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Review

Eating the enemy within: autophagy in infectious
diseases

A Orvedahl' and B Levine*'

Autophagy is emerging as a central component of antimicrobial host defense against diverse viral, bacterial, and parasitic
infections. In addition to pathogen degradation, autophagy has other functions during infection such as innate and adaptive
immune activation. As an important host defense pathway, microbes have also evolved mechanisms to evade, subvert, or exploit
autophagy. Additionally, some fungal pathogens harness autophagy within their own cells to promote pathogenesis. This review
will highlight our current understanding of autophagy in infection, focusing on the most recent advances in the field, and will

discuss the potential implications of these studies in the design of anti-infective therapeutics.
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Autophagosomes containing intracellular microbes were first
observed ultrastructurally in the 1980s, which originally led to
the notion that intracellular microbes may be targeted by or
subvert the autophagic pathway. However, it was only after the
identification of autophagy (ATG) genes in the 1990s that the
molecular tools have been available to dissect this pathway
and its functions in infection and host immunity. The basic
machinery of autophagy and the diverse biological processes
in which it is involved are reviewed in the current issue and
elsewhere. The host cell autophagic machinery can seques-
ter both pathogens that have escaped endocytic or phagocytic
vesicles and/ or the pathogen-containing vesicles themselves,
as well as microbial proteins and genetic material. The
autophagosome containing microbial proteins, nucleic acids,
or intact organisms can fuse with other vesicles in the endo-
lysosomal pathway to deliver microbial ligands for adaptive or
innate immune activation, or with the lysosome for degradation.

Many aspects of the autophagy pathway during infection
may be unique, including the regulatory pathways (pattern
recognition receptors (PRRs), pathogen-associated molecu-
lar patterns (PAMPs), and downstream signaling pathways),
substrates for autophagosome sequestration (i.e., xenophagy
of microbes and/or specific cellular contents), and potentially
the events in autophagosome formation. For microbes that
usurp autophagy-like pathways, it is possible that the cellular
components involved are distinct from those of ‘classical’
autophagy and/or that they are modulated by pathogens in a
unique manner. Furthermore, autophagy within the pathogen
itself is a newly defined virulence strategy for eukaryotic
microorganisms. This review will highlight key studies and
recent advances in the field of autophagy during infection with
bacteria, viruses, protozoa, and fungi and will discuss how the

potentially unique aspects of autophagy during infection may
be exploited in the treatment of infectious diseases.

Eating for Immunity: Regulatory Signals

Autophagy functions as an innate immune barrier to infection
by ridding the cytosol of microbes through lysosomal degrada-
tion (discussed below), as well as in other aspects of innate and
adaptive immunity (reviewed by Schmid and Munz® and Levine
and Deretic?). Innate sensing and signaling pathways regulate
autophagy induction, and an important effector function of
autophagosomes may be to deliver ligands for innate and
adaptive immune activation. One of the most active areas in
autophagy research is the identification of immune signaling
pathways that regulate autophagy (see Figure 1).

A front line of defense against invading pathogens is the
well-conserved recognition of PAMPs by PRRs, including
Toll-like receptors (TLRs),® and these essential innate
immune receptors have recently been demonstrated to
regulate autophagy (Figure 1). The first study to describe a
function of TLRs in autophagy induction found that a
component of the Gram-negative bacterial cell wall, lipopoly-
saccharide (LPS), induces autophagy through its cognate
receptor TLR4 in macrophages.® LPS-induced autophagy
requires the TLR4 adaptor TRIF, but not MyD88, and the
downstream components RIP1 and p38 mitogen-activated
protein kinase (MAPK). Further, LPS stimulation increases
the localization of Mycobacterium tuberculosis within auto-
phagosomes suggesting a functional role of LPS signaling in
autophagy-mediated pathogen control. Subsequently, Deretic
and colleagues’ extended the known repertoire of TLRs and
their ligands that induce autophagy to include TLR3/Poly I:.C
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Figure 1 Regulation of autophagy by immune signaling pathways. Examples of positive regulators include TLRs (3, 4, and 7/8), PKR, IFNy, and CD40. Pathways that
negatively regulate autophagy include NF-xB and TH2 cytokines. The mechanisms by which all of these pathways intersect with the autophagy machinery remain unknown

and TLR7/imiquimod and ssRNA, and confirmed TLR4/LPS
induction of autophagy. They also demonstrated that TLR7-
induced autophagy decreases M. tuberculosisvar. bovis Bacille
Calmette-Guérin (BCG) survival, and requires the TLR7
adaptor MyD88. An additional recent study suggested a novel
function of autophagy in mediating TLR signaling in phagosome
maturation.® Sanjuan et al. found that LPS induces autophagy
as well as phagosome maturation (confirming the findings of
Xu et al.® and Delgado et al.”) but, in contrast to Delgado et al.,
found that autophagy is also stimulated with TLR2 agonists. Itis
possible that different cell types or agonist preparations may
account for these differences, but further studies are needed to
more clearly define the full spectrum of PAMPs and PRRs
involved in autophagy regulation. Nonetheless, the studies
described above convincingly link pathogen recognition, an
essential component of innate immunity, with autophagy
induction and also underscore the potential importance of
autophagy as an innate immune effector in response to PAMPs.

