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Abstract
Autophagy is an evolutionarily ancient pathway for survival during different forms of cellular
stress, including infection with viruses and other intracellular pathogens. Autophagy may protect
against viral infection through degradation of viral components (xenophagy), by promoting the
survival or death of infected cells, through delivery of Toll-like receptor (TLR) ligands to
endosomes to activate innate immunity, or by feeding antigens to MHC class II compartments to
activate adaptive immunity. Given this integral role of autophagy in innate and adaptive antiviral
immunity, selective pressure likely promoted the emergence of escape mechanisms by pathogenic
viruses. This review will briefly summarize the current understanding of autophagy as an antiviral
pathway, and then discuss strategies that viruses may utilize to evade this host defense
mechanism.
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Introduction
The mammalian immune system is composed of cellular, humoral, and innate effector arms,
with each arm representing a target for evasion by pathogens.1 The cellular lysosomal
degradation pathway of autophagy is gaining recognition as a central component of the host
innate and adaptive immune response to intracellular pathogens.2,3 Moreover, a growing list
of pathogens, including bacteria, parasites and viruses, have been shown to be targeted for
autophagic degradation. Therefore, it is not surprising that intracellular pathogens have
devised numerous mechanisms to outsmart host autophagy. Some intracelluar bacteria (e.g.,
Coxiella burnetti, Legionella pneumophila) and viruses (e.g., poliovirus) co-opt the
autophagy machinery to utilize autophagy protein-dependent dynamic membrane
rearrangements to their own replicative advantage.4 More commonly, successful
intracellular pathogens modulate the signaling pathways that regulate autophagy or block the
membrane trafficking events required for autophagy-mediated pathogen delivery to
endosomal or lysosomal compartments. After providing background on the role of
autophagy in antiviral immunity, this review will describe specific strategies that viruses
utilize to counteract host autophagy and will identify unanswered questions about the battle
between host autophagy and viral infection.
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Autophagy Combats Viral Infection
The earliest published link between viral infection and autophagy suggested that herpes
simplex virus type 1 (HSV-1) and cytomegalovirus (CMV) virions were present in
autophagosomes.5 The discovery of autophagy (ATG) genes facilitated further investigation
of the role of autophagy in viral infection. Studies involving over-expression or knock-down
of ATG genes or upstream autophagy-regulatory signaling molecules have demonstrated an
essential role for autophagy in innate antiviral defense.6,7 Notably, the first characterization
of a mammalian orthologue (Beclin 1) of a yeast Atg protein (Atg6) suggested a
neuroprotective role of autophagy in a mouse model of Sindbis virus encephalitis.8

Additionally, plant ATG genes (e.g., BECLIN 1, ATG3 and ATG7) prevent the spread of
cell death during the hypersensitive response and reduce viral replication during tobacco
mosaic virus infection.9 Innate antiviral signaling also regulates autophagy; in response to
HSV-1 infection, activation of the type I interferon (IFN)-inducible antiviral molecule,
protein kinase R (PKR) is required for autophagy induction.10,11 In contrast to this
protective role against viral infection, the autophagic machinery may also support the
replication of certain viruses, a subject which has been reviewed recently elsewhere12 and in
this issue.

Autophagy as a Multi-Pronged Defense Against Viral Infection
While the precise mechanism(s) whereby autophagy functions to protect against viral
infection remain undefined, a number of studies indicate that autophagic sequestration and
delivery of cytosolic contents (including viral components) to the endo/lysosomal system
may serve a pleiotropic role in innate antiviral defense (Fig. 1). During stress conditions,
autophagy provides building blocks for cellular metabolism through its catabolic actions, but
also functions to remove superfluous or damaged organelles and aggregate-prone proteins
(especially cellular structures that are too large to be degraded by the ubiquitin-proteasome
system). The term xenophagy was coined to describe the targeting of microorganisms
(bacteria, viruses, fungi and parasites) by the autophagy pathway for degradation.13

Conceptually, targeting virions for degradation might benefit the host both by restricting
viral replication and also by “reclaiming” host molecules parasitized by viruses.
Experimental evidence for xenophagic degradation of virions exists for HSV-1 (Fig. 2) and
the neurotropic alphavirus, Sindbis virus. Virion sequestration within double-membraned
autophagosomes and degradation within autolysosomes is observed ultrastructurally and
autophagy-dependent viral protein degradation is observed biochemically.6,7,11

