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Abstract
Autophagy is a highly conserved degradative pathway that
has rapidly emerged as a critical component of immunity
and host defense. Studies have implicated autophagy genes
in restricting the replication of a diverse array of pathogens,
including bacteria, viruses and protozoans. However, in
most cases, the in vivo role of antimicrobial autophagy
against pathogens has been undefined. Drosophila provides
a genetically tractable model system that can be easily
adapted to study autophagy in innate immunity, and recent
studies in flies have demonstrated that autophagy is an es-
sential antimicrobial response against bacteria and viruses
in vivo. These findings reveal striking conservation of antimi-
crobial autophagy between flies and mammals, and in par-
ticular, the role of pathogen-associated pattern recognition
in triggering this response. This review discusses our current
understanding of antimicrobial autophagy in Drosophila
and its potential relevance to human immunity.

Copyright © 2013 S. Karger AG, Basel

Introduction

Autophagy is an ancient biological process by which
cells break down cytoplasmic material through the lyso-
somal degradation pathway [1]. Evolutionarily conserved
in eukaryotic organisms ranging from yeast to flies to hu-
mans, autophagy is thought to have evolved as an adap-
tive response to cellular stress including nutrient depriva-
tion, as autophagic recycling of macromolecules is critical
for energy homeostasis and survival during periods of
starvation. This bulk form of autophagy is generally con-
sidered to be a nonselective degradation program captur-
ing cytoplasmic material and organelles at random. How-
ever, it has become quite clear that autophagy can also
selectively target particular cargo, including the recycling
of damaged organelles such as mitochondria and the tar-
geted clearance of protein aggregates too large for protea-
somal capture [2, 3]. As such, dysregulation of autophagy
has been implicated in numerous pathological processes
including cancer, aging and neurodegeneration [4].

Because autophagy is the only known mechanism to
remove cytoplasmic contents that are larger than can be
captured by the proteasome, it has also been proposed as
a likely component of the cell’s arsenal against infectious
organisms. Indeed, recent studies have demonstrated that
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autophagy captures and degrades multiple classes of
pathogens, including bacteria, viruses and parasites [5].
This is not absolute, as some pathogens have evolved
means to either inhibit or evade autophagy [6]. Perhaps
surprisingly, some pathogens have even co-opted the
autophagic machinery to enhance their replication [5].
These complex interactions between invasive organisms
and autophagy suggest that antimicrobial autophagy has
exerted strong evolutionary pressures on pathogens. Yet,
much remains to be discovered regarding the functional
importance of antimicrobial autophagy and the mecha-
nisms regulating it.

Drosophila provides an excellent, genetically tractable
system for studying autophagy in host defense and ad-
dressing these unanswered questions. Many of the mo-
lecular players that comprise the core autophagic ma-
chinery, in addition to characterized regulators, are con-
served in flies [7, 8]. Powerful genetic tools are readily
available in Drosophila, facilitating the study of autopha-
gy in vivo. Flies have also been used to study the effects of
pharmacological modulators of autophagy, especially in
neurodegenerative disease models, and therefore similar
approaches could be applied to study the role of autoph-
agy in immune responses [9].

In addition to the autophagic pathway, innate immune
pathways are conserved between flies and mammals. Im-
portantly, flies lack an adaptive immune system, and thus
the functions of autophagy in cell-intrinsic innate immu-
nity can be studied in isolation without the added com-
plexity of adaptive immunity [10]. As in mammals, rec-
ognition of pathogens leads to the activation of conserved
signal transduction cascades that induce transcriptional
responses to activate antimicrobial effectors. For exam-
ple, two major nuclear factor-kB (NF-kB) pathways have
been extensively characterized in flies: the Toll and im-
mune deficiency (IMD) pathways, which play essential
roles in antibacterial and antifungal responses by regulat-
ing humoral defenses including the secretion of antimi-
crobial peptides (AMPs) [11, 12]. Furthermore, the Jak-
Stat pathway, which is conserved in higher organisms,
also plays roles in innate immune defense [13]. Recent
studies have elucidated a complex transcriptional re-
sponse to viral infection that regulates components of all
of these pathways [14]. Altogether, much remains un-
known about how innate immunity is orchestrated in in-
sects, and in particular, how these pathways may control
less characterized responses, such as antimicrobial au-
tophagy. While the role of autophagy in the Drosophila
innate immune response is only beginning to be unrav-
eled, recent data provide novel insights into the antimi-
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crobial functions of autophagy and reveal striking paral-
lels between flies and mammals.