A recent study in Drosophila mf—:‘lanogast(-:‘rg further under-
scores the importance of specific PRRs not only in autophagy
induction, but also in mediating autophagic control of bacterial
replication in vivo. The PRR molecule PGRP-LE (analogous
to Nod-like receptor (NLR) signaling in mammals) was
identified as a crucial component of the host antimicrobial
autophagic response in Drosophila.® Yano et al® demon-
strated that PGRP-LE mutant flies or flies expressing
hemocyte-specific RNAi for PGRP-LE or the autophagy gene
Atg5 were hypersusceptible to lethal infection with Listeria

Cell Death and Differentiation

monocytogenes. Signaling through the IMD and Toll path-
ways was dispensable for PGRP-LE-mediated autophagy
and restriction of bacterial survival in primary hemocytes.®
Additionally, autophagy induction in hemocytes treated with
purified tracheal cytotoxin and diaminopimelic-containing
peptidoglycan ligands, but not lysine-type peptidoglycan
required PGRP-LE.® Thus, it will be interesting to determine
the precise signaling pathways linking PGRP-LE to the
autophagy machinery, and the identity of additional PRRs
that are involved in autophagy induction in Drosophila.
Beyond the recognition of PAMPs by PRRs, there is a
complex interplay between other immune signals and auto-
phagy regulation (Figure 1). For example, NF-xB may
negatively regulate TNF-mediated autophagy,'® whereas au-
tophagy may negatively regulate NF-«B, in turn, through
selective degradation of the upstream activators 1xB kinase'"
and NF-xB inducing kinase.'® Additionally, interferon (IFN)y-
mediated autophagy and BCG killing requires the p47 immunity-
related GTPase, IRGM1."3 In contrast, TH2 cytokines (e.g., IL-4
and IL-13) negatively regulate IFNy-mediated autophagic killing
of mycobacteria in a STAT6-dependent manner.'* A recent
report suggests that B-cell receptor signaling can recruit TLR9
to autophagosomes to promote synergistic signaling through
p38 MAPK, and that formation of these compartments requires
microtubules and phospholipase D activity.15 Thus, autophagy
can be positively and negatively regulated by different immune
signaling pathways. Studies in animal models should help to
dissect the relative physiological importance of these different



immune signaling pathways in the regulation of autophagy
during different infectious diseases.

Another emerging theme is that stress-sensing and innate
immune sensing pathways may share common components
in the induction of autophagy. One of the first immune
signaling pathways shown to regulate autophagy was the
cytosolic double-stranded viral RNA-sensing kinase PKR,
which acts through phosphorylation of elF2x.'® PKR functions
redundantly with the stress-induced kinase, Gcn2, in yeast to
mediate starvation-induced autophagy16 and the elF2« kinase
PERK is required for ER stress-induced autophagy.'” The
Drosophila homolog, ird1, of the VPS34 regulatory subunit
VPS15, an essential component of the autophagy initiation
machinery, is required for the IMD immune signaling pathway
(similar to TRIF-dependent signaling in mammalian systems),
for antimicrobial peptide production (AMP), and for resistance
to bacterial infection,'® although it is not yet clear if the
autophagy functions of ird1 are responsible for this anti-
microbial response or if the IMD or Toll pathways regulate
autophagy in Drosophila. Similar to the elF2« kinase signaling
pathway, which functions in both innate immune sensing and
general stress responses, Wu et al.'® found that ird7 was
required for starvation-induced AMP production.

There are several important unanswered questions with
respect to innate immune activation of autophagy. Very little is
known about how downstream signaling molecules integrate
with the autophagy machinery. The most distal signaling
component identified in TLR-mediated autophagy induction is
p38 MAPK in response to TLR4 signaling,® but it is unclear
precisely how p38 MAPK results in autophagy induction.
Additionally, Xu et al. found that TRIF, but not MyD88, was
required for TLR4-mediated autophagy, whereas Delgado et al.
demonstrated that TLR7 signaled through MyD88 to induce
autophagy. Therefore, it will be important to identify the TRIF-
and MyD88-interacting partners that are involved in TLR4- and
TLR7-mediated autophagy, respectively. Both TRIF and
MyD88 signal through TRAF6, which was also found to mediate
CD40-induced autophagy in response to Toxoplasm gondii
infection of macrophages, in synergy with TNF-c..™® Thus, it will
be interesting to examine whether a common TRAF6 complex is
involved inimmune activation of autophagy by different receptors
and if so, to identify the components of such a complex.

Another important question is whether signaling through
additional PRRs, including mammalian cytosolic NLRs,
cytosolic DNA and RNA sensors, and/or lectins also regulates
autophagy. At least in response to Shigella flexneriinfection in
macrophages, the NLR Ipaf negatively regulates autophagy
through caspase-1 activation, in a Flagellin-independent
manner, whereas genetic deletion of the NALP3 adaptor
ASC has no effect.?° Yet another question is whether the sites
of signaling by immune receptors (pathogen-containing
vesicles or cytosolic sensors in contact with pathogens)
define targets for sequestration in autophagosomes by
recruiting the autophagy machinery to these sites. Also, it
remains to be determined if PRR signaling results in the
recruitment of any as-of-yet identified molecules that may
specify microbes for autophagic sequestration. The answers
to these questions will have implications for the development
of therapeutics aimed at modulating autophagy to enhance
host immune defenses (discussed below).
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Eating for Immunity: Effector Functions

Autophagy functions in many aspects of innate and adaptive
immunity, including immune activation, survival of infected
cells, immune cell homeostasis, degradation of pathogens,
and potentially in gut-commensal homeostasis (Figure 2).
Many of these functions have been extensively reviewed
elsewhere,®* and this section will provide a brief summary of
the functions of autophagy in immune activation, infected cell
survival, and immune cell homeostasis.

Not only do immune signals regulate autophagy (as
discussed above), but autophagy also functions in innate
and adaptive immune activation. Autophagy samples certain
cytosolic antigens to present on class || MHC molecules for
activation of the adaptive immune response.?'2* Further,
specific strategies to target cytosolic antigens to autophago-
somes may lead to enhanced vaccine efficacy, as an
influenza virus antigen fused to the autophagosomal mem-
brane protein, LC3, elicits higher levels of CD4* T-cell
responses than the antigen alone.?* Autophagy also functions
to deliver cytosolic viral replication intermediates to TLR7-
containing endosomes to activate type | IFN production.?® In
light of the recent study by Delgado et al.,” which demon-
strated that TLR7 itself activates autophagy, it will be
interesting to determine whether this represents a positive
feedback loop and more broadly, whether IFN-stimulated
genes also function to regulate autophagy.

