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Pathogen recognition is the first and crucial step in
innate immunity. Molecular families involved in the rec-
ognition of pathogens and activation of the innate immune
responses in immunoreactive cells include the Toll-like
receptor family in mammals and the peptidoglycan rec-
ognition protein (PGRP) family in Drosophila, which
sense microorganisms in an extracellular or luminal
compartment. Other emerging families are the intracel-
lular recognition molecules for bacteria, such as nucleo-
tide binding and oligomerization domain-like receptors
in mammals and PGRP�LE in Drosophila, several of
which have been shown to detect structures of bacterial
peptidoglycan in the host cell cytosol. Exciting ad-
vances in recent studies on autophagy indicate that
macroautophagy (referred to here as autophagy) is se-
lectively induced by intracellular recognition molecules
and has a crucial role in the elimination of intracellular
pathogens, including bacteria, viruses and parasites.
This review discusses recent studies related to intracel-
lular recognition molecules and innate immune respo-
nses to intracellular pathogens, and highlights the role
of autophagy in innate immunity.
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The first important step in innate immunity is the rec-
ognition of various infectious microbes as distinct from
self, which leads to the induction of the appropriate
innate immune response. Activation of innate immune
responses in response to pathogens, therefore, relies on
the detection of conserved microbial motifs. The rec-
ognition of infectious microbes in innate immunity is
achieved though the detection of pathogen-associated
molecular patterns, the conserved microbial compo-
nents, including lipopolysaccharide (LPS), peptidogly-
can (PGN), flagellin and nucleic acids from bacteria,
fungi or viruses, respectively, which are essential for

the microbial survival, but are not found in higher eu-
karyotes (1). This initial recognition is mediated by a
set of genome-encoded pattern recognition molecules,
which sense the conserved pathogen-associated mo-
lecular patterns. The study of innate immune recogni-
tion molecules originated with the identification of
Drosophila Toll, a plasma membrane-associated recep-
tor, which itself does not have a direct role in the rec-
ognition of microbes, but is essential for the innate
immune responses against fungi and Gram-positive
bacteria by receiving the immune signalling on the cel-
lular membrane to activate downstream signalling
(2, 3). Cloning of the mammalian homologues of
Drosophila Toll, Toll-like receptors (TLRs), and their
functional studies have led to great advances in under-
standing how mammalian cells sense microbe infection
(4). TLR-2, 4 and 5 recognize PGN, LPS and flagellin,
respectively, on the surface of immune responding cells
to detect bacteria or fungi, whereas TLR3, 7 and 9
recognize poly IC, ssRNA, CpG DNA, respectively,
inside the endosome to detect invasive viruses (5).
These specificities of the recognition of these family
members of TLRs enable the host cells to sense wide
ranges of microbes. In Drosophila, different from
mammals, the recognition of bacteria or fungi depends
on peptidoglycan recognition proteins (PGRPs). Some
PGRP members, PGRP�SA, SD, LC and LE, are es-
sential for the recognition of peptidoglycan or LPS in
bacteria, similar to TLR-2 or TLR-4, respectively, in
mammals, and activate immune signalling pathways
that are conserved from flies to mammals (5).
PGRP�SA and SD function in the haemolymph, a
circulatory fluid in body cavity of insects, whereas
PGRP�LC is on the surface of immune responding
cells facing the haemolymph to sense the infectious
microbes outside or on the surface of the host cells
(6). The different molecular families used for pathogen
recognition, TLRs in mammals and PGRPs in
Drosophila, might be related to the differences in the
body structures of each species and the methods of
detecting pathogen invasion of the bodies. In mam-
mals, microbes that penetrate the epithelial cells of
the body are first detected in the local lymph by
TLRs on macrophages, leading to inflammatory re-
sponses that cause the accumulation of macrophages
and neutrophils at the site of the infection. In contrast,
insect bodies usually comprise one body cavity that
contains tissues floating in haemolymph in which
invaded microbes easily move, making them easily de-
tected by circulating PGRPs, which provoke the induc-
tion and secretion of antimicrobial peptides to the
haemolymph.
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Intracellular recognition of bacteria via
NOD-like receptors

Intracellular bacteria, such as Salmonella, Listeria and
Mycobacterium, invade the host cells and grow inside
the cells, thereby escaping from these humoral or cel-
lular luminal defences. Recent studies revealed that
mammalian cells have another family of detection mol-
ecules other than TLRs, called nucleotide binding and
oligomerization domain (NOD)-like receptors (NLRs),
which are present in the cytoplasm of the host cells and
detect fragments of bacterial peptidoglycan (7). The
discovery of these intracellular pathogen-associated
molecular patterns receptors suggests that host cells
use these receptors in addition to the extracellular re-
ceptors as an intracellular defence line against invasive
bacteria.