One paradigm that has emerged in mammalian anti-
microbial autophagy is the role of pattern recognition re-
ceptor (PRR) engagement in driving autophagy acti-
vation [15]. These receptors are key components of
the innate immune system that recognize broadly con-
served molecular signatures found on invading path-
ogens known as pathogen-associated molecular patterns
(PAMPs) [16]. The canonical pattern recognition system
consists of the mammalian Toll-like receptors (TLRs),
which were originally identified through their homology
to the Drosophila protein Toll [11]. TLRs are present on
the plasma membrane or in endosomal compartments,
and both classes have been shown to induce autophagy in
mammalian cells upon ligand engagement [17]. Further-
more, other families of PRRs such as the cytoplasmic
NOD-like receptors (NLRs) can activate autophagy [18].
While the control of autophagy by PRRs may be impor-
tant in mammalian host defense, the in vivo significance
during infection is poorly defined. This is in large part
due to difficulties in genetically manipulating autophagy
in vivo in mice. However, the ease of organismal manipu-
lation in flies has revealed that this PRR-autophagy axis
is critical in preventing the host from succumbing to viral
and bacterial infection. Thus, antimicrobial autophagy
represents perhaps one of the most ancient innate effector
responses against invading pathogens. In this review, we
will highlight recent findings in Drosophila antimicrobial
autophagy as well as their relevance to mammalian im-
munity.

Drosophila as a Model Organism to Study
Autophagy

The cell biological process of autophagy and the fac-
tors that regulate this pathway are deeply conserved. Au-
tophagy proceeds through a series of defined stages that
ultimately result in the sequestration and degradation of
cytoplasmic components [4]. Upon autophagy activa-
tion, an isolation membrane (also known as a phago-
phore) begins to form in the cytoplasm. The nascent iso-
lation membrane then elongates and closes to generate
the characteristic double-membraned structure known as
the autophagosome. These vesicles subsequently fuse
with lysosomes, forming autolysosomes that undergo
acidification to activate lysosomal enzymes that degrade
the engulfed contents. Autophagosomes can also fuse
with endosomes to form structures known as amphi-
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Fig. 1. Comparison of autophagy pathways
in Drosophila and mammals. In both flies
and mammals, autophagy proceeds through
three defined stages that depend on a num-
ber of conserved genes comprising the core
autophagic machinery. Autophagy is reg-
ulated by the nutrient signaling pathway,
in which the kinase TOR normally inhibits
autophagy under nutrient-rich conditions.
Autophagy initiation involves a multipro-
tein complex containing Atgl3 and the
serine/threonine kinase Atgl, which acti-
vates formation of the pre-autophagosom-
al membrane. Nucleation of the pre-au-
tophagosomal membrane is mediated by a
complex that contains the type IIT PI3K
Vps34. Elongation of the membrane pro-
ceeds through two ubiquitin-like conjuga-
tion steps. Atg8 (LC3) acquires a phospha-
tidylethanolamine group to form Atg8-II
(LC3-1I), which is incorporated into the
nascent autophagosomal membrane and
helps recruit substrates for degradation. In
the second reaction, Atg5 is conjugated to
Atgl2, which then associates with Atglé.
Genes that have not been validated in au-
tophagy in Drosophila are depicted as white
boxes.
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somes, although the function of this compartment in the
autophagy pathway has not been fully resolved [19].
Using largely genetic screening, previous studies in
yeast have defined over 30 autophagy-related (Atg) genes
that comprise the core molecular autophagic machinery
[8]. The majority of these genes are conserved in flies and
mammals both phylogenetically and functionally, al-
though some differences exist (fig. 1). For example, a
complex containing the serine/threonine kinase Atg1 ini-
tiates autophagy across hosts [20]. Whereas flies and yeast
encode only one copy of Atgl, humans have two closely
related homologs [Unc-51-like kinase-1 (ULK1) and
ULK?2] that are functionally redundant in starvation-in-
duced autophagy [21]. In yeast, the Atgl complex with
Atg13 forms upon autophagy activation, but in both Dro-
sophila and mammals, Atgl forms a stable complex with
Atgl3 regardless of nutrient status [22, 23]. The mamma-
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lian Atgl complex also contains Atgl0l and FIP200,
which are required for autophagosome generation [24,
25]. Drosophila has orthologs of these proteins (CG7053
and CG1347, respectively), but their roles in autophagy
have not been tested. Activation of the Atgl complex
leads to enhanced kinase activity and phosphorylation of
Atgl and Atgl3 [9], although the complement of Atgl
kinase targets remains unknown. In yeast, Atgl kinase
activity is dispensable for the recruitment of downstream
autophagy proteins to the pre-autophagosomal structure
(the site of autophagosome formation) [26], but this may
not be true in mammals, as expression of kinase-dead
ULK]1 or ULK?2 inhibits autophagy [27].

The next step of autophagosome biogenesis involves
nucleation of the autophagosomal membrane. In yeast,
this process depends on a complex containing Atgé6 (Dro-
sophila Atg6 and human beclin-1), Atgl4 (Drosophila
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CG11877 and human Atgl4), Vpsl5 (Drosophila irdl
and human PIK3R4) and the class III phosphatidylinosi-
tol 3-kinase (PI3K) Vps34 (Drosophila Pi3K59F and hu-
man PIK3C3) [8]. Mammalian Vps34 complexes contain
additional proteins including UVRAG, Rubicon and
Ambral, two of which (UVRAG and Rubicon) are found
in flies [28]. Activation of Vps34 leads to the production
of phosphatidylinositol-3-phosphate, which is enriched
at the nascent autophagosome and signals the recruit-
ment of additional proteins including Atgl8 (human
WIPI1 and WIPI2) [29].