As a stress survival pathway, autophagy may have a
protective function during infection by ensuring the survival of
infected and/or uninfected cells in infected organisms. This has
now been demonstrated in several different types of viral
infections. Mouse brains infected with Sindbis virus overexpres-
sing Beclin 126 or with a herpes simplex virus type 1 (HSV-1)
mutant strain incapable of inhibitihg autophagy®” exhibit
decreased neuronal cell death. Additionally, autophagy pro-
motes the survival of B lymphocytes infected with parvovirus B19
in vitro.®® In plants, autophagy gene silencing results in the
unrestricted cell death of uninfected cells during the hypersensi-
tive response to tobacco mosaic virus infection.2® In contrast to
these prosurvival effects of autophagy during viral infection, there
is also evidence that autophagy may contribute to the death of
uninfected bystander T lymphocytes during HIV infection.®°

The function of autophagy in cell survival during bacterial
infections is less well studied. Autophagy may have a function
in mediating the death of cells infected with Staphylococcus
aureus, as atg5-deleted mouse embryonic fibroblasts
(MEFs) showed increased survival following infection with a
methicillin-resistant strain of S. aureus.®' However, these
effects may be S. aureus strain-specific, as Yoshimori and
collegues®® found that methicillin-sensitive S. aureus are
targeted and degraded by autophagy in wild-type MEFs, but
persist in atg5-deleted MEFs, while resistant strains can
escape from autophagosomes. In addition, macrophages
undergoing cell death in response to Salmonella infection
exhibit increased autophagy, although it is unclear if auto-
phagy is responsible for the observed death.*® Further studies
are needed to clarify the function of autophagy in life and
death decisions of the cell during bacterial infection.

Autophagy also functions in host immunity by promoting
immune cell homeostasis, and potentially contributes to
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Figure 2 Effector functions of autophagy in infectious diseases

immune tolerance. Peripheral lymphocyte survival and pro-
liferation in response to T-cell receptor (TCR) activation is
decreased in atgs”’~ bone marrow chimera mice.?* In
addition, autophagy is induced by TCR activation in CD4*
T cells, but promotes cell death after growth factor removal.3®
Autophagy is also involved in the proper development of
specific lineages of B lymphocytes.®® A recently identified
function of autophagy in promoting the clearance of apoptotic
cells suggests that autophagy may also have a function in
preventing inflammation; in atg5~'~ embryonic mice, there is
a defect in apoptotic corpse clearance which is associated
with abnormal inflammation.®”

Eating the Enemy: Xenophagy

By sequestering large portions of the cytoplasm in auto-
phagosomes that are destined for lysosomal degradation,
autophagy also protects against infection by limiting intra-
cellular microbial survival, a process that has been termed
‘xenophagy’.®® As a recycling pathway to generate nutrients
under stress conditions, it is also possible that autophagy
targets cytosolic pathogens for degradation not only to rid
the cell of the pathogen but also to reclaim metabolites that
have been parasitized by microbes — without degrading
their own essential components — and thereby promotes host
cell survival. Specific mechanisms to selectively sequester
microbes remain unidentified, but several characteristics of
pathogen-containing autophagosomes suggest that this may
occur. For example, bacteria often reside within autophago-
somes devoid of other cellular contents, autophagosome
membranes are closely opposed to sequestered bacteria, and
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these vesicles are often larger than typical autophagosomes
containing cytoplasmic contents.

The first genetic evidence that autophagy may function
as an antimicrobial pathway that restricts intracellular pathogen
replication was provided by studies with the neurotropic alphavirus
Sindbis virus. Expression of Beclin 1, the mammalian ortholog of
yeast Atg6, from a double-subgenomic viral promoter protected
mice against fatal Sindbis virus encephalitis and decreased
neuronal apoptosis and viral replication in infected mouse brains.2
Studies with another neurotropic virus, the a-herpesvirus, HSV-1,
further suggest that the endogenous host autophagy machinery is
required for pathogen degradation and protection against CNS
viral disease: HSV-1 is incapable of causing neurological disease
if a mutation is made in its neurovirulence factor ICP34.5 that
cripples its ability to block autophagy (discussed in detail below).%”
Xenophagic degradation of HSV-1 virions may contribute to the
antiviral effects of autophagy, as ultrastructural and biochemical
analyses of neurons infected with a mutant virus deleted of
ICP34.5 reveals PKR-dependent degradation of HSV-1 virions in
autophagosomes and PKR-dependent autophagic degradation of
HSV-1 proteins, respectively.®® The antiviral functions of autop-
hagy are conserved from mammals to plants, since during
tobacco mosaic virus infection of plants, the autophagy genes
ATG6, ATG3, and ATG? are required to reduce viral replication
and prevent the spread of programmed cell death in uninfected
tissues.2® At present, it is unclear if intact virions or viral proteins
are specifically targeted for degradation, and if so, what are the
identities of putative selectivity determinants.