In addition to functioning as a degradative pathway, autophagic sequestration and bridging
of cytosolic and endosomal compartments may function to deliver viral ligands for innate
and adaptive immune activation (Fig. 1). With respect to adaptive immunity, autophagy may
target long-lived proteasome-resistant viral antigens for MHC class II presentation to CD4+

T cells, including certain Epstein-Barr virus nuclear antigens.3 In addition, antigen
presenting cells may constitutively deliver cytosolic antigens to MHC class II-positive
compartments through autophagy.14 With respect to innate immunity, a recent study
suggests that autophagy delivers cytosolic Sendai virus and vesicular stomatis virus
replication intermediates to the endosome for TLR-7 activation (and subsequent type I IFN
production) in plasmacytoid dendritic cells.15 Thus, autophagy may serve as an integral
component of antiviral immunity through direct xenophagic elimination of viral
components, as well as through activation of innate and adaptive immune responses.

Autophagy is also integrally linked to cellular survival, functioning either as a survival
pathway or as an alternative means of cell death, depending on the context.16 The fate of
virally-infected cells may also differ between tissues in complex multicellular organisms.
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For example, the importance of survival of terminally differentiated neurons may take
precedence over the need to eliminate infected cells, while continually renewing epithelial
cells may be disposed of with little consequence. In the former case, the survival function of
autophagy may prevent pathological tissue destruction by virus infection; while in the latter
situation, the death function of autophagy may facilitate the clearance of infected cells.
Indeed, a protective role for autophagy in promoting the survival of infected neurons is
supported by the observation that enforced neuronal expression of Beclin 1 decreases
neuronal apoptosis and increases survival in mice infected intracerebrally with Sindbis
virus.8 In the plant hypersensitive response, ATG genes do not modify the death of virus-
infected cells (which serves to clear the virus) but prevent the unwanted death of uninfected
bystander cells, thereby promoting organismal survival during infection.9

Antiviral Signaling Molecules Direct Autophagy-Mediated Defense
As noted above, genes encoding components of autophagy machinery play an important role
in protection against viral infection. The regulation of autophagy by antiviral immune
signaling pathways further underscores a potential role of autophagy in antiviral immunity.
The first indication that innate immune pathways regulate autophagy came from studies on
PKR during HSV-1 infection. In yeast, mammalian PKR activity is functionally redundant
with the GCN2 kinase, both of which phosphorylate elongation and initiation factor 2α
(eIF2α), to activate not only general translational shutdown, but also starvation-induced
autophagy.10 Moreover, PKR induces autophagy in response to HSV-1 infection in
mammalian cells, and this response requires the Ser-51 phosphorylation site of eIF2α.10

Additionally, xenophagic sequestration and degradation of virions in cells infected with an
HSV-1 strain deleted of the infected cell protein 34.5 (ICP34.5) neurovirulence factor
(discussed below) require PKR-mediated phosphorylation of eIF2α.11 Therefore, at least
one known IFN-inducible stress-response and viral recognition pathway - PKR/eIF2α
signaling - upregulates autophagy.

Other studies indirectly raise the possibility that additional components of viral recognition
pathways may stimulate autophagy. For example, TLR4 activation in response to bacterial
lipopolysac-charide was recently reported to induce autophagy through the downstream
signaling adaptor TRIF.17 Viral components activate diverse innate immune sensors,
including the RNA helicases RIG-I and MDA-5, and members of the TLR family (TLRs 2,
3, 4, 7, 8 and 9).18 While the exact mechanism of autophagy activation by TRIF signaling is
unclear, it is intriguing to speculate that TLR3 and 4 signaling through TRIF may also
function to activate autophagy in response to viral ligands. In addition, TRIF activation leads
to IRF-3 nuclear translocation and type I IFN production, which may further contribute to an
anti-viral cellular state through autophagy induction, for example through PKR activation.

