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Abstract
Autophagy is a conserved catabolic stress response pathway that is increasingly recognized as an
important component of both innate and acquired immunity to pathogens. The activation of
autophagy during infection not only provides cell-autonomous protection through lysosomal
degradation of invading pathogens (xenophagy), but also regulates signaling by other innate immune
pathways. This review will focus on recent advances in our understanding of three major areas of
the interrelationship between autophagy and innate immunity, including how autophagy is triggered
during infection, how invading pathogens are targeted to autophagosomes, and how the autophagy
pathway participates in “tuning” the innate immune response.

1. Introduction
The evolution of the endomembrane system was a critical event that “emancipated” primordial
unicellular eukaryotes from the need to be in continuous contact with their food sources by
allowing the storage of nutrients that could be used during periods of starvation [1]. The process
of autophagy, which is conserved from yeast to metazoans, involves the coordinated actions
of dozens of autophagy genes (ATG) that mediate membrane rearrangements to permit
catabolism of these stored energy sources [2]. Not surprisingly, this complex and evolutionarily
ancient pathway has evolved to respond to many other stressors besides starvation, including
hypoxia, high temperature, overcrowding, reactive oxygen species, and endoplasmic reticulum
(ER) stress [3]. Of note, at the beginning of eukaryotic life, the endomembrane system also
permitted the internalization of microorganisms that could be harmful to the cell. Accordingly,
the autophagy pathway may have also evolved as a multi-pronged system to control pathogens,
both in a cell-autonomous manner, and, in metazoan organisms, in the coordinated regulation
of innate and adaptive immunity [4–6]. In this review, we will highlight recent advances in our
understanding of the roles of autophagy in innate immunity, focusing on the triggering of
autophagy during infection, the targeting of pathogens to the autophagic machinery, and the
emerging roles for autophagy in “tuning” the innate immune response.

1.1. Autophagy as a conserved host defense response to infection
In the past several years, substantial evidence has accumulated indicating that autophagy
represents a conserved host defense response against diverse intracellular pathogens [4–6].
ATG genes and the host response to pathogen infection were linked in the first report describing
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a mammalian ATG gene [7]. In this study, enforced neuronal expression of beclin 1, an ortholog
of yeast ATG6/VPS30, protected mice from lethal CNS alphavirus infection [7]. ATG genes
have since been shown to play a protective role in vivo against diverse pathogens in a wide
variety of animal models. For example, ATG genes control the spread of the hypersensitive
response to tobacco mosaic virus in plants [8], protect Drosophila against infection with
Listeria monocytogenes [9] and vesicular stomatitis virus (VSV) [10], and protect mice against
infection with L. monocytogenes, Toxoplasma gondii [11], herpes simplex virus 1 (HSV-1)
[12] and Sindbis virus [13]. In addition, several in vitro studies have described important roles
for autophagy in the control of many bacteria, viruses, and parasites [4]. There have also been
reports of pathogens utilizing components of the host autophagic machinery to promote their
own replication, and in the case of pathogens that are themselves eukaryotes, of utilizing their
own autophagic machinery as part of their own intracellular survival or virulence strategies
[4]. However, it is important to note that all published studies to date with non-fungal pathogens
(i.e. bacteria, viruses, and parasites) in in vivo infection model systems have demonstrated a
protective function of ATG genes.

1.2. Orchestration of the initial defense against infection by the innate immune system
In 1989, Janeway first postulated that a class of pattern recognition molecules must exist that
function as an initial defense against infection by rapidly detecting conserved molecular
features shared by pathogens [14]. This prediction was confirmed by the subsequent discovery
of several classes of pattern recognition receptors (PRRs), including families of Toll-like
receptors (TLRs), RIG-I like receptors (RLRs), some members of Nod-like receptor (NLR)
family and C-type lectins, and the double-stranded RNA binding protein kinase PKR. These
PRRs recognize conserved components of pathogens (or products of their replication) that are
collectively termed pathogen-associated molecular patterns (PAMPs).

Another seminal hypothesis in the field of innate immunity was the “Danger Model” first put
forth in 1994 by Matzinger [15], which proposed that cellular damage was a critical factor
underlying immune activation. Indeed, over the past several years, a growing repertoire of
danger-associated molecular patterns (DAMPs) have been identified that result in the activation
of host stress response pathways [16–18]. These include products of necrotic cells
(extracellular ATP and DNA, monosodium urate crystals), indicators of environmental stress
(hypoxia, cold), perturbation of intracellular ion gradients, generation of reactive oxygen
species (ROS) and accumulation of misfolded proteins.

Upon stimulation, PRRs and danger receptors activate signaling pathways that constitute the
front lines of host defense against pathogen infection. These range from cell-autonomous innate
immune responses, such as PKR-mediated activation of translational control programs that
restrict viral replication [19], to induction of proinflammatory cytokine and chemokine
production via activation of MAPK, NF-κB, IRF and IL-1β pathways, resulting in local and
systemic inflammation [17,20]. In turn, the milieu of proinflammatory signals secreted in
response to PRR and DAMP receptor activation helps direct the adaptive immune response
[21].

1.3. Interaction of autophagy and the innate immune system during infection
Given the crucial roles of autophagy and the innate immune system in front line defense against
infection, it is reasonable to speculate that intricate cross-talk exists between the two. Although
there is still much to be learned, it is becoming clear that a subset of PRRs and DAMPs activate
autophagy and that ATG genes are intimately involved in tailoring the response triggered by
many PRRs and DAMP receptors. There is also increasing evidence that the intracellular
recognition and targeting of pathogens to autophagosomes is a central element of innate
immunity. Moreover, autophagy can positively or negatively regulate PRR and DAMP receptor
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signaling in a cell-type and context-dependent manner to shape inflammatory responses and
adaptive immunity. Further knowledge of these complex interrelationships will be critical to
fully understand host-pathogen interactions and to develop new antimicrobial therapies that
exploit this understanding.

2. Triggering autophagy during pathogen infection
The sensing of PAMPs by PRRs or the activation of stress response pathways by DAMPs can
trigger autophagy in a cell-autonomous manner. In addition, several pathogens trigger
autophagy by mechanisms that may be independent of PAMPs or DAMPs or at least not yet
known to involve these sensors. Moreover, autophagy induction via engagement of a pathogen
receptor has recently been described [22]. Cytokines such as IFNγ produced during infection
can also regulate autophagy in target cells to control intracellular pathogens. In this section,
we provide an overview of innate immunity-associated pathways that have been linked with
activation of autophagy (Figure 1).