Bacterial pathogens that invade into the cytoplasm or
disrupt phagolysosomal fusion are also targeted by auto-
phagy (Table 1). The first nearly simultaneous findings
demonstrating this function of autophagy were with the
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Table 1 Interactions between specific microbes and autophagy

Organism

Effect of host autophagy on microbe Effect of microbial autophagy

Virulence factor involved in
evasion or subversion

Reference

Bacteria
Gram-positive cocci
Group A Streptococcus

Gram-positive bacilli
Listeria monocytogenes

Gram-negative bacilli
Burkholderia pseudomallei

Francisella tularensis
Pseudomonas syringae pv
tomato

Salmonella enterica

Shigella flexneri

Vibrio cholerae

Vibrio parahaemolyticus
Mycobacteria
Mycobacterium
tuberculosis

BCG

Protozoa

Entamoeba invadens

Leishmania major

Leishmania mexicana

Toxoplasma gondiii

Trypanosoma cruzi

Streptococci that escape from endosomes are
targeted to autophagosomes, and atg5 deletion
delays bacterial clearance.

LLO-mediated escape from phagosomes induces
autophagy, and atg5 deletion increases replication
of phospholipase mutants. PGRP-LE recognition of
peptidoglycan induces autophagy and protects
against Listeria infection in Drosophila.

Bacteria that escape endosomes are targeted to
autophagosomes, and autophagy induction
decreases bacterial survival.

Francisella that escape phagosomes are targeted to
autophagosome-like compartments that also
contain MHC class II.

Disease caused by an avirulent strain DC3000 is
increased in ATG6 RNAI plants.

SPI-1 TTSS-damaged Salmonella-containing
vacuoles are targeted to autophagosomes, and atg5
deletion increases bacterial survival in mammalian
cells.

IcsB mutants are targeted by autophagy.

Autophagy protects cells against V. cholerae
cytolysin which colocalizes with autophagosomes.
Unknown

Mycobacterial-containing vesicles are targeted to
autophagosomes, which decreases mycobacterial

survival.

Unknown Encodes orthologs of Atg8 conjugation
system; autophagy inhibition blocks
growth and encystation.

Unknown Differentiation to infective metacyclic form
impaired in VPS4 and Atg4 mutants.

Unknown Lysosomal cysteine peptidase mutants

are defective in autophagy and
metacyclogenesis.
Targeted to autophagosomes, which decreases Unknown
parasite survival.
Unknown Encodes orthologs of Atg8, but not Atg12
conjugation system; autophagy is
upregulated during metacyclogenesis.

Bacterial phospholipases and actin-
based motility.

TTSS effector BopA mutants show
increased targeting to
autophagosomes and decreased
survival.

TTSS effector AvrRpm1 expression
increases spread of cell death in
ATG6 RNA. plants.

lcsB masks recognition of VirG by
Atg5 to avoid autophagic
sequestration.

TTSS is involved in autophagy
induction in infected cells.

Nakagawa et al.*°

Yano et al.,° Py
etal*!, Rich etal.d42
Birmingham et al.*

Cullinane et al.**

Checroun et al.,*®
Hrstka et al.®

Patel and
Dinesh-Kumar*’

Birmingham et al.*8

Ogawa et al.*®

Gutierrez et al.®°
l.51

Burdette et a

Gutierrez et al.®?

Picazarri et al.®®

Besteiro et al.>*

Williams et al.>®

Andrade et al.,>®
Ling et al.®”

Alvarez et al.>®
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Table 1 (Continued)

Organism

Effect of host autophagy on microbe

Effect of microbial autophagy

Virulence factor involved in

evasion or subversion

Reference

Viruses

RNA viruses
Picornaviruses
Coxsackievirus B3

Poliovirus

Drosophila C virus
(picorna-like virus)
Human rhinovirus 2

Flaviviruses
Dengue virus 2

Hepatitis C virus

Coronaviruses
Murine hepatitis virus
Alphaviruses

Sindbis virus

Tobamoviruses
obacco mosaic virus

Lentiviruses
HIV

DNA viruses
Herpesviruses
MV (B-herpesvirus)

HSV-1 («-herpesvirus)

KHSV

y-HV68
(y-herpesviruses)
Poxviruses
Vaccinia virus

Fungi
Aspergillus fumigatus

Candida albicans

Viral replication enhanced by rapamycin treatment
and starvation, and decreased by 3-MA or atg7,
beclin1, and VPS34 siRNA.

Viral replication occurs on LC3-positive double-
membrane vesicles; enhanced by rapamycin
treatment, and decreased by atg5 siRNA.

No affect of autophagy gene silencing on DCV
replication in Drosophila cells.

No affect of pharmacological stimulation or inhibition
of autophagy on virus replication.

Viral replication enhanced by rapamycin, and
decreased by 3-MA or atg5 deletion.

Autophagy induced in infected immortalized
hepatocytes but effect on viral replication unknown.

No affect of atg5 deletion on replication.

Beclin 1 overexpression decreases viral replication,
and protects against lethal encephalitis.

Autophagy gene silencing results in increased viral
replication and spreading of programmed cell death
in plants.

Autophagy inhibited in infected macrophages;

ATG7, ATG8 (GABARAPL2), ATG12, and
ATG16L2 required for HIV replication.

Unknown

ICP34.5 deletion mutant virus that fails to inhibit
Beclin-1 mediated autophagy is attenuated in
mouse model of herpes encephalitis.

Unknown

No affect of atg5 and beclin 1 deletion on replication.

Unknown

Unknown

ATG1 mutant growth defects rescued by
metal ion supplementation; cation
chelation induces autophagy in wild-type
fungi.

ATGI not essential for differentiation or
infection in a mouse macrophage cell line.

Poliovirus protein 2BC expression
induces LC3-1l conversion.

Inhibits mTOR-dependent and
independent autophagy induction
through undefined mechanism.
ICP34.5 neurovirulence factor inhibits
host autophagy by targeting PKR

signaling and Beclin 1.

Viral Bcl-2 homologs inhibit autophagy

by targeting Beclin 1.

Wong et al.*>®

Jackson et al.,*°
Taylor and
Kirkegaard®’
Cherry et al.??