The first description of intracellular receptors in mam-
mals for bacterial detection was Nod1 (nucleotide-
binding oligomerization domain 1; also referred to as
Card4), which mediates NF-kB and JNK activation
following invasive Shigella flexneri infection (8).
Nod1 was originally identified as a novel member of
caspase-recruitment domain (CARD)-containing pro-
tein, which is capable of activating NF-kB when it is
overexpressed (9, 10). The NLR family comprises more
than 20 members that contain the molecular feature of
an N-terminal CARD domain, which is responsible for
protein-protein interaction; a C-terminal leucine-rich
repeat domain; and a central nucleotide-biding and
oligomerization domain (NOD or NACHT domain).
Leucine-rich repeats domains generally comprise
20�30 amino acids and are responsible for the detec-
tion of bacterial components.

Following biochemical studies on the molecules re-
cognized by NLRs, many studies on the functions of
NLRs in the susceptibility to intracellular bacteria
were reported. NOD1 and NOD2 are required for re-
sistance against Shigella flexneri (8, 11); NOD1,
NOD2, Nlrc4 (Ipaf) and Nlrp3 (NALP3) against
Listeria monocytogenes (12�14); Nlrc4 and NOD2
against Salmonella typhimurium (15); and Naip5 (Birc
1e) against Legionella pneumophila (16, 17).

Consistent with the functional importance of
NLRs in the resistance against intracellular bacteria
in vivo, NLRs activate immune signalling path-
ways (18). CARD9, an adaptor protein required for
innate immune responses to L. monocytogenes inter-
acts with NOD2 and activates p38 and JNK to pro-
duce proinflammatory cytokines (19). Despite the
evidence of NLRs and signalling molecules, which
are essential for innate immune responses such as
cytokine production and inflammatory responses
after infection of intracellular bacteria, it remains
unclear how host animals combat invasive pathogens
that grow within the host cells. One prominent in-
nate immune response mechanism that effectively elim-
inates bacteria inside the cells is autophagy, a
fundamental non-selective degradation system for
proteins and organelles. The relationship between
the intracellular sensors and autophagy is discussed
below.

Intracellular receptors in insects

Genetic screenings using Drosophila melanogaster and
studies on family proteins have revealed many pattern
recognition proteins that function in the recognition of
extracellular pathogens. PGRP�SA recognizes
Gram-positive bacteria and activates the Toll pathway,
one of the two major immune signalling pathways for
the activation of NF-kB-like transcription factors, to-
gether with Gram-negative-binding protein (GNBP)-1
(20, 21). PGRP�SD functions in the resistance against
Gram-positive bacteria and has some redundancy with
PGRP�SA and GNBP-1 (22). GNBP-3 is essential
for activation of the Toll pathway in response to
fungal infection (23). For resistance against Gram-
negative bacteria, PGRP�LC and PGRP�LE redun-
dantly function as pattern recognition receptors and
activate the imd pathway, another immune signalling
pathway (24).

In contrast to these extracellular sensors for mi-
crobes, the intracellular sensors in insects for intracel-
lular bacteria, viruses, and parasites are mostly
unknown. Only one sensor has been shown to detect
pathogens within the cells and it has a crucial role in
the resistance against the pathogen: PGRP�LE.
PGRP�LE was originally identified as an extracellular
pattern recognition receptor that detects the DAP-type
peptidoglycan, the type of peptidoglycan, the peptide
stem of which has meso-diaminopimelic acid (DAP) at
the third residue, and possessed by Gram-negative and
some species of Gram-positive bacteria (25), although
the molecular nature of PGRP�LE is different from
that of the other PGRPs; PGRP�LE has no signal
peptides for secretion nor a transmembrane domain.