There is also evidence for negative regulation of autophagy by antiviral molecules and for
negative regulation of antiviral signaling by Atg proteins. The nuclear factor (NF)-kappa B
(NFκB) transcription factor family plays a central role in promoting the expression of genes
involved in inflammatory, immune, and apoptotic processes during viral infection.19 Recent
studies suggest that NFκB functions as a negative regulator of autophagy.20 Yet, autophagy
may selectively target the upstream IκB kinase (IKK)21 and NFκB inducing kinase (NIK)22

for degradation, resulting in negative regulation of the canonical and non-canonical NFκB
signaling pathway, respectively. Thus, NFκB signaling and the autophagy pathway may
negatively regulate each other, which may ensure that viral antagonism of one pathway (i.e.,
NFκB blockade) leads to increased activation and antiviral effects of the other (i.e.,
enhanced autophagic activity), providing cells with a safety-net against viral inhibition of
the host response. Somewhat counterintuitive, given the presumed role of autophagy in
antiviral immunity, is the recent evidence that the Atg5-Atg12 complex (which functions in
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autophagosome expansion) negatively regulates RIG-I signaling through the mitochondrial
signaling adaptor, IFNβ promoter stimulator (IPS-1).23 It is not yet clear, however, whether
this represents a negative feedback mechanism, a true immunosuppressive role of autophagy
during viral infection, or an autophagy-independent function of the Atg5-Atg12 complex.

Viruses Turn the Tables
Successful pathogens employ numerous measures for evading host immune responses,
including autophagy. Viruses are known to antagonize autophagy by inhibiting upstream
regulatory pathways and/or directly targeting the host autophagy machinery. An example of
a virulence protein that contains both of these activities is HSV-1 ICP34.5.

HSV-1, a double-stranded DNA α-herpesvirus, infects the majority of the human
population, and is the leading cause of sporadic viral encephalitis in adults.24 ICP34.5 is an
important HSV-1 neurovirulence factor,25 and strains deleted of the ICP34.5 gene are
severely neuroattenuated in mice and humans.26 ICP34.5 recruits the cellular protein
phosphatase 1α to antagonize PKR-mediated phosphorylation of eIF2α and reverses host
cell translational shutoff.27 However, mutant HSV-1 strains that retain the ability to reverse
translational shutoff remain avirulent, suggesting that ICP34.5 has additional functions that
confer neurovirulence.28,29 Recent studies provide strong evidence that autophagy evasion is
one such function.

ICP34.5 evades autophagy by at least two distinct mechanisms. Tallóczy et al found that
ICP34.5 antagonizes PKR-mediated autophagy induction during HSV-1 infection.10 By
comparing HSV-1 replication in wild-type and PKR-deficient cells infected with wild-type
HSV-1 or a mutant lacking ICP34.5, they determined that ICP34.5-mediated evasion of
PKR-induced autophagy prevents HSV-1 degradation.11 While ICP34.5 antagonizes PKR
signaling through dephosphorylation of eIF2α, it also antagonizes autophagy by interacting
with the mammalian autophagy protein, Beclin 1.30 A region of ICP34.5 distinct from the
GADD34 domain (that is responsible for mediating eIF2α dephosphorylation) is required
for its interaction with Beclin 1 and for its autophagy-inhibitory activity, and a mutant virus
lacking this region is severely neuroattenuated in a mouse model of HSV-1 encephalitis.30

Furthermore, the neurovirulence of the Beclin 1 binding-deficient mutant virus is restored in
PKR knockout mice, demonstrating in vivo that ICP34.5 antagonism of Beclin 1-mediated
autophagy lies downstream of PKR signaling.30

Taken together, these studies indicate that autophagy may play a role in restricting viral
replication through autophagic degradation of virions and that viral evasion of autophagy
may be an important factor in viral pathogenesis. The ability of a single HSV-1
neurovirulence protein to target both an autophagy-activating pathway and the autophagy
execution machinery strongly suggests a requirement for autophagy inhibition to ensure
successful infection. Further, the reduced neurovirulence of an HSV-1 mutant strain
deficient in ICP34.5 binding to Beclin 1 (but wild-type with respect to reversal of host cell
shutoff ) suggests a critical role for autophagy evasion per se (independently of ICP34.5-
mediated blockade of PKR-dependent host cell shutoff ) in viral virulence.30 The precise
mechanisms by which ICP34.5 antagonizes the autophagy function of Beclin 1 and mediates
neurovirulence remain undefined. Nonetheless, based on the findings in mice infected with a
mutant virus lacking the Beclin 1-binding domain of ICP34.5, it is reasonable to hypothesize
that disruption of the HSV-1 ICP34.5/Beclin 1 interaction may be a novel useful therapeutic
approach for treating serious HSV-1 infections.