Brabec-Zaruba
etal®®

Lee et al.®

Ait-Goughoulte
et al®®

Zhao et al.®
Liang et al.®

Liu et al.?®

Zhou and Spector,®”

Dykxhoorn et al.®®

Chaumorcel et al.®®

Orvedahl et al.,2”
Talléczy et al.'®
Liang et al.,”®
Pattingre et al.,”’
Wei et al.”?

Zhang et al.”®

Richie et al.”*

Palmer et al.”®
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Table 1 (Continued)

Virulence factor involved in
evasion or subversion

Reference

Effect of microbial autophagy

Effect of host autophagy on microbe

Organism

Hu et al.”®

knockdown attenuate cryptococcal

PI3K/ VPS34 deletion and ATG8
disease in mice.

Unknown

Cryptococcus neoformans

Fourrey;8

etal””, Liu et al.

Veneault-

orthologs required for conidial death and

ATGS8, ATG1, and ATG2, 4, 5, 9, and 18
appressorium invasion of plants.

Unknown

Magnaporthe grisea

Pinan-Lucarre

etal,”®

Autophagy gene deletion disrupts

Unknown

Podospora anserine

reproductive developmental structures,

Pinan-Lucarre

et al.8°

and accelerates incompatibility reaction

cell death.
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pathogens, M. tuberculosis®® and Group A Streptococcus.*°
Gutierrez et al®® found that induction of autophagy with
physiological (starvation), pharmacological (rapamycin), and
immune (IFNy and LRG-47) stimulation increased maturation
of mycobacterial-containing vesicles and localization to
autophagosomes, and decreased mycobacterial survival.
Nakagawa et al.*® demonstrated that autophagic targeting
degrades Group A Streptococci that escape from the
endosome and invade intracellularly, as delayed bacterial
clearance is observed in atg5-deficient cells. Subsequent
studies have demonstrated an important function of auto-
phagy in targeting other intracellular bacterial pathogens
including  Shigella flexneri, Listeria monocytogenes,
Salmonella enterica, Francisella tularensis, and Burkholderia
pseudomallei.®*'44454849 The piological significance of
Francisella entry into autophagic compartments is unclear,
but a recent study suggests that these compartments may
also include MHC class Il molecules.*® The recent study by
Yano et al® of Listeria infection in Drosophila (discussed
above) is an important first demonstration that the xenophagic
targeting of bacteria can be an integral innate immune effector
pathway in vivo. There is an urgent need for similar studies in
mammalian hosts.

An important question related to bacterial xenophagy is
what stimuli lead to autophagy induction. It is possible that
disruption of phagosome integrity acts as a signal to induce
autophagy to sequester potential invading microorganisms. It
is also possible that PRRs in phagosomes or in the cytosol
(as demonstrated for PGRP-LE in Drosophila)® signal for
autophagy induction, as discussed above. Additionally, many
microbes utilize secretion systems or toxins to escape from
phagosomes or invade through endosomes. It is possible that
there are mechanisms by which the detection of these toxins
or secreted products induces autophagy, or that autophagy is
induced as a primary or secondary effect of these bacterial
effectors. For example, during infection with Group A
Streptococcus, bacteria lacking the toxin Streptolysin O do
not escape from the endosome and are not targeted
by autophagy;*° it is not yet known whether the escape from
the endosome per se or some other effector function of
Streptolysin O is essential for autophagy induction. Auto-
phagy induction during Shigella infection requires a type Il
secretion system (TTSS), presumably during entry into the
cytoplasm,?® but a TTSS effector IcsB masks the cell surface
protein VirG to block Atg5 binding and potentially blocks
recognition by autophagosomes.*® Additionally, the TTSS
effector BopA is important for evading autophagic targeting of
B. pseudomallei** Evidence also exists for induction of
autophagy by a TTSS during infection of cells by the food-
borne pathogen Vibrio parahaemolyticus, although the
precise signals mediating this induction are not yet known.®"

Another recent study provides additional evidence for a
protective function of autophagy during bacterial infection and
in resistance to TTSS effectors; disease caused by avirulent
Pseudomonas syringae pv tomato (Pst) DC3000 is increased
in Arabidopsis plants transgenic for ATG6 RNAI, and there is
increased spread of cell death in ATG6 RNAI transgenic
plants when infected with a strain of DC3000 that expresses
the TTSS effector AvrRpm1.*” Autophagy induced by
microbial toxins may exert a cytoprotective effect, perhaps by
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enabling the cells to more rapidly clear the toxin. Autophagy
protects cells against an exotoxin from Vibrio cholerae; cells
treated with V. cholerae cytolysin (VCC) show increased
autophagy levels, colocalization of VCC with autophagosomes,
and decreased survival in the setting of pharmacological (e.g.,
3-MA) or genetic (e.g., afg5 deletion) autophagy inhibition.°
Thus, the antibacterial effects of autophagy may relate both
to the degradation of intracellular pathogens as well as to the
degradation of toxins that such organisms produce.

In addition to viruses and bacteria, protozoans may be
targeted by autophagy. Toxoplasma gondii resides in para-
sitophorous vacuoles (PV) within macrophages and prevents
their fusion with the lysosome. Two nearly simultaneous
studies indicated that autophagy could function to overcome
this block and restrict T. gondii survival. Andrade et al.®® found
that stimulation of the CD40 receptor on macrophages resulted
in localization of parasites to GFP-LC3-positive vesicles,
vesicle maturation, and decreased intracellular microbial
survival. On the basis of ultrastructural studies and chemical
autophagy inhibition studies, Ling et al.>” proposed a model in
which the PV and parasite membranes are stripped before
autophagic sequestration and lysosomal degradation. It will be
interesting to explore whether autophagy also protects against
other apicomplexan parasites that reside intracellularly.