Elongation of the autophagosomal membrane is de-
pendent on two conserved ubiquitin-like protein conju-
gation systems. The first involves the covalent attach-
ment of Atg5 to Atgl2 through the E1- and E2-like en-
zymes Atg7 and Atgl0, respectively [4]. This Atg5-Atgl2
complex is then noncovalently linked to Atgl6 (humans
have two Atgl6 orthologs, Atgl6L1 and Atgl6L2) [30].
While these genes are conserved in flies and mammals,
Atgl0 and Atgl6 have not yet been shown to function in
autophagy in Drosophila. The second system involves
conjugation of the lipid moiety phosphatidylethanol-
amine to the ubiquitin-like protein Atg8 through the ac-
tions of Atg3, Atg4 and Atg7, all of which have been func-
tionally validated in Drosophila autophagy [31]. This
modified form of Atg8 decorates the autophagosomal
membrane and is monitored by several autophagy assays
to quantify autophagosome formation. Multiple ortho-
logs of Atg8 are found in flies (Atg8a and Atg8b) and
mammals (LC3A,LC3B, LC3C, GABARAP, GABARAP-
L1, GATE-16, GABARAPL3), the significance of which
is largely unknown, although functional redundancies
likely exist. Taken together, despite some differences be-
tween the Drosophila and mammalian pathways, the mo-
lecular players that mediate autophagy are conserved
between flies and humans, and therefore, findings in
Drosophila antimicrobial autophagy likely have broad
relevance.

In both mammals and flies, autophagy is best studied
for its role in nutrient homeostasis. The nutrient signal-
ing pathway senses extracellular growth factors, insulin
and amino acids, and under nutrient-sufficient condi-
tions, class I PI3K signaling activates the protein kinase
target of rapamycin (TOR) which inhibits autophagy at
the level of the Atgl complex [1]. However, in response
to starvation, TOR is inactivated and this repression of
autophagy is relieved [4]. The nutrient responsive signal-
ing cascade is highly conserved from yeast to flies to hu-
mans: nutrient deprivation, rapamycin treatment or ge-
netic manipulation of TOR or related signaling compo-
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nents (such as PI3K and the small GTPase Rheb) induces
autophagy in all three systems [32]. Thus, not only is the
core autophagic machinery conserved, but also the up-
stream regulatory pathways.

Autophagy is also regulated at the level of gene tran-
scription [33]. A member of the Forkhead box O (FoxO)
family of transcription factors, FoxO3, binds to the pro-
moters of several autophagy genes such as LC3B in mam-
malian cells and activates gene transcription during au-
tophagy [34]. Similarly, FoxO deficiency impairs autoph-
agy activation in the Drosophila larval fat body, whereas
overexpression of an active form of FoxO is sufficient to
promote autophagy [35]. These data suggest that tran-
scriptional regulation of autophagy by FoxO genes is con-
served between mammals and flies. Several other con-
served transcription factors including hypoxia-inducible
factor-1, p53, E2F1 and NF-«B have also been implicated
in upregulating autophagy genes in response to various
stimuli in mammals [36-39]. More recently, transcrip-
tion factor EB (TFEB) has been described as a master pos-
itive regulator of autophagy that drives expression of both
autophagy and lysosomal genes [40]. A Drosophila ho-
molog of TFEB (Mitf) exists, suggesting that a similar
transcriptional network may control autophagy and lyso-
somal biogenesis in flies.

A major advantage of investigating antimicrobial au-
tophagy in Drosophila is the availability of genetic tools
and in vivo models. For instance, mutants in the core au-
tophagy genes have revealed important insights into the
developmental requirements of autophagy [9]. Since de-
ficiencies in most core autophagy genes are lethal in both
mice and flies, conditional loss in specific cell types is
needed to demonstrate functional significance. This is a
simple task in Drosophila due to the ability to perform
clonal analysis, and this approach has revealed cell-au-
tonomous dependencies of autophagy in particular cell
types (e.g., fat body, salivary glands) [32, 41]. In addition,
the development of genome-wide transgenic libraries for
in vivo RNA interference (RNAi) has allowed for the si-
lencing of autophagy genes in flies with both spatial and
temporal control. Furthermore, many autophagy genes
with multiple copies in mammals are encoded by a single
ortholog in flies, facilitating the study of these genes using
single-gene loss-of-function analysis.

