possibility is that
the absence of autophagy genes in infected cells somehow modifies the N gene-
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mediated signal transduction pathway in a way that instructs uninfected cells to
die. An alternative, perhaps more likely, possibility is that the absence of au-
tophagy genes in uninfected cells renders them more susceptible to pro-death
signals emitted from infected cells. A third possibility is that autophagy blocks
the movement of pro-death signals from infected areas to uninfected areas of
the plant. Regardless of the mechanism, this newly defined role for autophagy
genes in preventing the spread of cell death during plant innate immunity has
significant implications for understanding the role of autophagy in systemic
protection against viral infections. A critical question is whether autophagy
genes play a similar role during animal virus infections.

13.5
Evasion of Autophagy by Viruses

The evolutionarily conserved function of both mammalian and plant autophagy
genes in restricting viral replication and/or protection against cell death sug-
gests an essential role for autophagy in innate immunity. This concept is
further supported by recent studies indicating that viral virulence proteins pos-
sess different strategies to disarm host autophagy.

The HSV neurovirulence protein, ICP34.5, has at least two mechanisms to
antagonize host autophagy. As noted above, HSV-1 ICP34.5 can antagonize the
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Fig. 13.5 Beclin 1 limits tobacco mosaic
virus replication and limits the spread of to-
bacco mosaic virus-induced programmed
cell death in tobacco plants. UV images
show sites of replication of a GFP-expressing
TMV and normal light images show areas of

cell death (yellow) in nonsilenced (control)
and BECLIN 1-silenced (BECLIN 1 RNAi)
plants. p.i.= post-infection. Adapted with per-
mission from Ref. [24]. (This figure also ap-
pears with the color plates).



PKR signaling pathway required for autophagy induction. In preliminary stud-
ies, we have also found that ICP34.5 can bind to and inhibit the function of a
component of the autophagic machinery, Beclin 1 [27]. Using HSV-1 constructs
containing different mutations in ICP34.5, our results demonstrate that the Be-
clin 1-binding activity of ICP34.5, rather than its ability to antagonize host cell
shutoff, is essential for viral neurovirulence. Deletion of the beclin 1-binding do-
main of ICP34.5 from HSV-1 completely blocks the ability of HSV-1 to cause
lethal encephalitis in mice and decreases its ability to inhibit autophagy in
mouse brain, without affecting the ability of ICP34.5 to dephosphorylate eIF2�
or block translational arrest. These results provide the first example of a viral
virulence protein directly targeting an autophagy protein to elicit disease.

In addition to HSV-1 ICP34.5, other viral gene products may also interact
with Beclin 1 or other mammalian autophagy proteins. Beclin 1 was originally
isolated in a yeast two-hybrid screen with the cellular anti-apoptotic protein Bcl-
2 [18]. Subsequently, Beclin 1 has also been shown to interact with viral Bcl-2-
like protein encoded by different gammaherpesviruses, including Epstein–Barr
virus (EBV)-encoded BHRF1, Kaposi’s sarcoma-associated herpesvirus (KSHV)-
encoded v-Bcl-2 and murine gHV68-encoded M11 [20, 28]. Like ICP34.5, these
viral Bcl-2 family proteins also inhibit the autophagy function of Beclin 1 in
yeast and mammalian assays. Preliminary evidence indicates that other KSHV-
encoded proteins may also target other autophagy proteins [29].

Not only may viruses target the autophagy execution machinery, viruses may
also modulate autophagy signaling networks. As discussed above, many viruses
encode antagonists of PKR, a signaling molecule required for autophagy induc-
tion, and of IFN-�, a cytokine that stimulates autophagy. An as-yet unexplored
area is whether viruses also inhibit autophagy by activating autophagy inhibitory
signaling networks. For example, the class I phosphatidylyinositol-3-kinase
(PI3K)/Akt signaling pathway negatively regulates autophagy in Caenorhabditis
elegans, Drosophila and mammalian cells [30–33], and several different viruses
activate this pathway. Certain oncogenic retroviruses encode the catalytic sub-
unit of PI3K and Akt (reviewed in Ref. [34]). In addition, the EBV latent mem-
brane proteins, LMP1 and 2A, the hepatitis B virus protein, Hbx, the Kaposi’s
sarcoma virus protein, K1, and the hepatitis C virus protein, NS5A, all activate
the PI3K/Akt signaling pathway [35–40]. Presumably, such activation plays a
role in autophagy inhibition, although this has not yet been formally tested.

While further studies are required to more precisely define the interactions
between viral gene products and autophagy regulatory signals and autophagy
proteins, there is, however, accumulating evidence that viruses do target multi-
ple different steps of the host autophagy pathway. This observation strongly sug-
gests an evolutionary advantage for viruses to inhibit host autophagy and, by ex-
trapolation, a beneficial role for host autophagy in defense against viral infec-
tions.
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13.6
How Might Viral Evasion of Autophagy Contribute to Viral Pathogenesis?