An Eating Disorder?: Autophagy Defects and
Inflammatory Bowel Disease

On the basis of genetic linkage data, defects in host
autophagy may contribute to Crohn’s disease, an inflamma-
tory bowel disease of the small intestine. In several genome-
wide scanning studies performed in large populations of
patients in Europe and North America, polymorphisms in two
autophagy genes, an autophagy-inducing signaling molecule,
IRGM, and a component of the ubiquitin-like protein conjuga-
tion system involved in autophagosomal membrane expan-
sion, ATG16L1, are strongly associated with the development
of Crohn’s disease.8"®* The pathogenic mechanisms of
Crohn’s disease are not completely understood, but are
postulated to involve a dysregulated immune response to
commensal bacteria, altered mucosal barrier function, and/or
defects in bacterial clearance. Given the emerging functions
of autophagy in immune cell homeostasis, immune cell
activation, and bacterial clearance, it seems plausible that
defects in autophagy could contribute to one or more of the
potential pathogenic mechanisms of Crohn’s disease. How-
ever, the precise functions of autophagy in degrading
translocating bacteria and in immune regulation in the
intestine are not yet known. Moreover, it is not yet known
whether the polymorphism in Atg16L1 (T300A) alters autop-
hagy function, as this mutation lies in a WD40 repeat domain
that is not conserved in yeast Atg16. Further studies are
needed to define the precise function of these autophagy-
related proteins in host—-commensal microbial interactions.

Eating Regulation by the Enemy: Pathogen Evasion and
Modulation of Autophagy

As an important antimicrobial pathway, it is not surprising that
pathogens have evolved mechanisms to evade or subvert the
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host autophagy machinery (Table 1). Bacterial pathogens can
prevent autophagosome fusion with lysosomes to evade
degradation or to utilize nutrients in these vesicles. Viruses
from diverse classes inhibit autophagy-inducing signals and
autophagy execution genes. Conversely, some RNA viruses
usurp autophagosome membranes for virion production.

Many bacteria have been implicated in the evasion or
subversion of autophagy; however, until recently, evidence
supporting this has been largely limited to colocalization with
autophagy markers or chemical manipulation of the auto-
phagy pathway.®58® One of the first described examples is
Listeria monocytogenes, a bacterium that can evade auto-
phagy after escaping from the phagosome.42 Recent
studies indicate that bacterial virulence factors required for
modulation of autophagy by L. monocytogenes include
the bacterial pore-forming toxin listeriolysin O (LLO) (which
induces autophagy) and bacterial phospholipases (which
evade autophagy).*'*® Py et al*' demonstrated that wild-
type Listeria activates autophagy in MEFs, and deletion of
atg5 accelerates the kinetics of bacterial growth early during
infection. The induction of autophagy, as measured by LC3
lipidation, requires LLO expression, which is also required for
bacterial replication in both wild-type and atg5”’~ MEFs,
whereas in contrast, the replication of phospholipase mutants
is restored in atg5~'~ MEFs.*' Birmingham et al.*® confirmed
LLO expression-dependent autophagy induction and localiza-
tion of Listeria to GFP-LC3-positive vesicles early during
infection in macrophages, and Yano et al.® confirmed that
LLO-mediated entry of Listeria into the cytoplasm is required
for autophagy induction in Drosophila. Deletion of the global
virulence regulator prfA decreases replication in wild-type
MEFs, and LLO expression is insufficient to rescue bacterial
growth, whereas atg5 deletion restores Listeria replication,
suggesting that additional prfA-regulated virulence factors are
required to evade autophagy.*® Additionally, phospholipase
mutants colocalize with GFP-LC3 vesicles for a prolonged
petiod, and atg5 deletion restores growth of a p/cA mutant.*®
Together these studies suggest that LLO-mediated breach of
phagosomes induces autophagy, and that additional viru-
lence factors including phospholipases and actin-based
motility are important for bacterial escape from cellular
autophagy. Furthermore, a recent study suggests that Listeria
can replicate slowly in spacious vacuoles that may arise
through autophagic targeting of phagosomes that have been
damaged by LLO.%” As with studies on the antimicrobial
effects of autophagy, animal models are greatly needed to
assess the function of bacterial evasion or subversion of
autophagy in disease.

As obligate intracellular pathogens, viruses have also
evolved mechanisms to evade or subvert host autophagy,
and these have also been reviewed elsewhere.?%888° With
respect to autophagy evasion, there is now evidence that all
families of herpesviruses possess mechanisms to block host
autophagy. As discussed above, HSV-1, an o-herpesvirus,
encodes an essential neurovirulence factor, ICP34.5, that
antagonizes autophagy. It does this through two mechanisms,
including reversal of PKR-mediated elF20 phosphorylation
and direct antagonism of Beclin 1.'62” ICP34.5 antagonism of
autophagy may be important to restrict xenophagic degrada-
tion of virions,®® and is required for fatal HSV-1 encephalitis in



mice.?” Recently, cytomegalovirus, a member of the
p-herpesvirus family, was shown to inhibit autophagy through
an as-of-yet unidentified mechanism.®®

y-herpesviruses, including Kaposi's Sarcoma-associated
herpesevirus (KSHV) and murine y-HV68 encode homologs
of cellular Bcl-2 that inhibit autophagy through antagonism of
Beclin 1. Although the function of autophagy inhibition in
KSHYV or 7-HV68 disease remains unclear,”®”" viral Bel-2-like
proteins seem to have evolved mechanisms to antagonize the
autophagy function of Beclin 1 more effectively than their
cellular counterparts; viral Bcl-2 proteins have a higher
binding affinity than cellular Bcl-2 family members for Beclin
1,%% and escape physiological regulation of binding to Beclin 1
by JNK1-mediated phosphorylation.”? As Beclin 1 is a tumor
suppressor gene,?! it will be important to determine whether
viral Bcl-2 antagonism of Beclin 1 function contributes to the
oncogenic potential of the y-herpesviruses.

