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The herpes simplex virus type 1 (HSV-1) neurovirulence gene encoding ICP34.5 controls the autophagy
pathway. HSV-1 strains lacking ICP34.5 are attenuated in growth and pathogenesis in animal models and in
primary cultured cells. While this growth defect has been attributed to the inability of an ICP34.5-null virus
to counteract the induction of translational arrest through the PKR antiviral pathway, the role of autophagy
in the regulation of HSV-1 replication is unknown. Here we show that HSV-1 infection induces autophagy in
primary murine embryonic fibroblasts and that autophagosome formation is increased to a greater extent
following infection with an ICP34.5-deficient virus. Elimination of the autophagic pathway did not significantly
alter the replication of wild-type HSV-1 or ICP34.5 mutants. The phosphorylation state of elF2a and viral
protein accumulation were unchanged in HSV-1-infected cells unable to undergo autophagy. These data show
that while ICP34.5 regulates autophagy, it is the prevention of translational arrest by ICP34.5 rather than its
control of autophagy that is the pivotal determinant of efficient HSV-1 replication in primary cell culture.

To establish productive infections, viruses have a number of
genes which inhibit the establishment of the host antiviral state
and subvert host metabolic pathways to facilitate and amplify
their own replication. Innate defenses of the host are induced
by interferons (IFNs) which facilitate the establishment of the
antiviral state, thereby suppressing viral replication and pro-
moting cell survival (16). A major effect of the IFN response is
to block translation and production of viral proteins (57). This
translational arrest is largely achieved through activation of the
double-stranded RNA-dependent protein kinase R (PKR)
whose gene expression is up-regulated by type I IFNs (24, 32,
49). The translation initiation factor eIF2« is a major substrate
of activated PKR, and once phosphorylated, e[F2a is unable to
participate in the guanine nucleotide exchange reaction re-
quired for start codon recognition (48). This enables the host
to slow virus infections, prevent spread, and promote overall
survival. Not surprisingly, a wide variety of viruses have
evolved strategies to counteract this shutoff of protein synthe-
sis (reviewed in reference 13).

Herpes simplex virus type 1 (HSV-1) encodes several gene
products that maintain a cellular environment favorable for
virus replication. HSV-1 infection activates PKR and an anti-
viral response, and a major antagonist of this antiviral response
is the HSV-1-encoded protein ICP34.5 (8). ICP34.5 acts
throughout the viral life cycle, and one of its functions is to
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interact with protein phosphatase la (PPla) via its C terminus
(1, 44). This interaction redirects PPla to dephosphorylate
elF2a, preventing the accumulation of the phosphorylated
form (1, 12). ICP34.5 is critical for efficient replication, patho-
genesis, and neurovirulence of HSV-1 in humans and animal
models (5, 6, 45). The defects in growth and virulence of
ICP34.5 null viruses are restored in type I IFN receptor- and
PKR-deficient mice, indicating that ICP34.5 specifically targets
these antiviral pathways (25, 26).

IFN and PKR have many effects on cellular metabolic path-
ways, including the process of autophagy (7, 18, 31, 52, 53, 55).
Autophagy is a constitutive cellular process in which cytoplas-
mic components are sequestered and degraded by the lyso-
some to generate metabolic precursors, to remove damaged
organelles and altered intracellular components, and to en-
hance or inhibit the replication of invading pathogens (37;
reviewed in references 9 and 30). This process is induced by
stress stimuli including starvation, growth factor deprivation,
drug treatment, or infection. Following an induction stimulus,
a crescent-shaped double-layered isolation membrane forms
and then elongates and closes to generate the double-mem-
braned autophagosome. The autophagosome fuses with the
lysosome, and its contents and inner membrane are degraded
by lysosomal enzymes. Formation of the autophagosome re-
quires a conjugate of Atg5-Atgl2, as well as a second conju-
gation system in which LC3-I and LC3-II are produced from
the cleavage of LC3 (33, 35, 36, 54). Beclin 1 is also required
for preautophagosome formation and is found in a complex
with Vps34, a class III phosphoinositide 3-kinase, at the trans-
Golgi network (21). This complex may supply phosphatidylino-
sitol 3-phosphates to preautophagosome membranes, thereby
facilitating the localization of Atg proteins (50).
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Both PKR and phosphorylated eIF2a have been shown to
promote autophagy, although the mechanism by which this
occurs is unclear (51, 52). Gen2, another elF2a kinase, is
required for starvation-induced autophagy in yeast, and PKR
can functionally substitute for GCN2 in GCN2-disrupted yeast
(51). Phosphorylation of eIF2a is necessary for effective trans-
lation of specific mRNAs, including the transcriptional activator
Gcen4 (11). In yeast, a number of components of the autophagy
pathway are targets of Gen4 (41). Thus, phosphorylation of elF2a
resulting from starvation or viral infection may lead to the initi-
ation of autophagy and other cellular programs to promote cell
survival following diverse stress stimuli.