Viruses may have originally evolved mechanisms to evade host autophagy to de-
fend themselves against an important arm of the innate immune response.
However, in addition to innate immunity, the autophagy pathway plays an im-
portant role in many other fundamental biological processes, including tissue
homeostasis, differentiation and development, cell growth control, and the pre-
vention of aging and neurodegenerative diseases (reviewed in Refs. [41, 42]). Ac-
cordingly, the inhibition of host autophagy by viral gene products has implica-
tions not only for understanding mechanisms of immune evasion, but also for
understanding novel mechanisms of viral pathogenesis. In this section, we pro-
vide a few illustrations of different ways in which viral evasion of autophagy
might contribute to distinct aspects of viral pathogenesis.

Genetic studies have revealed an essential role for components of the autoph-
agic machinery in differentiation and developmental processes in several differ-
ent organisms, including sporulation in yeast, multicellular development in Dic-
tyostelium, dauer development in C. elegans and embryonic development in mice
(reviewed in Ref. [41]). Moreover, the mammalian autophagy gene, beclin 1, ap-
pears to play a role in epithelial cell differentiation, since the mammary glands
in beclin 1 heterozygous-deficient mice display striking morphological abnormal-
ities [43]. Since viral gene products inhibit the autophagy function of Beclin 1
and potentially other autophagy proteins, it is possible that autophagy blockade
represents a mechanism by which viruses can affect cellular differentiation and
development. As examples, the Bcl-2-like BHRF1 protein encoded by EBV binds
to Beclin 1 [20], blocks it autophagy function [44] and also perturbs epithelial
cell differentiation [45]. Intrauterine HSV infection leads to severe fetal anoma-
lies [46] and HSV ICP34 inhibits the autophagy function of Beclin 1 [27], a pro-
tein required for normal embryonic development [43, 47]. Further studies are
needed to determine the role of Beclin 1 binding in the perturbation of epithe-
lial cell differentiation by BHRF1 during EBV infection or in fetal developmen-
tal defects induced by HSV infection, as well as to investigate the effects of
other viral inhibitors of autophagy on cellular differentiation and multicellular
development.

Another intriguing area is the role of viral evasion of autophagy in viral onco-
genesis. There is increasing evidence that autophagy deregulation contributes to
tumorigenesis; several different oncogenic signaling molecules negatively regu-
late autophagy (e.g. class I PI3K, Akt, members of the Rhos and Ras family of
GTPases), the PTEN (phosphatase and tensin homolog deleted on chromosome
10) tumor suppressor negatively regulates autophagy and components of the au-
tophagic machinery, such as beclin 1, function as tumor suppressors (reviewed
in Refs. [48, 49]). Oncogenic viruses, including retroviruses, gammaherpes-
viruses, papillomaviruses and hepatitis viruses, likely possess mechanisms to
block host autophagy. For example, many oncogenic viruses turn on autophagy-
inhibitory signaling pathways, either by encoding viral oncoproteins that repre-
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sent activated forms of the corresponding cellular proto-oncogene (reviewed in
Ref. [34]) or by upregulating Rho/Ras or class I PI3K/Akt/target of rapamycin
(TOR) signaling through alternative mechanisms [35–40, 50]. Further, the onco-
genic gammaherpesivurses encode Bcl-2-like proteins that antagonize the au-
tophagy function of Beclin 1 [28]. Given the emerging importance of autophagy
in tumor suppression, it is tempting to speculate that these autophagy-inhibi-
tory actions of viral oncoproteins contribute to viral oncogenesis.

It is also theoretically possible that the ability of HSV-1 to evade host autopha-
gy contributes to neurodegenerative diseases. Although the topic remains con-
troversial, several studies have suggested an epidemiological link between the
type 4 allele of apolipoprotein E, productive HSV-1 replication and risk of Alz-
heimer’s disease [51–54]. Moreover, there is increasing evidence that autophagy
is involved in protection against different types of neurodegenerative diseases,
including Alzheimer’s disease (reviewed in Refs. [42, 55, 56]). Of note, de-
creased brain expression of Beclin 1 was identified in unbiased search for gene
products associated with Alzheimer’s disease in humans and heterozygous dele-
tion of beclin 1 promotes Alzheimer’s disease pathology in mice [57]. Thus, it
will be interesting to determine whether ICP34.5 antagonism of the autophagy
function of Beclin 1 contributes to the putative link between HSV-1 infection
and Alzheimer’s disease.

In the preceding paragraphs, we have discussed a few speculative hypotheses
of how viral suppression of autophagy might contribute to the pathogenesis of
medical diseases. With the rapid growth of research on the role of autophagy
deregulation in disease and the new identification of viral gene products that in-
hibit autophagy, it should be possible to rigorously test these and other related
hypotheses.