The intracellular role of PGRP�LE was revealed by
the mosaic analysis of clonal expression of the
PGRP�LE gene. PGRP acts in a non-cell autonomous
manner in the fat body to activate the imd pathway
whereas in the malphigian tubules PGRP�LE activates
the imd pathway in cell-autonomous manner, suggest-
ing that in some situations or in some tissues,
PGRP�LE acts inside the cells (24). Following the evi-
dence that the Drosophila culture cell line S2 cells react
to transfected tracheal cytotoxin (TCT), a partial
structure of DAP-type peptidoglycan to induce the
antimicrobial peptides expression, PGRP�LE was
shown to have a crucial role in the resistance against
Listeria monocytogenes, an intracellular Gram-positive
bacterium that has a DAP-type peptidoglycan (26, 27).
Inhibition of the intracellular growth of L. monocyto-
genes after infection in vitro in cultured haemocytes,
phagocytotic macrophage-like cells of Drosophila, re-
quires PGRP�LE, but not PGRP�LC. Interestingly
this PGRP�LE dependent inhibition of bacterial
growth does not require factors working in the Toll
pathway or imd pathway, but does require Atg5 or
Atg1, factors functioning in autophagy (27).
PGRP�LE co-localizes with the invaded L. monocyto-
genes to induce autophagy, and this induction at the
site of the bacteria is totally dependent on PGRP�LE.

Detection of L. monocytogenes by PGRP�LE inside
the cells provokes other immune responses than autop-
hagy. Strategic microarray analysis to search for
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PGRP�LE dependent gene expression in response to
bacterial infection revealed that the novel antibacterial
peptide Listericin is expressed in a JAK-STAT
pathway-dependent manner, and is secreted from the
cells (28). Thus, intracellular recognition of the bac-
teria by PGRP�LE induces more than one immune
response to defend the body from the infection at dif-
ferent stages of the infection.

Although autophagy is induced via PGRP�LE when
DAP-type peptidoglycan is transfected to Drosophila
cells, transfection of Lys-type peptidoglycan, the pep-
tidoglycan in most Gram-positive bacteria, induces
autophagy in a PGRP�LE independent manner, sug-
gesting that a different and unknown intracellular rec-
ognition molecule(s) for the Lys-type peptidoglycan is
present in the cells (27). An intracellular recognition
protein(s) with such binding properties has not been
found in mammalian cells, despite the clear induction
of autophagy of the invading Group A Streptococcus
(29).

Role of autophagy in elucidation of
microbes

Autophagy is a fundamental lysosome-dependent pro-
cess well conserved in eukaryotes from yeast to
humans involved in the turnover of molecules and or-
ganelles in the cytoplasm to maintain cellular homeo-
stasis. In addition to this function, its induction to a
higher level for supplying nutrients under nutrient
deprived conditions is linked to a broad range of bio-
logical processes; i.e. development, aging, cancer,
neurodegenerative diseases and inflammatory dis-
orders (30). At the beginning of the process of autop-
hagy, undesirable or recyclable proteins and organelles
are sequestered in a structure known as the isolation
membrane, and this membrane elongates to form
the autophagosome, a structure distinct from the
phagosome by the presence of a double membrane.
Autophagosomes then mature by fusion with lyso-
somes to become autolysosomes, in which the captured
substances are eventually degraded. These processes
along with the drastic membrane traffic are mediated
by evolutionally conserved factors known as autop-
hagy-related (ATG) proteins. Many of the ATG pro-
teins were originally identified in the screenings using
yeast to isolate genes involved in the responses to nu-
trient limitation (31). The identification of these factors
has led to numerous studies in mammals to elucidate
the mechanism of autophagy and how each factor
functions in these processes (32). The molecules
involved in autophagy are well conserved even in
Drosophila, which allows for analyses of the physio-
logical role of autophagy in whole animals and of
its mechanism using powerful genetic methods in
insects (33).

Invasive pathogens, including intracellular bacteria,
viruses and parasites, are degraded by autophagy when
they invade the host cell, and this autophagic degrad-
ation acts as an innate immune defence mechanism to
eliminate intracellular microbes (34). Because autopha-
gosomes are capable of engulfing whole organelles

such as mitochondria, it is not surprising that autop-
hagosomes can surround whole pathogens and de-
grade them inside the cell. When microbes invade the
host cells, autophagosome formation is usually de-
tected in a couple of hours or less, and the autophagic
processes begin within hours. Therefore, autophagy
works as a front line innate immune response against
invasive microbes.