Studies with other herpesvirus proteins suggest that evasion of autophagy may be a common
strategy employed not only by α-herpesviruses but also by γ-herpesviruses. A member of
the γ-herpesvirus virus family, Kaposi’s sarcoma-associated virus (KSHV) is associated
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with a number of neoplasms in immunosuppressed patients.31 Similar to its cellular
counterpart, viral Bcl-2 (v-Bcl-2) from KSHV negatively regulates autophagy through its
interaction with Beclin 1.32 Over-expression of KSHV vBcl-2 suppresses starvation-induced
autophagy, whereas the inhibitory effects of v-Bcl-2 are lost in cells expressing Bcl-2
binding-defective forms of Beclin 1.32 Murine γ-herpesvirus-68 (γHV-68) shares a similar
genome organization with human γ-herpesviruses and contains homologous genes,
including a Bcl-2 homolog.33 v-Bcl-2 from the γHV-68 also binds to and inhibits Beclin 1-
mediated autophagy, and studies of this interaction have revealed an additional positive
cellular regulator of Beclin 1 activity, UVRAG.34 The role of autophagy evasion in γ-
herpesvirus disease pathogenesis is unknown, although v-Bcl-2 binding to Beclin 1 may
promote the survival of infected cells and/or support viral latency. Since Beclin 1-mediated
autophagy also plays an important role in tumor suppression,35–38 it is tempting to speculate
that viral inhibition of Beclin 1 function may contribute to the oncogenic potential of viruses
such as KSHV and γHV68.

Intriguingly, recent studies suggest that viral Bcl-2 proteins may have evolved to inhibit
Beclin 1-dependent autophagy more effectively than their cellular counterparts do. Viral
Bcl-2 proteins lack the non-structured phosphorylation loop of cellular Bcl-2 that serves to
regulate its release from Beclin 1 in response to physiological stimuli that activate
autophagy. As a result, the binding of cellular Bcl-2 to Beclin 1 (and autophagy-inhibitory
activity) is disrupted by phosphorylation during starvation whereas the binding (and
autophagy-inhibitory activity) of viral Bcl-2 is not.39 Thus, by evading physiological
regulatory mechanisms, viral Bcl-2 may function as a “super-repressor” of autophagy.

Interestingly, the α-herpesvirus-encoded gene product ICP34.5 and γ-herpesvirus-encoded
v-Bcl-2’s likely interact with different regions of Beclin 1 (the C- and N-terminus of Beclin
1, respectively).30,32,34 These differences in binding site preference may reflect differential
regulation of Beclin 1 activity but both proteins potently inhibit autophagy. Thus, the
evolution of structurally distinct herpesvirus protein interactions with a common cellular
autophagy target likely underscores the central importance of autophagy evasion during viral
infection. Moreover, the targeting of Beclin 1, an essential upstream executioner in the
autophagy pathway may suggest that these viral proteins disrupt multiple downstream anti-
viral effector functions of autophagy, including not only xenophagy (as already
demonstrated for HSV-1 ICP34.5) but also activation of innate and adaptive immunity (Fig.
1). An important question is whether proteins encoded by viruses outside of the herpesvirus
family also target Beclin 1 (or other components of the host autophagy machinery). In view
of a preliminary report that an HIV pathogenic protein also binds to Beclin 1, it seems that
the targeting of Beclin 1 may be a common strategy employed by diverse viruses.40

Another important question is whether viral evasion of PKR/eIF2α signaling is a more
universal strategy utilized by viruses to evade host autophagy. Prior to the identification of
an autophagy-stimulatory role of this antiviral pathway, it was shown that numerous viral
gene products possess diverse strategies to block PKR-mediated host cell shutoff.41 These
include interfering with dsRNA-mediated activation of PKR (e.g., vaccinia virus E3,
influenza virus NS1, HSV-1 US11, reovirus σ3, rotavirus NSP3), interfering with kinase
dimerization (e.g., hepatitis C virus NS5A, vaccinia virus E3), blocking the kinase catalytic
site and PKR-substrate interactions (e.g., vaccinia virus K3L, HIV tat), regulating eIF2α
phosphorylation levels (e.g., HSV-1 ICP34.5), and affecting components downstream of
eFI2α phosphorylation (e.g., SV40 T Ag). The prediction is that, like HSV-1 ICP34.5, all
other viral gene products that antagonize PKR/eIF2α signaling will also antagonize host
autophagy. If so, this could have important implications for understanding the role of viral
evasion of autophagy in the pathogenesis of diseases caused by viruses encoding these gene
products.
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Cellular pathways governing cell growth and proliferation such as the Class I PI3-K/Akt/
mTOR signaling pathway also negatively regulate autophagy, and this pathway is
commonly activated by viruses, especially those associated with cancer. For example,
oncogenic retroviruses encode active subunits of PI3-K and AKT, and a number gene
products from other viruses (e.g., hepatitis B virus, hepatitis C virus, Epstein Barr virus,
KSHV) activate the Class I PI3-K/Akt/mTOR pathway.6 Therefore, as with v-Bcl-2
interactions with Beclin 1 discussed above, it is reasonable to speculate that viral inhibition
of autophagy through activation of these pathways may contribute to viral oncogenesis.