2.1. Pattern recognition receptors (PRRs)
An important clue that PRRs may exert antimicrobial effects in vivo through autophagy
induction was provided by studies with L. monocytogenes infection in Drosophila [9]. Mutation
of the PRR, PGRP-LE, or hemocyte-specific deletion of Atg5 increased animal lethality,
suggesting a critical role for both PGRP-LE and autophagy in host defense against Listeria in
vivo. The PRR, PGRP-LE, mediated autophagy induction in response to the Listeria PAMP,
diaminopimelic acid-containing peptidoglycan (DAP-PGN), and controlled intracellular
bacterial growth in cultured primary hemotocytes or a macrophage-like cell line through an
autophagy-dependent mechanism. Thus, although not formally proven, it is reasonable to
speculate that autophagy induction by the PRR PGRP-LE may be important for controlling
Listeria infection in vivo. Listeria-induced autophagy was independent of imd and Toll, the
two major known PAMP signal transduction pathways in Drosophia [23], suggesting that
autophagy induction by PRRs may utilize downstream components that are distinct from other
innate immune signaling pathways. In addition, lysine-type PGN induced autophagy in
Drosophila cells lacking PRGP-LE, suggesting the existence of additional PRRs that are
capable of activating autophagy.

2.2. Toll-like receptors (TLRs)
TLRs are a family of Type I integral membrane proteins that recognize PAMPs via their
leucine-rich regions (LRR) to activate proinflammatory cytokine and Type I interferon (IFN)
production via NF-κB-, MAPK- and interferon-regulatory factor (IRF)-dependent pathways
[20]. The function of TLRs is phylogenetically conserved and to date, 12 members (TLR1-12)
have been identified in mammals. Several of the mammalian TLRs have now been linked to
autophagy induction [24].

In the first report of TLR-induced autophagy [25], the Gram-negative bacterial cell wall
component lipopolysaccharide (LPS) stimulated autophagy (as defined by the formation of
GFP-LC3 punctae, LC3-II conversion, and electron microscopy) in primary human alveolar
macrophages and a murine macrophage cell line. In the murine macrophage cell line, LPS-
induced GFP-LC3 punctae formation was decreased by TLR4 siRNA or the expression of
dominant negative mutant TLR4. LPS-induced autophagy also required the TLR adaptor TRIF
and the downstream TLR signaling components RIP1 and p38 MAPK, but not the TLR adaptor
MyD88. Moreover, incubation of macrophages with LPS caused increased colocalization of
Mycobacterium tuberculosis (which does not contain LPS) with autophagosomes, resulting in
decreased mycobacterial survival.
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The role of specific TLRs in autophagy induction was further examined by Delgado et al
[26]. The authors found that TLR3, TLR4, and TLR7 agonists, but not TLR1/2, TLR5, or TLR9
agonists, induced autophagy in murine macrophages. Similar to the findings of Xu et al. with
TLR4, they found that TLR7 ligand-dependent autophagy decreased the intracellular survival
of the BCG vaccine strain of M. tuberculosis (although in this study they found that such
autophagy required the adaptor MyD88). An interesting question is therefore, whether
heterologous infections (or specific treatment with TLR ligands), through TLR-dependent
activation of autophagy, may augment host defense against mycobacteria and other
intracellular infections. Another open question is whether the differential role of MyD88 in
TLR-dependent autophagy in different studies reflects different TLR family member specific
signaling pathways or other factors.

In addition to these two studies, there are also other more recent reports that demonstrate that
LPS (a TLR4 ligand) and PAM3CYS4 (a TLR1/2 ligand) induce autophagy in primary
dendritic cells [27] and that LPS induces autophagy in bone marrow-derived macrophages
(BMDMs) [28]. Although the role of TLR signaling was not specifically investigated in these
studies and the authors only measured autophagy induction using the GFP-LC3 punctae
formation assay, taken together, these studies are consistent with the model that diverse TLRs
may function in autophagy activation. One potential biochemical mechanism has been
proposed by which TLR signaling may activate autophagy; upon TLR stimulation, the TLR
adaptors, TRIF and MyD88, interact with the autophagy protein, Beclin 1, resulting in the
disruption of its interaction with Bcl-2 [29], which normally functions to suppress autophagy
[30,31]. Further studies are required to define additional mechanisms by which TLRs activate
the autophagy pathway.

Despite the growing consensus that TLR signaling activates autophagy, not all studies are
consistent with this conclusion. For example, Saitoh et al. found that LPS fails to induce
autophagy in primary macrophages [32]. The basis for the discrepancy between their findings
and other reports is unknown. Another interesting finding is that ATG genes may be important
in controlling cellular responses to TLR agonists in a manner that this does not involve classical
macroautophagy. Sanjuan et al [33] used latex beads coated with TLR agonists to model
phagocytosis in macrophages. They observed TLR agonist-dependent LC3 lipidation,
recruitment of GFP-LC3 and GFP-Beclin 1 to the site of phagocytosis, and more rapid
phagosomal maturation in a manner that required the essential ATG genes Atg5 and Atg7 and
was reversed by PI3K inhibitors. However, EM studies failed to reveal the presence of classical
double-membraned autophagosomes, leading the authors to postulate a unique role for the
autophagic machinery in TLR agonist-induced phagocytosis. As discussed in more detail
below, although Saitoh et al did not find that TLR agonists such as LPS induce autophagy
[32], they found that ATG genes were important for modulating TLR-activated
proinflammatory cytokine production. Finally, another interesting point regarding TLR
signaling and autophagy is that, not only may TLR signaling activate autophagy, but autophagy
may also function to activate TLR signaling. Lee et al. found that autophagy was essential for
delivery of viral nucleic acids to endosomal TLRs and Type I IFN production in plasmacytoid
dendritic cells infected with vesicular stomatitis virus [34]. Thus, there appears to be extensive
cross-talk between TLRs, autophagy, and innate immune responses.

2.3. The Nod-like receptor (NLR) family
Like TLRs, the NLR family is evolutionarily ancient, with homology in domain organization
to the plant resistance genes that sense PAMPs and DAMPS during pathogen infection [17].
The mammalian NLR family contains >20 members; all members contain a central NACHT
domain, most members contain a C terminal LRR domain, and NLRs primarily differ in their
N-terminal domains, which mediate interactions with downstream signaling molecules. NLRs
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can be further subdivided into three distinct subfamilies based on their domain structure: the
Nods (which primarily activate signaling via NF-κB and MAPK), and the NALPs and IPAF/
NAIP (which are components of the “inflammasome”) [17]. In recent years, links between the
autophagy pathway and members of each NLR subfamily have emerged that implicate
autophagy in important executioner and regulatory roles in NLR signaling.