In addition to viral evasion of autophagy, some viruses may
have acquired mechanisms to subvert the autophagy pathway
for their own benefit. The best-characterized example is
poliovirus, a member of the non-enveloped single-stranded
RNA picornavirus family. Poliovirus replication occurs on LC3-
positive double-membrane vesicles and is decreased by
siRNA against components of the autophagic machinery.®°
Additionally, expression of poliovirus protein 2BC is sufficient
to induce LC3-1l conversion, although it is unclear if this is a
direct effect of the viral protein on LC3 or perhaps a more
indirect effect.®! Autophagy also facilitates replication of
another member of the picornavirus family, Coxsackievirus
B3; pharmacological inhibition of autophagy with 3-MA or
siRNA against atg7, beclin1, or VPS34 decreases viral
replication, whereas autophagy stimulation with rapamycin
treatment or starvation increases viral replication.®® A recent
study suggests that dengue virus 2, a member of the flavivirus
family, also utilizes the autophagy machinery for replication.*
A second flavivirus, hepatitis C virus (HCV), induces
autophagy in immortalized hepatocytes, but the significance
of autophagy in the HCV replication cycle is not yet known.%®

The replication of some other viruses seems not to be
affected either positively or negatively by autophagy. In
contrast to poliovirus and Coxsackievirus B3, studies with
Drosophila C virus® and human rhinovirus 2%° suggest that
autophagy subversion may not be a universal requirement for
picornavirus replication. Further, Atg5 and Beclin 1 are
dispensable for the replication of vaccinia virus, a member
of the poxvirus family, at least in MEFs and embryonic stem
cells, respectively.”® Mouse coronavirus replication does not
require Atg5 in low passage MEFs or primary bone marrow-
derived macrophages.®® Thus, the relative importance of
autophagy and the nature of its function may vary consider-
ably in different types of virus infections.

Of note, increasing evidence suggests cross-talk between
the HIV virus and the autophagy pathway. One recent report
suggests that HIV can inhibit autophagy in macrophages.®”
More complex modulation through viral induction of autop-
hagy and inhibition of autophagosome maturation has been
suggested to enhance HIV infection.®2 In support of a positive
function of autophagy in HIV infection (or at least the protein
conjugation systems involved in autophagosomal membrane
formation), a recent genome-wide siRNA screen identified
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several autophagy genes that function in this step of
autophagy (e.g., ATG7, ATG8 (GABARAPL2), ATG12, and
Atg16L2), as host factors required for HIV replication.®® As
noted above, autophagy also mediates cell death of bystander
T cells in HIV infection through CXCR4 binding to HIV
envelope proteins.®® Thus far, studies performed on HIV
infection and autophagy have been performed in vitro and
primarily in non-native target cells; therefore, a high research
priority will be to assess the functional significance of these
diverse interactions in the regulation of HIV replication in
primary CD4" T lymphocytes and macrophages and in the
pathogenesis of HIV infection in vivo.

As discussed above, for some viruses, autophagy may be
an important antiviral pathway, other viruses may utilize
components of the autophagy pathway to foster their own
replication, or alternatively, may not intersect with autophagy
pathway to any extent. One enigma is that an analysis of the
types of viruses that evade, subvert, succumb to, or are not
affected by autophagy does not reveal any obvious common
characteristics that might provide insight into mechanisms
responsible for each of these fates. For example, how
do viruses that usurp autophagic machinery avoid the anti-
viral effects of autophagy? It is possible that viral comman-
deering of the autophagy machinery may prevent the
formation of autophagosomes that would otherwise have
antiviral effects. Conversely, it is unclear why some viruses
are targeted by autophagy, while others are not. Further
clarification of the exact mechanisms by which auto-
phagy recognizes viruses or their components, by which
autophagy exerts its antiviral effects (e.g., promoting cellular
survival, xenophagic degradation of virions, immune acti-
vation, and/or unidentified functions), and by which viruses
modulate or evade host autophagy should provide answers
to these questions. Moreover, the identification of host
factors that function in autophagy specifically in response to
viral infection (versus other stress stimuli) may provide insight
into the cellular determinants of the antiviral autophagic
response.

Eating Within the Enemy: Microbial Autophagy

A largely unexplored area in autophagy and infectious
diseases is the function of autophagy that occurs within
pathogens that themselves are eukaryotes, such as proto-
zoans, fungi, and helminths. The prosurvival function of
autophagy during nutrient stress was originally described in
the baker's yeast, S. cerevisaie, and autophagy in the
roundworm, C. elegans, is essential for the development,
lifespan extension, and stress adaptation.®® These adaptive
functions of autophagy in eukaryotic organisms are unlikely
to be limited to model organisms studied in the laboratory.
Such functions are also likely to be relevant to the patho-
genesis of human diseases caused by eukaryotic microbes
and indeed, some recent evidence suggests that protozoan
and fungal autophagy may function as a virulence pathway
during infection.