Induction of autophagy by pathogen
sensors

Various intracellular microbes are eliminated by auto-
phagy, and this elimination is in many cases crucial for
host survival against the microbe (Table 1). Although
autophagy is a non-selective degradation process,
autophagosomes do not form randomly in the cyto-
plasm, but rather sequester the bacteria selectively
(29). Furthermore, autophagosomes that engulf the
microbe are sometimes much larger than those formed
during nutrient starvation, suggesting that the elong-
ation step of the autophagosome membrane is invo-
lved in bacteria-surrounding autophagy. The
mechanism underlying selective induction of autop-
hagy at the site of microbe invasion is largely un-
known. The intracellular pattern recognition proteins
against microbes, which detect microbes inside the cells
and enable autophagosomes to form at the site of the
invasion, are clues to clarify the molecular mechan-
isms. In the first report of the recognition protein-
dependent activation of autophagy during microbe
infection, the authors performed experiments using
Drosophila, in which autophagy induction against
L. monocytogenes in Drosophila haemocytes is depend-
ent on PGRP�LE (27, Fig. 1). Importantly, autopha-
gic induction via the recognition protein is independent
from the known and well-studied immune signalling
pathways, the Toll pathway and the imd pathway,
the activation of which results in the activation of
NF-kB like transcription factors, suggesting that a
novel mechanism of induction exists in the cells (27).
In parallel, in mammalian cells, NOD1 and NOD2, the
intracellular sensors described above, have a critical
role in autophagy induction upon entry of S. flexneri
or L. monocytogenes into the cells (35). The NOD-
dependent activation of autophagy is independent
from RIP2, an adaptor protein for the activation of
NF-kB to trigger proinflammatory signals; and
NEMO, an NF-kB essential modulator, suggesting a
striking similarity in mechanism of the activation of
autophagy between these species. The binding of pat-
tern recognition receptors to invading bacteria for tar-
geting adaptor protein(s) to recruit factors essential for
autophagosomes is a possible mechanism of autop-
hagy activation.

TLRs, well-characterized pattern recognition pro-
teins in mammals, are also involved in the activation
of autophagy (36, 37). The TLR4 ligand LPS is able to
induce autophagy in RAW264.7 cells in a TLR4-
dependent manner, and TLR7 induces autophagy after
single-strand RNA stimulation. The activation of auto-
phagy via TLRs is dependent on the signalling
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pathway that leads to NF-kB activation;
TLR4-mediated autophagy depends on TRIF, and
TLR7 on MyD88 (36, 37). It is therefore likely that
the mechanism for the activation of autophagy via
TLRs is distinct from the activation mechanism via
PGRP�LE and NODs, which is consistent with the

distinct location of pathogen recognition between
these sensors; i.e. TLR4 on the surface of the plasma
membrane, TLR7 in the endosome, and PGRP�LE
and NODs in the cytoplasm.

It was recently demonstrated that autophagy also
functions in antiviral immunity (Table I, 38), but the

Table I. Microbes eliminated by autophagy.

Microbe

Possible PAMPs/

PAMPs tested Host Animal/Cell type

Autophagy

related genes

involved

Microbe

sensors

involved References

Bacteria

Group A Streptococcus Lys-type PGN MEFs, HeLa Atg5 (29)

Staphylococcus aureus Lys-type PGN MEFs Atg5 (48)

Listeria monocytogenes DAP-type PGN MEFs Atg5 (49)

Listeria monocytogenes DAP-type PGN/
DAP-type PGN, TCT

Drosophila/
haemocytes, S2

Atg5, Atg1 PGRP-LE (27)

Listeria monocytogenes DAP-type PGN MDCK, MEFs Atg5, p62 (46)

Listeria monocytogenes DAP-type PGN Mouse Atg5 (41)

Sigella flexneri DAP-type PGN/
C12-iE DAP,
M-tri DAP

MEFs, HeLa NOD1, NOD2 (35)

Sigella flexneri DAP-type PGN MDCK, MEFs Atg5 (50)

Salmonella enterica DAP-type PGN MEFs, HeLa Atg5 (51)

Mycobacterium tuberculosis mAGP RAW264.7 (52, 53)
Protozoa

Toxoplasma gondii mouse/PECs Atg5 (54)