Despite the challenges of performing studies in mam-
malian autophagy models, a number of studies have sug-
gested an antimicrobial role for autophagy against diverse
pathogens. Autophagy genes have been shown to confer
resistance to protozoans (i.e. Toxoplasma gondii), bacte-
ria (i.e. Staphylococcus aureus, Listeria monocytogenes,
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Salmonella enterica serovar Typhimurium and Mycobac-
terium tuberculosis among others) and viruses [including
Sindbis virus, vesicular stomatitis virus (VSV) and herpes
simplex virus type 1] [42-49]. The majority of these stud-
ies have been performed in vitro, and the importance of
autophagy in restricting infection and protecting against
mortality at the organismal level is at its infancy. Thus,
experiments in adult flies have significantly advanced our
understanding of antimicrobial autophagy in vivo, as re-
cent studies demonstrate that autophagy controls both
bacterial and viral pathogens in Drosophila.

Restriction of Bacterial Infection by Autophagy

Two major immune signaling pathways in Drosophila
are responsible for humoral immunity against bacteria:
the canonical Toll pathway is predominantly activated by
Gram-positive bacteria, while the IMD pathway mainly
controls Gram-negative bacteria [10]. Induction and se-
cretion of AMPs that restrict these pathogens depends on
the detection of PAMPs, including the bacterial cell wall
component peptidoglycan (PGN) [10]. Flies deficient in
IMD and Toll pathway components are hypersusceptible
to bacterial infection, suggesting that AMPs act as an im-
portant facet of humoral antibacterial immunity [50].
AMPs clearly play an essential role in clearing extracel-
lular pathogens; however, some bacteria such as the
Gram-positive bacterium L. monocytogenes reside in an
intracellular compartment, and thus additional cytoplas-
mic defenses are required to control the replication of
these bacteria.

Indeed, the IMD and Toll signaling pathways are dis-
pensable for containing intracellular L. monocytogenes
in flies; rather, autophagy plays an essential role in re-
stricting L. monocytogenes replication once the bacteri-
um has escaped into the cytoplasm [51]. L. monocyto-
genes invades and replicates in the macrophage-like
blood cells of Drosophila, termed ‘hemocytes’. Yano et
al. [51] found that in both primary hemocytes and a he-
mocyte-derived Drosophila cell line, L. monocytogenes
infection induced autophagy, as shown by the appear-
ance of green fluorescent protein-tagged LC3 puncta
(commonly used to monitor autophagosome forma-
tion) that colocalized with internalized bacteria. Impor-
tantly, autophagy restricted L. monocytogenes growth, as
RNAi-mediated silencing of core autophagy genes in
both cells and whole organisms resulted in increased
bacterial replication, as well as decreased survival in
adult flies after infection. Collectively, these experi-
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ments were the first to unveil an essential antibacterial
autophagy program in Drosophila.

The role of autophagy in restricting L. monocytogenes
replication is not exclusive to Drosophila. Autophagy can
also degrade intracellular L. monocytogenes in mamma-
lian cells, but this process is normally impeded, as L.
monocytogenes possesses several mechanisms to actively
evade autophagic recognition. The bacterial protein
ActA, which is injected into the cytoplasm, inhibits the
cellular ubiquitination machinery from marking the
pathogen for autophagosomal degradation [44]. A sec-
ond L. monocytogenes-encoded protein, InlK, has also
been implicated in autophagy evasion independently of
ActA, although the mechanism is unclear [52]. These
multiple evasion mechanisms emphasize the importance
of autophagy in innate immunity against L. monocyto-
genes infection, which has necessitated continuing adap-
tation by the bacterium to counteract this response. This
also demonstrates how the use of an unnatural host, Dro-
sophila, can reveal restrictive pathways that the L. mono-
cytogenes-encoded mechanisms cannot evade and per-
haps important mechanisms that regulate such pathways.

In fact, additional experiments in flies showed that a
PRR previously linked to the IMD pathway detects L.
monocytogenes components to trigger autophagy [51].
The upstream receptors of the IMD pathway are mem-
bers of the PGN recognition protein (PGRP) family,
which recognize bacterial PGN structures. PGRP-LC is a
transmembrane sensor that recognizes monomeric and
polymeric diaminopimelic acid (DAP)-type PGN at the
cell surface, whereas PGRP-LE exists in two forms that
have both cell-autonomous and non-cell-autonomous
functions [53]. On the one hand, PGRP-LE is constitu-
tively secreted into the open circulatory system and acti-
vates the IMD pathway systemically in response to bacte-
rial infection [54]. In addition to this extracellular role,
PGRP-LE is also expressed within immune cells as an in-
tracellular receptor for the PAMP tracheal cytotoxin, a
monomeric DAP-type PGN, and can control the induc-
tion of AMPs such as listericin [55, 56]. Both PGRP-LC
and PGRP-LE confer immunity to L. monocytogenes, as
mutants in either sensor are hypersusceptible to infec-
tion. However, PGRP-LC and PGRP-LE have nonredun-
dant functions: while PGRP-LC controls extracellular
bacteria in the hemolymph, PGRP-LE restricts bacterial
replication within cells. This divergence is due to the re-
quirement of PGRP-LE but not PGRP-LC in antibacte-
rial autophagy. PGRP-LE was necessary for autophagy
induction in response to L. monocytogenes (fig. 2a), as
well as the PAMP tracheal cytotoxin and DAP-type PGN
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Fig. 2. Drosophila antimicrobial autophagy
in bacterial and viral infection. a L. monocy-
togenes is a Gram-positive bacterium that in-
vades the cytoplasm. Intracellular bacteria
are detected by the PRR PGRP-LE, which
senses PGN derivatives that are components
of the bacterial cell wall. PGRP-LE recogni-
tion activates several signaling pathways, in-
cluding the activation of AMP production by
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(but not lysine-type PGN, which signals through an un-
known cytoplasmic PRR) [51]. Thus, bacterial detection
by a cytosolic PGN-sensing pathway is a critical compo-
nent of antibacterial autophagy in flies. Unexpectedly,
though PGRP-LE can signal through the IMD pathway,
components of the IMD pathway were not required for
either autophagy or intracellular bacterial restriction,
suggesting that an unknown signaling pathway links PRR
engagement to antibacterial autophagy in flies.