Two recent studies have shown that Nod1 and Nod2 proteins are PRRs that function in
autophagy induction in response to bacterial PGN. Travassos et al [28] found that Nod1
agonists induce autophagy in epithelial cells and that Nod2 agonists induce autophagy in
myeloid cells (including in wild-type but not Nod2−/− mouse peritoneal macrophages). Nod1-
deficient MEFs were defective in targeting Shigella flexneri ΔIcsB (a mutant that does not
inhibit autophagy) and L. moncytogenes to GFP-LC3 -positive structures (presumably
autophagosomes) and had increased intracellular S. flexneri ΔIcsB bacterial proliferation.
Similarly, bone marrow-derived monocytes from mice with a frameshift mutation in Nod2
(1007insC) associated with Crohn’s disease were deficient in bacterial autophagy. The authors
postulate that, unlike Nod1- and Nod2-dependent activation of inflammatory signaling, Nod-
dependent activation of bacterial autophagy is independent of the adaptor kinase RIP2 and of
NF-κB transcription factor activity since RIP2-deficient macrophages display normal S.
flexneri ΔIcsB-induced autophagy (but impaired NF-κB-dependent chemokine
secretion).Instead, they propose the interesting model that the Nod proteins may act as
nucleating factors for the initiation of bacterial autophagy by recruiting the autophagy protein,
ATG16L1, to the bacterial entry site. However, it not yet clear how Nod1 or Nod2 activation
leads to ATG16L1 recruitment to the sites of bacterial entry, whether such recruitment is
sufficient for the initiation of Nod-dependent autophagy or other as of yet unidentified signals
are required, and precisely how Nod-ATG16L1 interactions regulate bacterial autophagy. Of
note, while cells from donors homozygous for the Crohn’s disease risk-associated ATG16L1
T300A allele show impaired autophagy following stimulation with Nod ligands, they do not
show a deficiency in their interaction with Nod1 or Nod2. Thus, although this polymorphism
may affect Nod-dependent autophagy, such an effect is likely to be independent of direct
interactions with Nod proteins.

Cooney et al [27] found that muramyldipeptide (MDP), a breakdown product of PGN that
functions as a NoD2 and NALP3 ligand, induced autophagy in human dendritic cells. MDP-
induced autophagy in dendritic cells was abrogated by siRNA against NOD2, RIP2, and the
ATG genes, ATG5, ATG7, and ATG16L1, but not by siRNA against NALP3 or MyD88.
Interestingly, the authors report that MDP-induced autophagy enhanced surface MHC Class
II antigen expression, and found that NOD2 or ATG16L1 knockdown reduced antigen-specific
CD4 T cell proliferative responses to dendritic cells infected with a Salmonella vector
expressing tetanus toxin. Moreover, dendritic cells from Crohn’s disease patients with
NOD2 or ATG16L1 risk alleles had impaired induction of autophagy in response to MDP, but
not to the TLR2 ligand PAM3CYS4. In addition, dendritic cells with Crohn’s disease-
associated NOD2 mutations had decreased colocalization of S. typhimurium and adherent
invasive E. coli with lysosomes, and increased survival of intracellular adherent invasive E.
coli. Thus, the authors propose that NOD2 stimulation induces autophagy in dendritic cells,
which in turn, enhances MHC Class II antigen presentation and bacterial targeting for
lysosomal degradation. As a corollary, they propose that defects in NOD2 and/or ATG16L1-
dependent autophagy could contribute to features of Crohn’s disease, such as bacterial
persistence and altered immune regulation.

Taken together, these studies provide convincing evidence that Nod1/2 induce autophagy upon
sensing bacterial PAMPs. Given the broad expression pattern of Nod1 (in epithelial cells and
fibroblasts) and Nod2 (in myeloid cells and Paneth cells) and given that PGN is common to
many bacterial pathogens, these findings will likely have broad implications for our
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understanding of how autophagy is triggered by bacterial infection. Moreover, it is reasonable
to speculate that Nod1/2-dependent autophagy may function to restrict intracellular bacterial
multiplication, but formal proof of this concept will require evidence that Nod1/2 restriction
of intracellular bacteria requires classical macroautophagy, at both a genetic and cellular level.
Although perhaps unlikely, it is theoretically possible that GFP-LC3-positive structures may
colocalize with intracellular bacteria in a manner that is independent of classical
macroautophagy, and it is also possible that NLRs activation may enhance bacterial targeting
to lysosomes in an autophagy-dependent manner. It is also reasonable to speculate that Crohn’s
disease-associated NOD2 or ATG16L1 risk alleles may contribute to Crohn’s disease through
impaired autophagy activation by bacterial PAMP stimulation. However, it should be noted
that there are conflicting results in the literature regarding whether the ATG16L1 T300A risk
allele results in impaired bacterial autophagy [35,36] and this question has not been examined
in cells from Crohn’s disease patients with the ATG16L1 T300A risk allele. Thus, further
studies are required to more clearly elucidate the role that deregulation of autophagy plays in
the pathogenesis of Crohn’s disease with NOD2 or ATG16L1 polymorphisms. Also, given the
discrepant results discussed above, it remains uncertain whether RIP2 is involved in Nod-
mediated autophagy activation, and it is yet unknown what other downstream signaling
molecules are involved in triggering bacterial PAMP-induced Nod1/2-dependent autophagy.

Another interesting question is whether Nod2 may also mediate virus-induced autophagy.
Sabbah et al [37] recently reported the surprising finding that Nod2 interacts with viral single
stranded RNA (ssRNA) to induce IFN-β production utilizing the adaptor protein MAVS (rather
than RIP2). Nod2-deficient mice produced less IFN-β in response to respiratory syncytial virus
(RSV) or H1N1 influenza infection and were more susceptible to lethal RSV infection.
Although the relationship between Nod2 function and autophagy was not examined in this
study, the question arises whether, in addition to bacterial ligand-induced autophagy, Nod2
may also function in virus-induced autophagy. As a corollary, it will be interesting to determine
whether bacterial ligands, similar to viruses, may also signal through MAVS via Nod2.