13.7
Autophagy and Antigen Presentation

The role of autophagy in antiviral host defense is not limited to its function in
innate immunity. There is increasing evidence that autophagy may play a role
in adaptive immunity during viral infection through its role in MHC class II-re-
stricted presentation of endogenous cytosolic and nuclear antigens (see Chapter
12). Paludan et al found that nuclear antigen 1 of EBV (EBNA1) enters endoge-
nous MHC class II processing through a pathway involving autophagic degrada-
tion [58]. Blockade of autophagy with the pharmacological inhibitor, 3-methyla-
denine (3-MA), or RNAi against the autophagy gene, atg12, decreased EBNA1-
specific CD4+ T cell recognition of EBV-transformed B cells and EBNA1-trans-
fected Hodgkin’s lymphoma cells. In addition, other groups have reported that
the endogenous presentation of epitopes derived from cytosolic proteins in-
volves the autophagy pathway [59, 60]. Based on these studies, it is reasonable
to postulate that autophagy plays a role in MHC class II antigen presentation
during viral infection. Moreover, the stimulation of autophagy by IFN-� may be
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important in promoting autophagy-dependent endogenous MHC class II-re-
stricted antigen presentation in virally infected cells. A wide open question is
whether autophagy also plays a role in processing viral antigens for MHC class
I-restricted presentation.

13.8
Concluding Remarks

Although research in this area is still in a stage of infancy, there is accumulat-
ing evidence that the lysosomal degradation pathway of autophagy plays an evo-
lutionarily conserved role in antiviral immunity. Two antiviral signaling mole-
cules, i.e. PKR and IFN-�, positively regulate autophagy, and both mammalian
and plant autophagy genes restrict viral replication and protect against virus-in-
duced death. Furthermore, autophagy may foster T cell responses to viral infec-
tions through its role in MHC class II-restricted presentation of endogenous vi-
ral antigens. Given this role of autophagy in both innate and adaptive immu-
nity, it is not surprising that viruses have evolved numerous strategies to inhibit
host autophagy. Different viral gene products can either modulate autophagy
regulatory signals or directly interact with components of the autophagy execu-
tion machinery. Moreover, as discussed in the addendum after this chapter, cer-
tain RNA viruses have managed to “co-apt” the autophagy pathway, selectively
utilizing certain components of the dynamic membrane rearrangement system
to promote their own replication inside the cytoplasm.

There are many important questions to be addressed. We do not yet under-
stand exactly how cells sense viral infections and turn on autophagy, how au-
tophagy restricts viral replication or how autophagy prevents virus-induced cell
death. In terms of regulation, it is not yet known whether type I IFN stimulates
autophagy (either through PKR or alternative pathways), and precisely which
molecules are downstream in PKR- and IFN-�-–induced autophagy. At the cell
biology level, it is not known whether viruses, like intracellular bacteria (re-
viewed in Ref. [61]), are specifically targeted to autophagosomes or whether
their engulfment by autophagic membranes is a chance occurrence. In the case
of HSV-1 infection, newly synthesized virions appear to be trapped inside au-
tophagosomes during egress from the nucleus out of the cell [4]; however, it is
not yet known whether viruses, like the bacteria Group A Streptococcus [62], are
also targeted to autophagosomes upon cell entry. Moreover, nothing is under-
stood about the molecular basis for why certain RNA viruses (e.g. Sindbis virus,
tobacco mosaic virus) are attacked by autophagy [18, 24], whereas other RNA
viruses (e.g. poliovirus, mouse hepatitis virus) require autophagy proteins for re-
plication [63, 64]. In the forthcoming years, we will likely begin to unravel these
and many more mysteries regarding the role of autophagy in antiviral host de-
fense.
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Addendum

Jennifer Sparks and Mark R. Denison

Some viruses have evolved specific strategies to subvert host autophagic path-
ways in order to facilitate their replication [1, 2]. The coronavirus murine hepati-
tis virus (MHV) induces the formation of cytoplasmic double-membrane vesi-
cles (DMVs) that serve as sites of viral replication, and are required for that pro-
cess [2, 3]. Endogenous LC3 (homolog of Atg8) and plasmid expressed LC3-GFP
colocalize with Atg12 and MHV replication products on DMVs [2]. In murine
embryonic stem cells that are incapable of forming autophagosomes due to lack
of Atg5, MHV replication is decreased by 104 pfu/ml, an inhibition that is re-
versed by plasmid expression of Atg5. MHV induction of DMVs occurs by a
mechanism resistant to the autophagy inhibitor 3-methyladenine, and MHV-in-
duced DMVs do not label for LAMP-1 or Rab7, markers for degradative auto-
phagolysosomes. These findings suggest that MHV may directly interact with
initiation machinery from the autophagy pathway while inhibiting the matura-
tion of DMVs into autophagolysosomes.

Poliovirus provides another example of how RNA viruses may use autophago-
somal machinery for their benefit. Cells infected with poliovirus accumulate
150–400 nm diameter DMVs [1]. The induction of DMV formation is mediated
by poliovirus proteins, 2BC and 3A [4], presumably by hydrophobic domains
that are hypothesized to mediate interaction with host membranes. In contrast
to MHV, poliovirus-induced DMVs share several hallmarks of autophagosomes,
including colocalization of LAMP1 and LC3 [5]. Additionally, stimulation of cel-
lular autophagy with either tamoxifen or rapamycin increases poliovirus yield,
while inhibition of the autophagy with 3-methyladenine decreases virus yield
[5]. These data suggest that the process of autophagy may be directly beneficial
for poliovirus replication by providing membraneous support for viral RNA re-
plication complexes.
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