Clear parallels can be drawn between the function of
the intracellular sensor PGRP-LE in flies and NLRs in
mammals in controlling antimicrobial autophagy. Nod1
and Nod2 are NLRs that reside in the cytoplasm and rec-
ognize degradation products of PGN, similar to PGRP-
LE: Nod1 acts as a sensor for molecules containing meso-
DAP, whereas Nod?2 is stimulated by muramyl dipeptide
[57]. In mice, Nodl and Nod2 interact with the autoph-
agy protein Atgl6Ll, and this interaction localizes
Atgl6L1 to the plasma membrane at the site of bacterial
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entry [18]. Thus, recognition of PGN derivatives by cyto-
solic sensors is a shared pathway regulating autophagy
induction between flies and mammals, although whether
the mechanism downstream of PRR engagement is con-
served must be further resolved.

While antibacterial autophagy in Drosophila is most
precisely defined in L. monocytogenes infection, recent
studies suggest that other bacteria may also be controlled
by autophagy. For example, multiple hosts utilize autoph-
agy to restrict replication of Wolbachia, a common endo-
symbiotic bacterium found in arthropods and filarial
nematodes [58]. Activation of autophagy (such as with
starvation or rapamycin treatment) reduced bacterial
loads in Aedes aegyptii mosquito cells or adult flies [58].
In contrast, inhibiting autophagy via siRNA depletion of
Atgl in flies enhanced bacterial replication. Another
study showed that the antibiotics rifampicin (an inhibi-
tor of the bacterial RNA polymerase) and amikacin (an
aminoglycoside that inhibits bacterial protein synthesis
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through irreversible binding to the 30S ribosome) acti-
vate autophagy during Mycobacterium marinum infec-
tion, and that autophagy genes are necessary for these an-
tibiotics to reduce bacterial growth [59]. Finally, mutants
in irdl, a component of the PI3K autophagy complex,
display dysregulated AMP expression and enhanced sus-
ceptibility to bacterial infection by the Gram-positive
bacterium Micrococcus luteus and the Gram-negative
bacterium Escherichia coli [60]. It remains to be deter-
mined whether the requirement for ird1 is due to a direct
role of autophagy in clearing the bacteria.

Though the spectrum of bacteria controlled by au-
tophagy in flies remains to be further explored, multiple
classes of bacteria with divergent replication strategies
(including both Gram-positive and Gram-negative bac-
teria) engage the autophagy pathway in mammalian
cells. Most of this work has been completed in cell lines
or primary bone marrow-derived macrophages, and
only a few studies have investigated the role of antibacte-
rial autophagy in vivo. Recent work demonstrated that
macrophage-specific Atg5 deficiency increases suscepti-
bility to L. monocytogenes and M. tuberculosis in mice
[61-63]. However, whether other tissues utilize autoph-
agy as an innate antibacterial defense strategy has been
poorly characterized. For example, many bacteria enter
via gut epithelial cells, and thus it would be interesting to
determine if autophagy restricts bacterial replication in
the intestine. One study showed that Atgl6L1 hypo-
morphic mice have normal bacterial burdens after oral
L. monocytogenes challenge [64], but other in vivo mod-
els with different bacteria have not been reported. Per-
haps tissue-specific silencing of autophagy genes in flies
may help elucidate whether cell types besides macro-
phage-like cells also employ autophagy in their antibac-
terial arsenal.