2.4. dsRNA-dependent protein kinase (PKR)
The dsRNA-dependent protein kinase (PKR) is a ubiquitously expressed cytosolic serine/
threonine kinase that, along with GCN2, PERK and HRI, is one of the four mammalian
eIF2α kinases that regulate protein translation in response to cellular stresses [38]. PKR was
the first antiviral effector protein discovered [39] and, as its name implies, it is a PRR that binds
dsRNA PAMPs produced during viral infection [19]. In yeast, GCN2 is the sole eIF2α kinase
and induces translational arrest during periods of nutrient deprivation [38]. Talloczy et al
[40] found that GCN2 was also required for starvation-induced autophagy and that PKR can
functionally complement starvation-induced autophagy in GCN2-null yeast. Moreover, MEFs
deficient in PKR or containing a non-phosphorylatable knock-in mutation in eIF2α were
deficient in virus-induced autophagy. Of note, the HSV-1 essential neurovirulence gene
product, ICP34.5, which recruits protein phosphatase lα to dephosphorylate eIF2α [41,42],
inhibited starvation- and virus-induced autophagy [40], and an HSV-1 mutant virus lacking
ICP34.5, but not wild-type HSV-1, was efficiently recruited to autophagosomes in cultured
cells [43]. Interestingly, the HSV-1 ICP34.5 protein was later shown to target autophagy at an
additional level by directly binding to Beclin 1 and HSV-1 lacking the 20 amino acid Beclin
1-binding domain is highly attenuated in a mouse model of herpes simplex encephalitis [12].
The neurovirulence of this mutant virus, but not that of viruses that are neuroattenuated by
virtue of mutations outside the ICP34.5 gene, was fully restored in pkr−/− mice, providing
genetic proof that PKR lies upstream of the autophagy execution pathway in vivo. The precise
mechanisms by which PKR activation and eIF2α phosphorylation trigger autophagy during
viral infection remain unknown and represent an important avenue for further investigation.
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2.5. The IKK complex
In canonical NF-κB signaling, the IKK complex, consisting of the kinases IKKα and IKKβ as
well as the regulatory subunit IKKγ (NEMO), is activated by the kinase TAK1 and transduces
NFκB-activating signals by phosphorylating IκB. This induces its polyubiquitination and
degradation, thus permitting the translocation of the p50/p65 NF-κB transcription factor to the
nucleus, where it participates in the transcriptional response to a wide variety of stresses [44].
In noncanonical IKK signaling, the kinase NIK specifically activates the IKKα kinase, which
phosphorylates p100, leading to its proteolytic processing to the transcription factor p52 and
heterodimerization with Rel-B to activate gene transcription [44]. Signaling through the
noncanonical pathway appears to be relatively restricted to signaling via members of the TNF
superfamily of receptors such as BAFF and CD40, while the canonical pathway is activated
by most of the PAMP sensing pathways, including all TLRs, RLRs, Nod1 and Nod2 [17,20].

Earlier studies demonstrated that both the canonical and noncanonical NF-κB pathways could
be negatively regulated by targeting IKK and NIK for autophagic degradation [45–47].
Djavaheri et al also found that NF-κB transcription factor activity could suppress TNFα-
mediated autophagy [48], suggesting crosstalk between the two pathways. Recently, Criollo
et al [49] reported that constitutive activation of the IKK pathway (using either transfected
constitutively active IKK mutants or membrane-localized NEMO) results in autophagy
induction. Furthermore, they showed that known autophagy-inducing stimuli such as starvation
and rapamycin induce IKK activation (although they did not examine the effects of infection
or microbial PAMPs). Interestingly, IKK induction of autophagy was associated with certain
common triggers of autophagy, such as p53 depletion, mTOR inhibition, AMPK and JNK1
activation, and disruption of the Bcl-2/Beclin 1 complex, but was genetically independent of
NF-κB.

Collectively, these studies provide evidence of crosstalk between the NF-κB or IKK and
autophagy pathways and suggest that induction of IKK may represent an important common
pathway for induction of autophagy by many stress signals. It will be critical in future studies
to precisely define the specific contexts in which IKK activation can induce autophagy as well
as upstream and downstream components of the pathway. For example, all of the PRR
pathways discussed above are known to activate IKK signaling [19,20], raising the intriguing
question of whether this may be a crucial mechanism by which they activate autophagy during
infection.

2.6. Endoplasmic reticulum (ER) stress, the unfolded protein response, and calcium release
Viral pathogens usurp the host translational machinery to produce large quantities of virally-
encoded proteins, in many cases overwhelming the folding capacity of the ER [50]. The ER
serves as sentinel for viral infection by activating the unfolded protein response (UPR), which
involves signaling pathways initiated by three sensor proteins: IRE1, PERK and ATF6, that
act to decrease protein translation and translocation into the ER and to increase its folding
capacity [16]. Preliminary evidence indicates that at least two of the three UPR sensor proteins,
IRE1 and PERK, may play a role in autophagy induction.

In response to ER stress, IRE1 activates chaperone genes and also becomes autophosphorylated
and recruits TRAF2, which initiates a signaling cascade that results in JNK activation [51].
Ogata et al found that activation of the UPR with ER stressors induced autophagy, and this
effect was abrogated in IRE1-deficient cells or in cells treated with a JNK inhibitor, but not in
PERK-deficient cells or cells with ATF6 knockdown [52]. The role of IRE1 and JNK in virus-
induced autophagy has not yet been formally studied, but the prediction is that ER stress
induced by virus infection might mediate autophagy in an IRE1- and JNK-dependent manner.
Although PERK was not required for autophagy in the study by Ogata et al., PERK has been
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shown to be required for autophagy induced by polyglutamine expansion proteins and hypoxia
[53,54]. A proposed mechanism is PERK-dependent transcriptional upregulation of certain
autophagy genes, such as LC3 and Atg5, which may be required to maintain the pool of proteins
needed for autophagosome expansion during periods of sustained stress and autophagy
activation. As with IRE1, it is not yet known whether PERK is required for autophagy induction
during viral infection.

Although the mechanism remains poorly understood, stimuli that result in activation of the
UPR also result in the release of calcium stored within the ER [55]. Increased intracellular
calcium levels are sensed by CaMKKβ, which downregulates mTOR signaling by activating
AMPK [56]. Increased intracellular calcium levels also result in the activation of DAPk, which
phospohorylates Beclin 1 within its BH3 domain, resulting in decreased affinity for the Bcl-2
antiapoptotic family member Bcl-XL and Bcl-2 and induction of autophagy [57,58]. Taken
together, these data provide additional evidence that the ER is a central transducer of stress
signals that activate autophagy. Additional studies are warranted to examine the potential roles
of the ER, UPR, and calcium release in pathogen-triggered autophagy.

2.7. Insulin-like signaling
The insulin-like, Class I PI3K, Akt/Tor signaling pathway plays an evolutionarily conserved
role in negatively regulating autophagy during development and starvation in diverse
eukaryotic organisms, including flies, worms, and mammals [3,59–61]. Two recent studies in
model organisms suggest that this signaling pathway also negatively regulates pathogen-
induced autophagy. In a Drosophila model of VSV infection, Shelly et al. found that
suppression of the PBK/Akt/Tor signaling pathway (by overexpression of PTEN, a
phosphatase that blocks PI3K signaling, expression of a deleted form of an adaptor that couples
the insulin receptor to the catalytic subunit of PI3K, or RNAi targeting of Akt) suppresses VSV
replication in a manner that requires ATG genes [10]. Similiarly, in a C elegans model of S.
typhimurium infection, Jia et al. found that pathogen resistance conferred by a loss-of-function
mutation in the insulin-like tyrosine kinase receptor, daf-2, or by overexpression of the
forkhead transcription factor, DAF-16, requires several key components of the autophagic
machinery [62]. Together, these studies suggest that the inactivation of insulin-like/class I
PI3K/Akt signaling may represent a crucial host defense response that fights viral and
intracellular bacterial infections through autophagy activation. Further studies are needed to
examine this hypothesis in mammalian models of infection.