The molecular machinery of autophagy was originally
identified in genetic screens performed in the yeast,
S. cerevisiae, and autophagy is also present in disease-
causing fungi (see Table 1). The first indication that autophagy
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was required for fungal disease was in a study of the rice blast
fungus Magnaporthe grisea, where MgATG8 is required for
conidial death and appresorium invasion during infection.””
Furthermore, M. grisea homologs of ATG1,"® and ATG2,
ATG4, ATG5, ATG9 and ATG18 are involved in plant
invasion.®* In contrast, autophagy protects against cell death
in the filamentous fungus Podospora anserine.”®%° Auto-
phagy is also important in human fungal pathogens, including
in the filamentous Aspergillus fumigatus, where AfATG1 has
a function in metal ion homeostasis.”* In contrast, Candida
albicans does not require ATG9 for differentiation or infection
of a mouse macrophage cell line.”® Of potential medical
relevance, a recent study provides strong evidence that
autophagy in the dimorphic fungus Cryptococcus neoformans
is important for virulence, as Class Ill PI3K/VPS34 deletion
and ATG8 knockdown resulted in decreased replication and
lethality in a mouse model of cryptococcosis.”® These findings
suggest that specific targeting of fungal, but not mammalian,
autophagic machinery could be beneficial in the treatment of
human cryptococcal disease.

Protozoan parasites also undergo autophagy, and this
response may be important for differentiation during the
parasite life cycle and for infection. Autophagy is induced
during differentiation of Trypansosoma cruzi,®® although its
function in trypanosomatid disease is unknown. Similarly,
autophagy is upregulated during encystation in Entamoeba
invadens and autophagy inhibition arrests growth and
encystation.>® Autophagy is also important for differentiation
of Leishmania major** and Leishmania mexicana.®®

To Eat or not to Eat: Therapeutic Considerations

Autophagy is emerging as an attractive therapeutic target for
a number of diseases, including infectious diseases.’®°® As
mentioned, pharmacological or immunological activation of

autophagy can enhance autophagy of microbes. However,
the complex interplay between autophagy and various
microbes (evasion, subversion, or susceptibility) raise unique
issues in therapeutic intervention of infectious diseases (see
Figure 3). For pathogens that are susceptible to autophagic
degradation, or for which autophagy promotes cell survival,
enhanced induction of autophagy may prove beneficial.
Conversely, for pathogens that evade autophagy, enhance-
ment may be sufficient to overcome microbial blockade,
although more productive strategies may involve targeting the
virulence factors that mediate autophagy evasion. Similarly,
for pathogens that subvert autophagy to their own replicative
advantage, the identification and inhibition of virulence factors
involved in autophagy modulation may also provide benefit
and promote antimicrobial effects of autophagy. A more
complex situation is presented with protozoan and fungal
infections, where host and microbial autophagy may benefit
each organism respectively, so that therapeutic intervention in
these cases may need to be species-specific.

Some medically important bacteria and parasites have
been shown to be susceptible to autophagy after chemical
or immunological induction. Rapamycin, an inhibitor of
mTOR and inducer of autophagy, enhances targeting of
M. tuberculosis,®® T. gondii,®® and B. pseudomallei** for auto-
phagolysosomal degradation. Conversely, the replication of
some bacteria and viruses is enhanced after rapamycin
treatment including Coxiella burnetii®® Anaplasma phago-
cytophilum,®” poliovirus,®® and Coxsackievirus B3.5° An
additional important consideration is that rapamycin has
immunosuppressive effects in vivo, which may have adverse
effects in anti-infective treatment, and mTOR inhibition may
affect multiple downstream pathways.

The identification of novel compounds that modulate
autophagy independently of mTOR may therefore be useful
in antimicrobial therapy, as has been demonstrated recently
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Figure 3 Potential therapeutic targets in modulating autophagy in the treatment or prevention of infectious diseases. (1) Inhibition of microbial virulence factors that evade
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for mycobacterial killing in primary human macrophages.98
Other novel approaches for antimicrobial therapy through
autophagy modulation may include immune activation with
agonists for autophagy through signaling pathways discussed
above”%2 or enhancement of autophagy to promote microbial
kiling through autophagic generation of ubiquitin-derived
peptides.®® In addition, the efficacy of antigen-based vaccines
may be enhanced by targeting such antigens to autophagic
compartments by fusion with the autophagy protein, LC3.%*
As mentioned, some microbes possess mechanisms to
evade autophagy, and others benefit from autophagy induc-
tion or utilize their own autophagy pathways to promote
virulence. Therapeutic modulation of autophagy in these
cases may require inhibition of specific microbial virulence
factors; for example IcsB from Shigella,*® BopA from
B. pseudomallei** or ICP34.5 from HSV-1.'%27 Further,
inhibition of as-of-yet unidentified virulence factors for
microbes that subvert autophagy may be beneficial. In
addition, combined inhibition of virulence factors with agents
that upregulate autophagy may yield synergistic antimicrobial
effects. For eukaryotic parasites, strategies to inhibit auto-
phagy specifically within the pathogen may be required to
ensure that host autophagy remains functional;'® detailed
structural comparisons of pathogen and host autophagy
proteins may aid in the design of such targeted therapies.

Conclusion

In the past decade, autophagy has emerged as an important
antimicrobial pathway. There is a broad range of immune
signals that regulate autophagy, and autophagy has multiple
effector functions in immunity and infection, including innate
and adaptive immune activation, immune cell homeostasis,
and microbial degradation. Despite the immense progress
that has been made, our understanding of autophagy in
infectious diseases is still quite primitive; most studies have
been performed in vitro, which may or may not represent the
function of autophagy in vivo, and many questions remain
unanswered. An important next step will be to develop animal
models for studying the function of autophagy in immunity and
infection in vivo and to assess the effects of therapeutic
modulation of autophagy on the outcomes of infectious
diseases. At a more basic level, we need to better understand
how immune signaling pathways intersect with the autophagy
pathway, how host molecules identify and target intracellular
pathogens to the autophagosome, and how host and
microbial factors interact to utilize autophagy to the benefit
of the microbe and/or the host. The answers to these
questions may not only enhance our general understanding
of the molecular mechanisms of autophagy, but may also
enable us to translate our knowledge of autophagy as an
antimicrobial pathway into new strategies for the treatment of
infectious diseases.
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