Restriction of Viral Replication by Autophagy

In addition to controlling bacterial infection, autoph-
agy also impacts viral replication and pathogenesis in
some mammalian infections. Neuronal overexpression of
beclin-1 (the mammalian homolog of Atg6) in neonatal
mice protects against Sindbis virus pathogenesis [65].
Moreover, mice lacking Atg5 expression in neurons suc-
cumb more readily to Sindbis virus infection due to im-
paired viral capsid clearance, although autophagy does
not seem to restrict viral replication per se [47]. Herpes
simplex virus type 1 can antagonize autophagy via the vi-
ral protein ICP34.5, and mice more easily clear ICP34.5-
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mutant viruses compared to wild-type viruses, again sug-
gesting a détente between autophagy and viruses [66].
More recent data suggest that autophagy can control oth-
er viruses such as HIV, encephalomyocarditis virus and
human papilloma virus in mammalian cells in certain
contexts, although the in vivo significance has not been
assessed [67-69]. Since Drosophila are infected by viruses
and are a genetically tractable model, flies are well suited
for probing the interactions between viruses and autoph-
agy.

Indeed, recent data demonstrate that autophagy is a
conserved and essential component of the innate antiviral
arsenal against the negative-sense Rhabdovirus VSV in
flies. Drosophila S2 cells depleted of several genes in the
core autophagic machinery exhibited increased viral in-
fection [48]. RNAI silencing of autophagy genes in flies
similarly elevated viral replication and mortality after in-
fection, revealing a fundamental antiviral role for autoph-
agy in vivo. Finally, VSV induced autophagy in cells (in-
cluding primary hemocytes) and adult flies, which is reg-
ulated at least in part by the upstream nutrient-signaling
PI3K-Akt pathway.

Analogous to antibacterial autophagy induced by
L. monocytogenes infection, antiviral autophagy against
VSV infliesisalso triggered by the recognition of PAMPs.
Perhaps surprisingly, VSV replication intermediates and
viral nucleic acids were not required for the induction of
antiviral autophagy in Drosophila cells, as UV-inactivated
VSV induced a response similar to replication-competent
virus, and incoming viral RNA or ribonucleoprotein
complexes were inert. Rather, the viral glycoprotein VSV-
G was sufficient to induce autophagy, suggesting that
VSV-G acts as a PAMP upstream of antiviral autophagy.
These findings led to the search for the PRR and the sub-
sequent discovery that one of the nine Drosophila Toll
receptors, Toll-7, acts as the PRR that recognizes VSV to
elicit antiviral autophagy (fig. 2b) [70]. Toll-7 interacts
with VSV virions at the plasma membrane, suggesting
that it acts as a bona fide PRR similar to mammalian
TLRs. Moreover, Toll-7 restricts VSV replication in both
cells and adult flies, and Toll-7 deficiency in flies leads to
significantly increased mortality after infection. Toll-7 is
essential for inducing autophagy in response to VSV,
thereby linking virus recognition by a PRR to a core anti-
microbial autophagy program.

The identification of Toll-7 as a PRR that triggers an-
timicrobial autophagy was particularly interesting be-
cause, while all of the mammalian TLRs have been im-
plicated in immunity, the roles of the Drosophila Toll
receptors (with the exception of the canonical receptor
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Toll) have been elusive. While some Toll receptors have
been suggested to control AMP responses, these find-
ings have been disputed [71-74]. In addition to diver-
gent phylogenies between the Drosophila Toll receptors
and mammalian TLRs, functional disparities have also
been raised. For example, although mammalian TLRs
are generally thought to bind pathogen-derived ligands
directly, Toll interacts with the host cytokine Spitzle,
which is activated upon infection [75]. Together, the
lack of observed antimicrobial activity and the indirect
nature of PAMP-Toll interactions have led to the hy-
pothesis that the mammalian TLRs and Drosophila Tolls
evolved independently [76]. However, these new find-
ings that Toll-7 interacts with VSV to restrict infection
suggest functional conservation between the mamma-
lian TLRs and Drosophila Tolls, and therefore, they may
be more closely related than previously assumed. The
role of additional fly Toll receptors in immunity is fur-
ther suggested by recent work showing that Tollo (Toll-
8) negatively regulates AMP expression in Drosophila
respiratory epithelium [77]. It remains to be determined
whether additional Toll receptors restrict viral replica-
tion or regulate autophagy activation. In fact, recent
studies have shown that four Drosophila Toll receptors,
including Toll and Toll-7, are transcriptionally induced
upon viral infection [14]. Since many antiviral factors
are induced by infection, these data suggest that the oth-
er less characterized Toll receptors may also be involved
in antiviral defenses.

The connection of a Toll receptor to antiviral autoph-
agy in flies closely resembles the role of mammalian TLRs
in triggering autophagy. While TLRs were the first cate-
gory of PRRs implicated in eliciting autophagy, most
studies have used model ligands and in vitro systems. Li-
popolysaccharide, a canonical TLR4 ligand, induced au-
tophagy in both murine and human macrophages, and
this response promoted colocalization of autophagosome
markers with intracellular bacteria [78]. Autophagy ac-
tivation can be observed using canonical ligands for
TLR1, TLR3, TLR5, TLR6 and TLR7 in macrophages [17,
79], and a recent study found that TLR8 ligands can acti-
vate vitamin D-dependent autophagy in human macro-
phages to restrict HIV replication [80]. Furthermore, ex-
tracellular recognition of bacteria by TLRs leading to the
induction of antimicrobial autophagy has become more
clearly defined, as TLR2 is required to activate autophagy
in L. monocytogenes-infected macrophages [81]. Impor-
tantly, these recent findings in flies regarding the role of
Toll-7 in antiviral autophagy reflect a conserved link be-
tween TLRs and autophagy in Drosophila and mamma-
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lian systems and suggest that immune mechanisms con-
trolling antimicrobial autophagy are an ancient program
in pathogen defense. Thus, a detailed mechanistic under-
standing of how PRRs activate autophagy in flies may
continue to inform our knowledge of how antimicrobial
autophagy is regulated in humans.