Autophagy is a component of the host defense response to a
number of intracellular bacteria including Mycobacterium tu-
berculosis, group A Streptococcus, Shigella, and Salmonella, as
well as the parasite Toxoplasma gondii (2, 4, 10, 28, 39, 42).
Autophagy also has been shown to be antiviral against Sindbis
virus, tobacco mosaic virus, and the DNA virus parvovirus B19
(27, 29, 40). In contrast, certain RNA viruses, such as corona-
viruses, picornaviruses, murine hepatitis virus, and equine
arterivirus, utilize the autophagosomal machinery to facilitate
the assembly of RNA replication complexes (17, 46).

Consistent with these other pathogens, HSV-1 is also able to
regulate autophagy, through the actions of ICP34.5. This reg-
ulation is believed to be achieved through the two known
functions of ICP34.5, first through dephosphorylation of eIF2a
and second through its ability to bind Beclin 1 (43, 51, 52).
Murine embryonic fibroblasts (MEFs) infected with an
ICP34.5-null virus have increased long-lived protein degrada-
tion, higher autophagic vacuole volume density, and increased
numbers of virions per autophagosome compared to wild-type-
infected cells (51, 52). This increase in autophagy is in part due
to the inability of ICP34.5 to bind Beclin 1, since deletion of
the ICP34.5 Beclin 1 binding domain renders HSV-1 unable to
regulate autophagosome formation (43). This regulation of
autophagy is critical for HSV-1 pathogenesis, as viruses lacking
the Beclin 1 binding domain are severely neuroattenuated
(43).

Taken together, these previous data suggested that the se-
vere growth defect of an ICP34.5-deficient virus in cell culture
and in vivo may not solely be due to its inability counteract
translational arrest. Thus, failure to inhibit the autophagic
pathway must also be considered. In this study, MEFs gener-
ated from azg5~/~ and control mice provided a genetic system
in which to address the impact of autophagy upon HSV-1
replication (34). Autophagy was induced upon viral infection
but did not have a major effect upon viral replication in these
permissive cells. This is consistent with a recent study demon-
strating that HSV-1 (strain KOS) replication was similar in
atg5~’~ and wild-type MEFs (19). HSV-1-mediated dephos-
phorylation of eIF2a occurred normally in the absence of au-
tophagy, and protein accumulation was similar in the presence
and absence of atg5. This suggested that the lack of accumu-
lation of viral proteins during HSV-1 infection was likely due
to decreased protein synthesis as a result of phosphorylated
elF2a, as opposed to increased protein degradation due to
autophagy. Additionally, the replication of the ICP34.5 Beclin
1 binding mutant was not impacted by the absence of autoph-
agy. Since this mutant is able to block translational arrest, the
prevention of translational arrest is a more critical function for
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ICP34.5 than the prevention of autophagy for maintaining
HSV-1 replication. Regulation of autophagy by HSV-1, there-
fore, despite its proven pivotal impact on neurovirulence, does
not impact similarly upon viral replication in permissive cul-
tured cells.

MATERIALS AND METHODS

Cells, viruses, and growth assays. Heterozygous afg5 mutant mice were inter-
bred to obtain homozygous mutant embryos as previously described (23, 34).
Primary MEFs were prepared from day 15 embryos in Dulbecco modified Eagle
medium (DMEM) containing 10% fetal bovine serum, 1X nonessential and
essential amino acids, 2 mM L-glutamine, and penicillin-streptomycin. Embryos
were screened individually via PCR for the targeted disruption of the azg5 gene.
Once the MEFs were contact inhibited (about 48 h postplating), they were
passaged two or three times prior to infection. The viruses used in this study,
17termA and its corresponding marker-rescued virus 17termAR, were kindly
provided by Richard Thompson, University of Cincinnati, Cincinnati, OH. For
growth curve determination, primary MEFs were infected with the appropriate
virus at a multiplicity of 0.01 PFU/cell. The virus was allowed to adsorb for 1 h,
a viral inoculum was removed, and fresh medium was added. At various times
postinfection, cells and supernatants were harvested and freeze-thawed and titers
were determined by plaque assay on Vero cells.