Toxoplasma gondii MEFs, HeLa (55)

Toxoplasma gondii mouse/MEFs Atg5 (41)

Viruses

Sindbis virus RNA Mouse beclin1 (56)

Sindbis virus RNA MEF, neuron (40)

Vesicular stomatitis virus RNA/VSV-G Drosophila/S2 Atg18, Atg7 (39)

Tabacco mosaic virus RNA Nicotiana BECLIN, Atg5 (57)

PAMPs, Pathogen associated molecular patterns; mAGP, mycolyl�arabinogalactan�peptidoglycan; MEFs, mouse embrionic fibroblasts;
PECs, primed peritoneal exudate cells.

bacteria

PGN

bacteria virusesviruses

PGN VSV-G RNA

Flies

PAMPs

Sensors

Mammals

Autophagy Autophagy

LPS

signaling pathways
or factors

RIP2

NF-κB
activation

NEMO

NF-κB
activation

TLRs NLRs RLRsPGRPs ? TLRs

Toll pathway
Imd pathway

? ?TRIF

?

MyD88

Fig. 1 Pathogens and innate immune signalling for autophagy induction in flies and mammals. Autophagy is induced by the infection of intra-
cellular bacteria and some kind of viruses. In flies, PGN of invasive bacteria is detected by PGRPs inside cells, which provokes autophagy
independent from Toll pathway and Imd pathway. Viral glycoprotein (VSV-G) causes autophagy induction via unidentified sensor. In mammals,
NLRs detect bacterial PGN in the cytosol of infected cells to induce autophagy independent from RIP2, while TLRs on the cell plasma
membrane also involved in the activation of autophagy via NF-kB signalling pathway. Sindbis virus infection causes autophagy in mice,
although the pathogen sensors involved for the induction has yet not been clarified.
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involvement of the pattern recognition receptors for
viruses in the induction of autophagy is not clear. In
the case of vesicular stomatitis virus infection in
Drosophila cells, induction of autophagy might not
be the result of recognition of the viral genome
RNA, because transfection of viral pattern recognition
molecules, such as viral RNA or RNP isolated from
the virus, does not induce autophagy, but rather trans-
fection of the viral glycoprotein VSV-G particles cause
autophagy induction (39). In mouse cells infected with
sindbis virus, autophagy induction requires replication
of the virus in the cytoplasm of the host cells; the viral
capsid proteins are targeted to the autophagosomes by
making a complex with p62, a known adaptor of se-
lective autophagy, and functions in the clearance of
protein aggregates in neurons (40). Therefore, the
major role of autophagy in the resistance against sind-
bis virus might not be elimination of the virus itself,
but clearance of the virus protein containing aggre-
gates, which may cause neural toxicity, might contrib-
ute to animal survival. The involvement of a
cytoplasmic virus sensor, retinoic acid-inducible gene
I, in autophagy induction has not been clarified.

Infection of Toxoplasma gondii in mouse macro-
phages also induces autophagy, and Atg5, a key mol-
ecule for autophagy is required for the resistance (41).
Although autophagy genes are clearly involved in the
resistance to T. gondii, classical autophagosomal mem-
branes are not observed to surround T. gondii, suggest-
ing that Atg5 plays a novel role in the elimination of
the microbe rather than classical autophagy, with
intracellular membrane dynamics causing damage to
the parasitiphorous vacuole. For that process, it re-
mains an open question if there is any intracellular
sensor(s) present in the cytoplasm of the host cells to
activate the signalling pathway for Atg5-dependent
pathogen elimination.

Autophagy genes, intracellular sensors and
inflammatory disease

One notable aspect of autophagy genes and intracellu-
lar pathogen sensors in innate immunity is their role in
tissue homeostasis (42). Crohn’s disease, a chronic in-
flammatory disorder of the intestine, has a strong
genetic association with autophagy; genome-wide
scans have identified single-nucleotide polymorphisms
(SNPs) of Crohn’s disease patients in the auto-
phagy gene ATG16L1, autophagy-stimulatory
GTPase IRGM and intracellular bacterial sensor
NOD2. Furthermore, involvement of ATG16L1 in
Crohn’s disease is supported by studies using
ATG16L1 knockout (ATG16L1�/�) or hypomorphic
mutant mice (ATG16L1HM) (43). ATG16L1HM mice
show abnormalities in the Paneth cells, specialized in-
testinal epithelial cells that secrete antimicrobial pro-
teins, with disorganized granules in the cells and
defects in the granule exocytosis pathway (44). In
foetal liver-derived macrophages of ATG16L1�/�

mice, aberrantly enhanced production of an inflamma-
tory cytokine, interleukin 1b (IL-1b), is observed in
response to LPS stimulation (45). The finding that

stimulation by non-invasive Escherichia coli or
Enterobactor aerogenes causes abnormal cytokine se-
cretion from ATG16L1�/� cells, but Salmonella typhi-
murium, an invasive bacterium, does not, suggests that
it is not selective autophagy provoked by the detection
of pathogen-related molecules in the cells, but rather it
is a pathogen sensor(s) for the extracellular bacteria
that is involved in activating the immune signalling
pathway for secretion, which is affected by the loss
of basal autophagy (45). Signalling from the intracel-
lular sensor to enhance cytokine signalling is not
excluded, however, because macrophages expressing
the disease-associated NOD2 mutant also show
enhanced expression of IL-1b when stimulated with a
NOD2 ligand� Identification of the in vivo stimulants
of the intestinal macrophages may help to address this
issue.

Conclusion and future perspectives

Extensive studies of the role of autophagy reveal cru-
cial functions of autophagy in immunity. Studies of
autophagy as an innate immune response began with
experiments using cultured cells, which revealed the
molecular and cellular mechanisms of autophagic elim-
ination of microbes. To elucidate the physiological role
of autophagy in tissues or in the whole body, animals
with conditional knockout of autophagy-related genes
and in vivo infection models are indispensable (32).

The central issue of selective autophagy in innate
immunity is the mechanism of the induction of autop-
hagy at the site of the microbe. In case of bacterial
infection, detection of the bacteria by recognition pro-
teins triggers the whole process as described in this
review, but downstream mechanisms including the re-
cruitment of factors and the membrane involvement in
autophagy at the target site require further elucidation.
Targeting of L. monocytogenes to the autophagosome
requires p62, which binds to poly-ubiquitin and LC3,
an essential factor for autophagy, by associating
with the autophagosome membrane (46). Another
ubiquitin-associated factor that requires for the restric-
tion of the intracellular bacterial growth is NDP52,
which co-localizes with ubiquitin-coated Salmonella
enterica, and binds to LC3 (47). The relationship be-
tween the pattern recognition protein-mediated induc-
tion of autophagy and these ubiquitin associated
proteins-mediated pathway remains unclear, but fur-
ther and precise analyses of the nucleation and elong-
ation of the autophagosome may shed light on how
bacteria are selectively degraded.

This review focuses on the elimination of microbes
by their recognition and autophagy. Although in some
cases autophagy is a powerful and indispensable pro-
cess for host survival against microbes, microbes often
escape from or even utilize autophagy in various stra-
tegies (38). Therefore, investigation of their mechanism
and manipulation could lead to more targeted thera-
peutic approaches.
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Nuñez, G., Girardin, S.E., and Philpott, D.J. (2009)
Nod1 and Nod2 direct autophagy by recruiting
ATG16L1 to the plasma membrane at the site of bacter-
ial entry. Nat. Immunol. 11, 55�62

36. Xu, Y., Jagannath, C., Liu, X-D., Sharafkhaneh, A.,
Kolodziejska, K.E., and Eissa, T. (2007) Toll-like recep-
tor 4 is a sensor for autophagy associated with innate
immunity. Immunity 27, 135�144

37. Delgado, M.A., Elmaoued, R.A., Davis, A.S., Kyei, G.,
and Deretic, V. (2008) Toll-like receptors control autop-
hagy. EMBO J. 27, 1110�1121

38. Deretic, V. and Levine, B. (2009) Autophagy, Immunity,
and Microbial Adaptations. Cell Host Micro. 5, 527�549

39. Shelly, S., Lukinova, N., Bambina, S., Berman, A., and
Cherry, S. (2009) Autophagy is an essential component
of drosophila immunity against vesicular stomatitis
virus. Immunity 30, 588�598

40. Orvrdahl, A., MacPherson, S., Sumpter, R., Tallóczy, Z.,
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