2.8. Interferon-γ(IFNγ)
IFNγ is a member of the type I cytokine family with pleiotropic effects on innate and adaptive
immunity [63]. IFNγ signaling is critical for the control of intracellular pathogens [64] in part
through its ability to regulate the expression and function of the immunity-related GTPases
(IRGs), which represent a family of ~20 members in mice while only a single IRG (IRGM) is
found in humans [65]. The protective effects of IFNγ and IRGs were initially linked to
autophagy in vitro by the observation that treatment of macrophages with IFNγ or enforced
expression of the murine IRG LRG-47 or human IRGM results in the targeting of
mycobacteria-containing vacuoles for autophagic degradation [66,67].

The mechanisms by which IFNγ or IRGs function to activate autophagy is not yet understood,
and the role of IFNγ and IRG-mediated autophagy activation has yet to be evaluated in vivo.
It is possible that defects in autophagy may underlie the markedly enhanced susceptibility to
lethal M. tuberculosis infection observed in LRG-47−/− mice [68]. In humans, mutations in the
IFNγ receptor result in increased susceptibility to infection with intracellular pathogens,
especially mycobacteria [64] and a deletion in the promoter of IRGM (leading to decreased
mRNA levels) is associated with increased susceptibility to Crohn’s disease [69]. Although
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reductions in IRGM1 levels are associated with decreased autophagy and impaired elimination
of intracellular mycobacteria in vitro [67,69] it is not yet known whether patients with the
Crohn’s disease-associated IRGM deletion polymorphism have altered autophagy or
susceptibility to intracellular bacterial infections. Adding to the complexity, autophagy
proteins have also been found to interact with IRGs in ways that may not involve their role in
classical macroautophagy. For instance, Atg5 is required to target Irga6 to the damaged
parasitophorous vacuoles in macrophages infected with T. gondii [11]. Future studies will be
important to further elucidate the precise roles of IFNγ and the IRGs in pathogen-induced
autophagy and in protection against Crohn’s disease.

2.9. Activation of autophagy by binding to a pathogen receptor
Recently, a ubiquitous cell surface receptor, CD46, that binds several pathogens, has been
shown to trigger autophagy [22]. Joubert et al. found that engagement of CD46 with cross-
linking antibodies induces Atg5-, Atg7- and PI3K-dependent autophagy in HeLa cells.
Moreover, they found that the adaptor protein GOPC (also known as PIST, FIG or CAL)
interacted with the cytoplasmic tail of a CD46 splice variant (Cyt-1), was required for CD46-
mediated activation of autophagy, and interacted with Beclin 1 via its coiled-coil domain.
Interestingly, a murine neuron-specific isoform of GOPC, nPIST, was previously shown to
interact with Beclin 1 [70], and GOPC has been implicated in intracellular trafficking of cell
surface receptors [71]. The knockdown of CD46 or GOPC blocked autophagy induction during
in vitro infection with measles virus and the knockdown of GOPC reduced Group A
Streptococcus targeting to autophagosomes without affecting bacterial invasion (while the
knockdown of CD46 reduced both autophagic targeting of Group A Streptococcus and bacterial
invasion) Based on these findings, the authors conclude that CD46 can trigger autophagy upon
pathogen recognition through a mechanism that involves GOPC and downstream ATG genes.

It is as yet unknown whether CD46 induces autophagy in response to pathogen recognition in
primary cells or in vivo. It is also not yet known whether the knockdown of CD46 and GOPC
blocks measles-induced autophagy through a direct mechanism or through preventing uptake
of the virus and subsequent recognition by other PRRs. Furthermore, murine cells lack CD46
but still are capable of inducing autophagy in response to Group A Streptococcus [72]. Thus,
it will be interesting to determine whether other cell surface pathogen receptors besides CD46,
in addition to other families of PRRs described above, trigger bacterial-induced autophagy in
murine cells.

2.10. Microbes or microbial proteins that trigger autophagy by an unknown mechanism
There are several examples of microbes or microbial proteins that induce autophagy for which
the mechanism underlying autophagy induction is not known. For example, toxins encoded by
diverse bacteria, including Vibrio cholerae cytolysin [73], Bacillus anthracis lethal factor
[74] and Helicobacter pylori vacuolating cytotoxin [75] induce autophagy. Although the
mechanism(s) by which these toxins induce autophagy is not known, it could be due to the
triggering of PRRs that recognize protein PAMPs or the activation of DAMP receptors (i.e.
due to pore formation by toxins such as Vibrio cholerae cytolysin). The HIV envelope
glycoprotein induces autophagy in uninfected bystander CD4 T cells [76]. This requires CD4
and CXCR4 cell surface expression, but is independent of CD4 and CXCR4 signaling and may
somehow, through an as-of-yet undefined mechanism, involve the fusigenic activity of HIV
gp41 [77] Unlike VSV infection in Drosophila cells [10], a recent study showed that only live,
and not UV-inactivated, Sindbis virus induced autophagy in MEFs and neuronal cells [13],
indicating that a pre-formed PAMP is not invariably sufficient for virus-induced autophagy.
Rather, for certain viruses, it seems likely that cytoplasmic sensors of viral nucleic acids may
play a heretofore unrecognized role in autophagy activation.
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3. Targeting of pathogens to autophagosomes
In 1966 De Duve wondered “whether this intriguing process is essentially blind and accidental
or discriminating and directed” [78]. It is now becoming clear that, while autophagy under
basal conditions may indeed be stochastic, under many forms of cellular stress, autophagy is
a selective process that can target specific damaged organelles, aberrant protein aggregates,
and intracellular pathogens [79]. Recent studies provide some important clues as to how this
may be accomplished, namely (but not exclusively) by utilizing adaptor molecules that act as
bridges between ubiquitin-tagged cargoes and the autophagic machinery. In addition, these
adaptor molecules may also serve as scaffolds for assembling not only the autophagic
machinery but also other stress-activated host signaling molecules to integrate the innate
immune response. In this section, we will review recent studies that have elucidated potential
molecular mechanisms by which intracellular bacteria and viral nucleocapsids can be targeted
to autophagosomes (Figure 2).