Unanswered Questions in Antimicrobial Autophagy

The use of flies to interrogate immune defense path-
ways has significantly enhanced our understanding of an-
timicrobial autophagy due in large part to the sophisti-
cated genetic tools available in flies to study autophagy
genes in vivo. Despite these recent advancements, out-
standing questions remain with regard to the molecular
mechanisms that link microbial recognition to autophagy
in insects, which may be conserved and thus have signif-
icant relevance to human immunity.

First, what are the signaling pathways that link patho-
gen recognition by PRRs to activation of autophagy? Flies
have three classical immune signaling pathways that have
relevance in mammalian systems: the Toll pathway, the
IMD pathway and the Jak-Stat pathway. PGRP-LE has
been shown to control the induction of IMD-dependent
AMPs such as diptericin in response to DAP-type PGN
in both the intracellular and extracellular space [53].
However, loss of IMD pathway (as well as Toll pathway)
components had no effect on L. monocytogenes-depen-
dent autophagy in Drosophila cells, suggesting that non-
canonical signaling pathways control autophagy down-
stream of bacterial recognition [51]. Interestingly, one of
the mitogen-activated protein kinase pathways (ERK) is
required for autophagy activation during L. monocyto-
genes infection in macrophages [81], and as this pathway
is widely conserved, it would be interesting to test its role
in L. monocytogenes infection and autophagy in flies. Ad-
ditionally, tumor necrosis factor receptor-associated fac-
tor-6 has been shown to regulate TLR4-induced autoph-
agy by phosophorylating beclin-1 [82]; however, the role
of Drosophila tumor necrosis factor receptor-associated
factor-6 in antibacterial autophagy has not been evaluat-
ed. The signaling components that relay Toll-7 engage-
ment of VSV to autophagy are similarly elusive. MyD88
is not necessary to control VSV replication or activate
antiviral autophagy [70]. In addition, VSV infection does
not strongly induce either the IMD or Jak-Stat pathway
and is not restricted by the Jak-Stat pathway [70, 83].
These observations suggest that alternative pathways reg-
ulate antimicrobial autophagy in flies.
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A second question is the mechanism by which au-
tophagy is antimicrobial against specific pathogens. Two
possibilities exist: autophagy may directly degrade in-
vading pathogens or pathogen-derived molecules, con-
sistent with data on bacterial clearance from the cytosol,
or autophagy may act indirectly, such as by controlling
alternative cell death pathways like apoptosis. Autopha-
gy has been traditionally thought of as a nonselective,
bulk degradative pathway. However, in certain contexts,
autophagy can be selectively activated to degrade spe-
cific cytoplasmic targets, such as the directed recycling of
damaged organelles or the specific engulfment of invad-
ing microbes by autophagosomes [3]. This non-random
form of autophagy is known as ‘selective autophagy’. Mi-
crobial capture is dependent on recognition by a variety
of autophagic cargo receptors, which also interact simul-
taneously with core autophagy proteins such as LC3 to
deliver pathogens to nascent autophagosomes. For ex-
ample, S. enterica serovar Typhimurium is recognized by
multiple autophagy receptors including p62, NDP52 and
optineurin [45, 84, 85]. Other studies have demonstrated
a role for p62 and NDP52 in L. monocytogenes and Shi-
gella flexneri recognition, as well as NDP52 in strepto-
cocci recognition [44, 86, 87]. Viral proteins such as
Sindbis virus capsids are also subject to p62-mediated
clearance [47]. In many cases, these cargo receptors de-
tect invading pathogens labeled with polyubiquitin tags,
but in some instances, other signals such as diacylglyc-
erol or host glycans exposed on damaged bacteria-con-
taining vesicles (via galectin 8) are also recognized [88,
89].