Viruses May Fight Autophagy on Multiple Fronts
Thus far, it has been demonstrated that viruses block autophagy by targeting the IFN-
inducible PKR signaling pathway and the autophagy execution protein, Beclin 1. In the case
of HSV-1 ICP34.5, such antagonism is known to block xenophagic degradation of herpes
simplex virions and contribute to viral neurovirulence. A critical question is whether viral
modulation of other aspects of innate and adaptive immunity also alters host autophagy and
its contribution to antiviral immunity. Similarly, it remains to be determined whether viruses
target discrete steps in the autophagy pathway to orchestrate a cellular state conducive to
viral replication.

Figure 1 outlines the autophagy pathway, indicating points where viruses may have evolved
mechanisms to modulate the pathway. As discussed above, it has already been shown that
ICP34.5 blocks PKR-dependent autophagy, and it is likely that other known inhibitors of
PKR signaling also block autophagy. Interestingly, autophagy-dependent TLR7 activation
leads to type I IFN production, which may further enhance the autophagic response by
inducing upstream regulators such as PKR (Fig. 1). Therefore, the activation and effector
functions of autophagy may act synergistically in response to viral infection, and the ability
to shutdown these pathways early during infection would likely benefit viral replication
(Fig. 1c). Indeed, viruses have evolved an assortment of means to inhibit not only PKR
signaling, but also IFN production. As the functions of the hundreds of other interferon-
stimulated genes (ISGs) come to light, it will be exciting to determine whether they —like
PKR—also intersect with the autophagy pathway. Further studies are required to dissect the
contribution of autophagy as a downstream antiviral pathway mediated by type I IFN
production, and to determine to what extent other viral IFN-antagonists (besides HSV-1
ICP34.5) exert their effects through interference with the autophagy pathway. A related
question is whether the consequences of viral modulation of NFκB signaling19 are mediated
partly through regulatory effects on autophagy.

If viruses target upstream autophagy regulatory pathways or autophagy execution genes, the
prediction is that they will inhibit all antiviral effector functions of autophagy (unless
downstream compensatory mechanisms occur). To date, it has only been shown that
ICP34.5 blocks xenophagic degradation of HSV-1 virions, though it seems likely that
ICP34.5—and other potential antagonists of autophagy regulators and execution proteins—
may also block TLR7-dependent interferon production in dendritic cells, class II MHC
antigen presentation in antigen-presenting cells, and any yet-to-be identified functions of
autophagy in immunity. Thus, viral blockade of autophagy initiation may not only serve to
protect the virus from being “eaten” by autophagolysosomal digestion, but may also
orchestrate a multi-pronged attack on diverse aspects of host antiviral immunity.

An interesting question is whether viruses also possess mechanisms to block the fusion of
autophagosomes with endo/lysosomal compartments (Fig. 1d), a process that is necessary
for successful pathogen degradation, innate immune signaling, and class II MHC antigen
presentation. Several human diseases are now known to be associated with defects in
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autophagosomal movement and/or autophagome maturation (e.g., spinal bulbar muscular
atrophy, neuronal lipofuscinosis, Danon’s myopathy, Parkinson’s disease).42 It is possible
that viral antagonism of autophagosomal movement or fusion with endosomal and
lysosomal compartments in infected cells prevents autophagy from executing its
immunoregulatory effects. Such a blockade might also contribute to viral-induced cellular
pathology, as genetic defects in these processes tend to result in cellular degeneration,
presumably due to a “traffic jam” in an important protein/organelle quality control and
disposal pathway.