3.1. Bacterial targeting
A link between ubiquitin and autophagy first emerged with the discovery that intracellular
ubiquitin-positive protein aggregates accumulate in Atg5- and Atg7-deficient mice, resulting
in neurodegeneration [80−82]. The targeting of ubiquitinated cargoes for autophagic
degradation has since been linked to recognition by adaptor proteins such as p62 and NBR1,
both of which can simultaneously bind ubiquitin via a UBA domain and LC3 via a LC3-
interacting region (LIR) domain in order to target ubiquitinated cargoes for degradation [83–
85]. Early on, there were also some hints that ubiquitination might play a role in the control of
intracellular bacterial infection. For example, Perrin et al found that S. typhimurium, which
normally resides in intracellular vacuoles, became coated with ubiquitin upon escape into the
cytoplasm of the host cell and that the cytosol-adapted pathogen, L. monocytogenes, avoided
recognition by the ubiquitin system by using actin-based motility [86]. Subsequently, it was
found that disruption of the vacuolar membrane by the bacterial S. typhimurium Type III
secretion system (T3SS) was necessary for ubiquitin association [87]. In this study, the authors
also showed that ubiquitin-associated S. typhimurium often colocalized with LC3 and that
intracellular bacterial survival was increased in Atg5−/− MEFs [87].

Evidence from several recent studies now links the accumulation of ubiquitin around the
intracellular bacteria S typhimurium, S. flexneri and L. monocytogenes with autophagy adaptor
proteins, suggesting a mechanism by which bacteria may be targeted for xenophagic
degradation. In the first study, Zheng et al showed that cytosolic S. typhimurium becomes
coated by a multilammellar membrane that is positive for p62, ubiquitin and LC3 [88].
Mutation of either the LIR or ubiquitin-binding domains of p62 reduced the association of LC3
with ubiquitin-associated bacteria, and knockdown of p62 resulted in decreased bacterial-LC3
colocalization and increased bacterial replication. Finally, increased numbers of p62-
associated bacteria were observed in Atg5-deficient cells.

In the second study, Thurston et al [89] expanded on previous work that implicated the IKK-
related kinase TBK1 in the control of bacteria-containing vacuolar integrity and intracellular
Salmonella, enteropathogenic E. coli, and S. pyogenes replication in a manner that was
independent of TBK1 effects on interferon regulatory faetor-3 and Type I IFN production
[90,91]. Thurston et al. found that the TBK1 adaptors Nap1 and SINTBAD (but not TANK)
colocalized with ubiquitin-associated Salmonella, and that their in vitro binding to ubiquitin
required an additional cellular factor, NDP52 (nuclear dot protein 52). The authors then
demonstrated that NDP52 is a novel autophagy adaptor protein that, like p62, contains LIR
and ubiquitin-binding domains and restricts intracellular bacterial replication.
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In the third study, Yoshikawa et al found that L. monocytogenes ActA mutants (that are defective
in actin-based motility and fail to avoid recognition by ubiquitin) were targeted to the
autophagosomes by a mechanism that involves ubiquitination, and recruitment of p62 and LC3
[92]. This process required the ATG gene Atg5 and resulted in decreased bacterial survival,
whereas in p62-deficient MEFs, the survival of wild-type and ActA bacterial mutants were
equivalent. Interestingly, by studying the effects of mutations in different domains of ActA on
interactions with LC3, the authors found that motility was not necessary for Listeria to escape
autophagic recognition. Rather, the ability of ActA to recruit the Arp2/3 complex (which
catalyzes actin nucleation) and Ena/VASP was necessary for avoidance of ubiquitination and
autophagic targeting. Thus, not only are cytosolic bacteria targeted by ubiquitin/p62-
dependent-mechanisms for autophagic degradation, but they have evolved specific
mechanisms to antagonize such targeting. Perhaps possession of a successful strategy to
antagonize autophagic targeting is a requirement for successful cytosolic bacterial replication.
It remains unknown precisely how the recruitment of Arp2/3 and Ena/VASP allows Listeria
to escape ubiquitination and autophagic recognition, but Yoshikawa et al. propose the
interesting theory that by exploiting the ability of Act to recruit host cell cytoskeletal proteins,
the bacterium may disguise itself as a host cell organelle.

Finally, Dupont et al. demonstrated that Shigella phagocytic vacuolar membrane remnants (that
are generated by bacterial T3SS-dependent membrane damage) are polyubiquitinated, recruit
the p62 adaptor and autophagy protein LC3, and are targeted for autophagic degradation.
Interestingly, these membrane remnants are also associated with galectin 3 [93], a member of
the lectin family that has been proposed to have roles both as a PRR and as a DAMP [94], and
numerous other molecules involved in sensing and transduction of PAMP and DAMP signals
including Nod1, Ipaf, Asc, caspase-1, TRAF6 and NEMO. In cells deficient in autophagy
(either by virtue of dominant negative Atg4b expression or Atg5 mutation), polyubiquitinated
proteins and p62 accumulated on membrane remnants, which was associated with an increase
in early NF-κB-dependent cytokine production, reactive oxygen species production, and
necrotic cell death. Thus, the paradigm that emerges from these studies is that the ubiquitin,
p62-dependent autophagic targeting of ruptured membranes that occurs during pathogen
phagocytosis helps to control detrimental downstream signaling during bacterial invasion into
host cells.

A few major themes are noteworthy in the studies of bacterial targeting to the autophagosome.
First, the cellular machinery involved in such targeting may parallel that which is involved in
specific targeting of host proteins and organelles, at least with respect to the prominent role
for ubiquitin and p62 in autophagic targeting. It is not yet known whether novel autophagic
adaptors such as NDP52 identified in studies of bacterial targeting are also involved in the
targeting of host cargo, and whether there are “bacterial specific targeting factors”. Second,
cytosolic bacteria such as Listeria escape autophagic recognition, perhaps by “masquerading
as host organelles”. Third, intracellular membranes that are disrupted by bacterial secretion
systems somehow serve as triggers for autophagy and perhaps act as sites of assembly of
signaling cascades that regulate other innate immunity pathways.