It is unknown whether autophagy adapters are analo-
gously critical for host protection in flies. Notably, Dro-
sophila encodes a homolog of p62 [known as ref(2)p],
which has an LC3-interacting motif and localizes to pro-
tein aggregates in autophagy-defective flies and in neu-
rodegenerative disease models [90]. While ref(2)p has
not formally been shown to regulate antimicrobial au-
tophagy, there is evidence that it acts as a viral restriction
factor. Ref(2)p is polymorphic, and flies in wild popula-
tions carrying certain ref(2)p alleles are less permissive to
sigma virus, a natural Drosophila pathogen related to
VSV [91]. Interestingly, ref(2)p physically interacts with
sigma virus proteins [92], raising the possibility that this
recognition may promote autophagic clearance of the vi-
rus. Additional studies are required to determine if au-
tophagy is responsible for restriction of sigma virus rep-
lication in flies. Given the similarities between sigma
virus and VSV, perhaps p62-dependent selective autoph-
agy may play a role in VSV restriction by targeting cap-
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sids or other viral proteins, similar to its function in
mammalian antimicrobial autophagy during Sindbis vi-
rus infection. In addition, the role of ref(2)p during bac-
terial infection remains to be addressed. Other autopha-
gy receptors such as optineurin and NDP52 do not have
clear fly orthologs. In contrast, flies encode multiple ga-
lectins [93], and in human cells, galectin-8 was recently
demonstrated to detect bacterial invasion into the cyto-
sol and recruit NDP52 to activate antibacterial autopha-
gy [88]. A Drosophila galectin may similarly function as
a danger receptor that helps mark bacteria for autopha-
gosomal degradation. Intriguingly, one of the Drosophila
galectins (galectin) is expressed in larval hemocytes,
which utilize antibacterial autophagy during L. monocy-
togenes infection [94].

While p62 is the best characterized autophagy adap-
tor, there are likely a large number of unidentified cargo
receptors, as high-throughput functional genomic ap-
proaches continue to identify additional factors that play
roles in selective autophagy [95-97]. Recently, the protein
Alfy was shown to operate with p62 in the clearance of
large protein aggregates, though it is unclear whether this
gene is also required for targeting pathogens for autopha-
gic degradation [98]. The fly ortholog of Alfy (bchs) has
been shown to be important in removing cytoplasmic
protein aggregates that contribute to neurodegenerative
pathology, suggesting conserved functions between
mammals and flies [98]. It remains to be determined
whether bchs mutants are more susceptible to infection
due to impaired antimicrobial autophagy. Another recent
study demonstrated that the deubiquitinating enzyme
Usp36, which had been shown to negatively regulate the
IMD pathway in flies, also negatively regulates p62-de-
pendent selective autophagy in flies and human cells [99].
Hence, it would be interesting to determine if Usp36 de-
ficiency impacts bacterial or viral infection through en-
hancement of selective antimicrobial autophagy. Finally,
a genome-wide siRNA screen has also identified multiple
molecular determinants of selective autophagy of Sindbis
virus capsid proteins in mammalian cells [97]. Many of
these genes have fly homologs, but whether these genes
also play important functions in antimicrobial autophagy
in flies remains unresolved.

In addition to the selectivity of autophagy within cells,
emerging evidence suggests that autophagy also possesses
tissue-specific functions [4]. The tissue-specific require-
ments of autophagy genes in infection models have not
been thoroughly assessed. Because of the availability of
tissue-specific drivers for in vivo RNAi, Drosophila may
provide a useful system to systematically evaluate the role
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of autophagy genes in specific tissue types during infec-
tion to define how cell type-specific regulation of antimi-
crobial autophagy is orchestrated in vivo.

Another emerging field suggests that subsets or ‘cas-
settes’ of autophagy genes traditionally implicated in the
core autophagic machinery play noncanonical roles in
immunity. This concept is supported by recent findings
that only some autophagy genes are required for a given
process and that other autophagy genes are dispensable.
For example, interferon-y-mediated immunity against
mouse norovirus in macrophages requires the Atg5-
Atgl2/Atgl6L1 complex but not the downstream gene
Atg4B or lysosomal degradation [100]. Additional work
showed that Atg5, but not autophagosome generation per
se, is required to restrict T. gondii replication via the re-
cruitment of the p47 GTPase to the parasitophorous
vacuole membrane [63]. Furthermore, some autophagy
genes act outside of canonical autophagy by participating
in related processes like LC3-associated phagocytosis
[101]. Of note, the role of autophagy gene cassettes has
primarily been described in cell culture. Due to the ease
of genetic manipulation and single-gene silencing in flies,
future experiments in Drosophila may provide additional
insights into the distinction between canonical and non-
canonical functions for autophagy genes in host defense
in vivo.

References

Concluding Remarks

The innate immune system is the first line of defense
against infection and must coordinate pathogen recog-
nition with effector mechanisms that mediate pathogen
clearance. Over the past decade, a number of fundamen-
tal discoveries have established autophagy as one of these
essential effector responses. However, our understanding
of the in vivo significance of antimicrobial autophagy has
lagged behind. Research in Drosophila has provided crit-
ical insight into the importance of autophagy in bacterial
and viral infection at the organismal level, demonstrating
that this pathway is an ancient immune defense strategy.
As the autophagic machinery and regulatory mechanisms
are evolutionarily conserved, future studies in flies offer
the opportunity to identify novel players in antimicrobial
autophagy pathways that can be subsequently studied in
mammalian systems.
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