An additional possibility is that viruses may possess mechanisms to selectively block their
own recognition and sequestration (independently of effects on the formation of
autophagosomes) (Fig. 1e). The molecular determinants of autophagosomal recognition of
viruses are unknown, but there is increasing evidence that exquisite molecular specificity
may occur to permit autophagosomes to selectively target damaged cellular organelles,
proteins involved in NFκB signaling and oxidative stress, and intracellular bacteria.43–46 It
seems logical that selectivity may also exist for autophagic targeting of virions or viral
components, and if so, that viruses may have evolved mechanisms to block this. If bulk
degradation of cytoplasm can occur unimpeded in virally-infected cells without
accompanying degradation of virions, this might further benefit the virus by providing a
source of metabolites for viral replication.

Conclusion
Millions of years of coevolution between viruses and their hosts gave rise to a multifaceted
host defense response, with the development of viral evasion strategies that mirror this
complexity. Clearly, we are just in the infancy stages of understanding the role of autophagy
in antiviral immunity and the strategies that viruses utilize to disarm host autophagy.
Nonetheless, there are already hints that viral evasion of autophagy may be extremely
important for viruses; a single viral neurovirulence protein (e.g., HSV-1 ICP34.5) possesses
two different strategies for targeting autophagy and its inhibition of the Beclin 1 autophagy
protein is essential for fatal encephalitis. Similarly, a single autophagy protein (Beclin 1) is
targeted by virulence factors encoded by diverse viruses, including herpes simplex virus,
oncogenic γ-herpesviruses, and HIV. Additional virulence factors that target autophagy at
different steps in the pathway (and thereby function in viral evasion) will likely be identified
in the near future. It will be interesting to see whether select points in the autophagy
pathway may be ‘fine tuned’ by viruses to their own advantage, so that “virus-friendly”
outcomes of autophagy (e.g., cell survival, metabolite generation) remain active, while
antiviral functions (e.g., innate immune activation, antigen presentation, and virion
degradation) are suppressed. It will also be important to figure out how to “turn the tables”
—in the other direction—so that viruses are no longer ahead in the battle with host
autophagy. The precise identification of the molecular strategies that viral proteins use to
disarm host autophagy will likely provide such an opportunity.
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Figure 1.
Functions of autophagy in antiviral immunity and potential targets of viral evasion. The
sequestration of virions and viral replication intermediates in autophagosomes may result in:
(1) delivery of viral nucleic acids to TLR-7-containing endosomes, and subsequent
activation of Type I IFN production; (2) loading of endogenously synthesized viral peptides
into MHC class II compartments for antigen presentation to CD4+ T cells; and (3)
xenophagic delivery to degradative lysosomes resulting in virion disposal and modulation of
cell death. Identified viral mechanisms for evading these anti-viral effects include: (a)
inhibition of PKR-mediated autophagy induction through reversal of eIF2α phosphorylation
(HSV-1 ICP34.5); and (b) direct antagonism of the host autophagy protein Beclin 1 (HSV-1
ICP34.5, viral Bcl-2 family members). Potential mechanisms (not yet demonstrated, labeled
by question marks) include: (c) antagonism of IFN production or PKR activity (by proteins
other than HSV-1 ICP34.5); (d) prevention of the maturation of autolysosomes or fusion
events of autophagosomes with TLR-containing and MHC class II compartments; or (e)
selective disruption of virion sequestration within autophagosomes.

Orvedahl and Levine Page 10

Autophagy. Author manuscript; available in PMC 2012 November 28.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2.
PKR signaling is required for xenophagic degradation of HSV-1 virions and is antagonized
by HSV-1 ICP34.5. In wild-type neurons infected with HSV-1 deleted of the autophagy
inhibitory gene, ICP34.5, numerous HSV-1 virion-containing autophagosomes and
autolyososmes are present. Shown here (left panel) is an example of an autolysosome (AL)
that contains HSV-1 virions (arrowheads) in different stages of degradation. In wild-type
neurons infected with HSV-1 that contains the autophagy- inhibitory gene (middle panel) or
in autophagy-deficient pkr−/− neurons infected with HSV-1 lacking ICP34.5 (right panel),
few autophagosomes are seen. The cytoplasm contains numerous single-membraned viral
vesicles (white arrow) that are intermediates in viral egress or free intracytoplasmic virions
(black arrow). Scale bars, 0.5 microns. (Adapted with permission from Tallóczy, et al 2006).

Orvedahl and Levine Page 11

Autophagy. Author manuscript; available in PMC 2012 November 28.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