Several important unanswered questions remain regarding bacterial targeting. It is unclear what
signals alert the cell to the presence of membrane damage or cytosolic bacteria and how such
signals are transmitted to initiate the recruitment of ubiquitin, adaptor molecules and the
autophagy machinery. It is also unclear whether bacterial products are ubiquitinated directly
or whether they are associated with ubiquitinated host proteins, and the identity of the host
ubiquitin ligases remains to be determined. Furthermore, while the utilization of components
of the autophagy pathway appears to be conserved, it is unclear whether the same molecular
events are involved in bacterial-specific autophagy as general autophagy.
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3.2. Viral targeting
By comparison to bacteria, very little is presently known about the targeting of viruses for
xenophagy. However, Orvedahl et al. recently demonstrated an interaction between Sindbis
virus capsid protein and p62, and found that p62, as well as autophagy execution genes, were
required for the colocalization of Sindbis virus proteins to autophagosomes [13]. Genetic
knockdown of p62 resulted in increased Sindbis virus capsid accumulation and accelerated cell
death, without affecting viral replication. Moreover, in vivo, genetic inactivation of Atg5 in
virally-infected mouse neurons resulted in the delayed clearance of Sindbis virus capsid, the
accumulation of p62 aggregates, increased neuronal death, and increased animal mortality.
Taken together, these results suggest that p62 adaptor-mediated autophagic viral protein
clearance promotes cell survival. Interestingly, Sindbis virus capsid is not ubiquitinated, and
virally-infected Atg5-deficient neurons that display p62 aggregates do not have ubiquitin
aggregates, suggesting that, at least certain viruses, may be targeted by the p62 adaptor for
autophagic degradation via molecular tags other than ubiquitin. It will be important to define
the precise identity of such tags, as well as the signaling events that trigger viral targeting to
autophagosomes.

Another important question is whether p62 serves a more general role as an adaptor for
autophagic targeting of other virus families. Along these lines, even before p62 was known to
be an autophagy adaptor protein, naturally occurring mutations in the Drosophila
melanogaster p62 homolog Rel(2)P were associated with varying susceptibility to infection
with the sigma rhabdovirus in vivo [95,96] and Rel(2)P was shown to co-immunoprecipitate
with the sigmavirus nucleocapsid (N) and phosphoprotein (P) in infected cells [97]. Thus,
further studies are warranted to explore the role of p62 as an autophagic adaptor protein that
functions more broadly in antiviral host defense.

4. Tuning innate immunity by the autophagic machinery
A general theme is that activation of the autophagy machinery is one of many branches of a
conserved host response pathway. To date, no “autophagy-specific” immunological stimuli
have been found; rather, the induction of autophagy is one part of a multifaceted host response
that acts in conjunction with other innate immune pathways. Not only is autophagy induced
as part of a multifaceted host response, but increasing evidence suggests that autophagy may
“fine-tune” other aspect of innate immune responses, including Type I IFN production,
inflammasome signaling, and RLR signaling (Figure 3).

4.1. Autophagy proteins and Type I IFN production
Type I IFN production is a central component of the innate immune response to viral pathogens
and is important for survival during viral infections, as genetic deletion of the Type I IFN
receptor renders mice highly susceptible to lethal infection with many viruses [98]. Production
of Type I IFN is induced by PRRs that detect viral nucleic acid and results in the transcriptional
regulation of hundreds of interferon-stimulated genes (ISGs) that collectively produce an
“antiviral state” [99]. In most cell types, RLRs activate Type I IFN production in response to
RNA virus infection [20]. However, a small subset of specialized dendritic cells called
plasmacytoid dendritic cells (pDCs) primarily utilize TLR7- and TLR9-mediated signaling and
produce large quantities of Type I IFN upon virus infection [100].

In the first study to describe “tuning” of the innate immune response by the autophagy pathway,
Lee et al found that ATG genes can positively regulate Type I IFN production, as they are
required for delivery of viral ssRNA to endosomal TLR7 in pDCs both in vitro and in vivo
during VSV infection [34]. In contrast, ATG genes can negatively regulate RLR-mediated
induction of Type I IFN in MEFs both via conjugation of Atg5-Atg12 to CARD domains of
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RLR signaling molecules including RIG-I and MAVS [101] and by controlling ROS and
MAVS levels through elimination of dysfunctional mitochondria [102]. Atg9 has also recently
been discovered to downregulate interferon-stimulatory DNA (ISD)-mediated Type I IFN
production in MEFs, but this effect was independent of the essential ATG gene Atg7 [103].
Thus, ATG genes can positively or negatively regulate Type I IFN signaling in a cell-type and
stimulus-dependent manner, and in at least some cases this involves non-canonical roles of
ATG genes. Further studies are required to determine the importance of these interactions in
influencing the outcome of viral infections in vivo. It should also be noted that in each of these
studies, the authors observed parallel effects on pro-inflammatory cytokine production,
indicating that “tuning” of innate antiviral immunity by the autophagy machinery is not limited
to Type I IFN production.

4.2. Autophagy proteins and the inflammasome
Several members of the first two NLR subfamilies, namely NALP1, NALP3 and PAF, are
PRRs that respond to PAMPs or DAMPs by assembling into macromolecular “inflammasome”
complexes that process procaspase-1 to its active form, caspase-1, resulting in the cleavage of
pro-IL-1β and pro-IL-18 to their active, secreted forms (Martinon and Tschopp).

Several lines of observation suggest that the autophagy and inflammasome pathways may
functionally intersect. On the one hand, IL-1β, one of the main products of inflammasome
activation, is an inducer of autophagy [104], and DAMPs that trigger autophagy such
extracellular ATP/K+ efflux [105] and reactive oxygen species (ROS) [106] are also known
to activate inflammasome signaling [107]. On the other hand, certain components of the
inflammasome may negatively regulate autophagy. For example, Suzuki et al found that
autophagy induction is enhanced in S. flexneri-infected macrophages deficient in Ipaf or
caspase-1 but not in the inflammasome adaptor Asc [108]. Intriguingly, there is also strong
genetic evidence that ATG genes may negatively regulate the secretion of the inflammasome
products, the pro-inflammatory cytokines, IL-1β and IL-18. Saitoh et al found that deletion of
Atg16L1, Atg7 or pharmacologic inhibition of autophagy in primary murine embryonic
fibroblasts (MEFs) resulted in dramatically increased IL-1β secretion in response to stimulation
with LPS or viral nucleic acid PAMPs without alterations in transcriptional induction of IL-
lβ, suggesting a specific role for basal autophagy in the downregulation of caspase-1-mediated
pro-IL-1β conversion in primary MEFs [32]. The authors also found that ROS generation and
K+ efflux were required for enhanced IL-1β secretion, and that the levels of ROS were higher
in Atg16L1-deficient MEFs, as has been seen with other autophagy-deficient cell lines [102].
Moreover, they found that mouse chimeras engrafted with Atg16l1−/− fetal liver hematopoietic
progenitors have higher serum concentrations of IL-1β and IL-18 after treatment with dextran
sodium sulfate. While the precise mechanisms by which ATG genes negatively regulate pro-
inflammatory secretion remain unknown, these data provide important evidence that the
autophagy machinery plays a crucial role in titrating inflammatory responses in vivo.

4.3. Autophagy proteins and RIG-I-like receptor (RLR) signaling
The RIG-I-like receptor (RLR) family includes the RNA helicases RIG-I and MDA-5, which
activate IRF3, NF-κB and MAPK signaling in response to RNA virus infection [20,109]. RIG-
I is also activated by dA:dT rich dsDNA via the generation of RNA intermediates by RNA pol
III [110,111]. In contrast to TLRs 3, 7, 8 and 9, which sense viral nucleic acids within
endosomal compartments, RLRs are thought to participate in cytoplasmic antiviral surveillance
[112].

While no studies have proven a direct role for RLRs in autophagy activation, several reports
have found that autophagy down-regulates RLR signaling, albeit via distinct (though not
necessarily mutually exclusive) mechanisms. Jounai et al found that the CARD domains of
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RIG-I, MDA-5 and their downstream adaptor MAVS are conjugated by Atg5-Atg12, which
results in the downregulation of type I IFN and NF-κB-dependent cytokine production induced
by VSV infection [101]. Tal et al. showed that defective clearance of mitochondria led to
increased ROS production, resulting in the amplification of RLR signaling (and increased type
I IFN production) in autophagy-deficient MEFs [102]. These studies contrast with the role
played by ATG genes in the delivery of TLR7 ligands to endosomes in plasmacytoid dendritic
cells which resulted in increased VSV-induced Type IFN production [34], suggesting that
autophagy may regulate virus-induced Type I IFN production in a cell-type and PRR pathway-
dependent manner. Data from in vivo model systems of viral infection are very limited, but
recently Orvedahl et al. found that neuronal deletion of the ATG gene Atg5 had no effect on
CNS Type I IFN production in neonatal mice with Sindbis virus infection [13].

4.4. Autophagy proteins and STING
STING (also known as MITA, MPYS, ERIS) is a recently discovered transmembrane protein
that is required in vitro for efficient activation of type I IFN and pro-inflammatory cytokine
production in response to transfected interferon-stimulatory DNA (ISD) or infection with VSV,
Sendai virus, HSV-1 and L. monocytogenes [113] [114] [115] [116]. STING-deficient mice
are defective in their CD4 and CD8 T cell responses to DNA vaccines and are highly susceptible
to lethal infection with HSV-1 [117]. While STING is typically localized to the mitochondria
or ER in unstimulated cells, after transfection with ISD or infection with HSV-1, it redistributes
to perinuclear punctate structures, where it colocalizes with TBK1 and the exocyst component
Sec5 [117].

A recent study suggests a novel potential link between components of the autophagic
machinery and regulation of STING function. In response to ISD transfection, Saitoh et al
found that STING translocated from the ER to cytoplasmic punctate structures (that lack double
membranes ultrastructurally) where it assembled with TBK, and certain components of the
autophagy pathway, including LC3, Atg9a, and p62, but not with other components of the
autophagy pathway, such as ULK1 or Atg14. Genetic disruption of Atg9a, but not the ATG
gene, Atg7, resulted in increased dsDNA-induced STING translocation from the Golgi to
cytoplasmic punctate structures, increased assembly of STING and TBK, and aberrant innate
immune activation, including increased IRF3 phopshorylation, increased transcription of
IFNβ, IL-6, and Cxcl10, and increased IFNβ prodcution. Thus, the autophagy protein, Atg9a,
appears to have a unique function in controlling dsDNA-mediated, STING-dependent innate
immune signaling. Together with the data suggesting a role for Atg5 in controlling RLR
signaling and for Atg16L1 in controlling inflammasome activity, these data suggest that
multiple different autophagy proteins act to “tune” innate immune signaling, functioning in a
counterregulatory role. These functions of autophagy proteins appear to be independent of
“classical macroautophagy”, as they are not conserved across all autophagy proteins that are
essential for macroautophagy and do not seem to involve the formation of autophagosomes.
The elucidation of the precise mechanisms by which autophagy proteins regulate innate
immune signaling in an autophagy-independent manner is an important area of future
investigation.

5. Conclusion
The phylogenetic conseveration of the autophagy pathway attests to its fundamental
importance to eukaryotic life and, in its role in xenophagy, it may represent one of the most
evolutionarily ancient forms of host defense. It is not surprising to find that, later in evolution,
with the emergence of multifacted immune responses to pathogens, there also emerged
complex interrelationships between the autophagy pathway and other innate immune
pathways. To date, all cellular sensors and pathways that are implicated in triggering pathogen-
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induced autophagy have had previously characterized roles in innate immune pathways. Recent
advances discussed in this review indicate that, in addition to these previously characterized
roles in innate immunity, a crucial conserved biological function of pattern recognition
molecules, damage sensors, and cellular stress signaling pathways may be the activation of
autophagy during infection with intracellular pathogens.

There is also increasing evidence that cells use a conserved set of molecular machinery to target
unwanted “self-constituents” that they use to target unwanted “microbial invaders”. This
machinery of selective autophagy centers largely upon ubiquitination, a signal already known
to be important in regulate innate immune responses, as well as adaptor proteins such as p62
and NDP52 that bridge ubiquitin-tagged substrates to the autophagosomal protein, LC3.
However, as further research on targeting unfolds, it seems likely that distinct forms of selective
autophagy will be found to exist for different classes of pathogens. Moreover, the autophagic
targeting of different classes of pathogens may have different biological outcomes, perhaps in
cell type-specific fashions, with respect to pathogen degradation, regulation of innate and
adaptive immune responses, and the consequences of such targeting for cell and organismal
survival.

Finally, there is growing evidence that autophagy is involved in “tuning” the innate immune
response and that such “tuning” may exert either positive or negative regulatory effects
depending on the cell-type and stimulus. This paradigm may be operative in the pathogenesis
of Crohn’s disease, as recent studies suggest that a central pathology may be a lack of autophagy
protein-mediated downregulation of pro-inflammatory cytokine production in response to
environmental innate immune stimuli. An interesting general emerging theme is that autophagy
proteins may exert negative regulatory control on inflammatory signaling through autophagy-
independent mechanisms. Thus, the conserved autophagy machinery may have dually evolved
to both target pathogens for lysosome degradation through classical autophagy, as well as to
prevent, through mechanisms not yet fully understood, detrimental inflammatory responses
triggered by such pathogens.

In summary, great strides have been made in the past few years in our understanding of
autophagy and innate immunity. Recent discoveries offer tantalizing clues as to how the
autophagy pathway and other innate immune pathways are integrated to produce a concerted
host defense. Yet, we are only beginning to appreciate the sophistication and complexity of
such integration. A more precise understanding of cross-talk between autophagy and other
aspects of innate immunity will be required before we can develop specific therapies that
trigger, target or tune the innate immune response to combat pathogens and control auto-
inflammatory diseases.
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Figure 1.
Cellular pathways that function in triggering autophagy during infection.
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Figure 2.
Mechanisms of targeting pathogens to autophagosomes.
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Figure 3.
Roles of the autophagy machinery in “tuning”innate immunity.
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