To generate the Beclin 1 binding mutant (A68H), a plasmid containing
ICP34.5 lacking amino acids 68 to 87, pDA07 (43), was cotransfected into Vero
cells with infectious viral DNA from HSV-1 strain 17syn+ by using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA). Virus from this transfection was
plaque purified and screened for the incorporation of the deletion by PCR with
the primers 5'-GCACATGCTTGCCTGTCAAACTCT-3" and 5'-TGTAACGT
TAGACCGAGTTCGCCG-3'. These primers generate a PCR product that
spans the deletion, which eliminates a Hinf] site. Wild-type and A68H templates
generate 808-bp and 746-bp PCR products, respectively. Following digestion
with Hinfl, wild-type PCR products were cut into 542- and 265-bp fragments but
A68H DNA was uncut. Plaques lacking the HinfI site were plaque purified three
times prior to isolation of viral DNA and Southern blot analysis. The marker-
rescued virus (A68HR) was generated by cotransfection of A68H infectious viral
DNA with pDA04 (43) and isolated as described above for the A68H mutant.
Southern blot analysis of viral DNA was performed as previously described (47).
Following DNA digestion of viral stocks with Hinfl, an 812-bp BspEI/Ncol
fragment corresponding to nucleotides 511 to 1323 of the HSV-1 genome was
labeled with [*?P]dCTP by random priming. This fragment was used as a probe
to confirm the presence or absence of nucleotides encoding amino acids 68 to 87
of ICP34.5 in the bacterial artificial chromosome (BAC)-derived mutant and
marker-rescued viruses.

Western blot analyses. Primary atg5~/~ and atg5*/* MEFs were mock infected
or infected with 17termAR or 17termA at a multiplicity of 5 PFU/cell for 15 h.
Medium was removed, cells were rinsed with cold phosphate-buffered saline, and
lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail set I1I
[Calbiochem]) was added. Whole-cell lysates (30 pg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with a
polyclonal antibody to Atg5 (SO4) (34), LC3 (20), ICP34.5 (38), phosphorylated
elF2a (BioSource, Camarillo, CA), or total eIF2a (Santa Cruz Biotechnology,
Santa Cruz, CA). Proteins were detected with an ECL-Plus kit (Amersham
Pharmacia, Piscataway, NJ). To visualize proteins, blots were scanned on a
Molecular Dynamics STORM 860 PhosphorImager.

Metabolic labeling. Primary atg5~/'~ and afg5*'* MEFs were mock infected or
infected with 17termAR or 17termA at a multiplicity of 5 PFUj/cell for 6 or 12 h.
At this time, medium was removed and cells were washed twice with DMEM
lacking cysteine and methionine and incubated with cysteine and methionine-
free DMEM containing 50 pCi/ml 3°S-labeled cysteine and methionine
(Tran®>S-label; MP Biomedicals, Irvine, CA) for 2 h. Whole-cell extracts were
harvested, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and exposed for autoradiography.

Transmission electron microscopy. For ultrastructural analysis, primary
atg5™*'™ MEFs were mock infected or infected with 17termAR or 17termA at a
multiplicity of 5 PFU/cell for 12 h. Cells were fixed in 2% paraformaldehyde—
2.5% glutaraldehyde (Polysciences Inc., Warrington, PA) in 100 mM phosphate
buffer, pH 7.2, for 1 h at room temperature. Following three washes in phosphate
buffer, cells were postfixed in 1% osmium tetroxide (Polysciences Inc.) for 1 h at
room temperature. The samples were then rinsed extensively in distilled H,O
prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc., Red-
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FIG. 1. ICP34.5 partially controls HSV-1-induced autophagosome formation and engulfment of virions. (A) Western blot analysis of lysates
harvested from atg5~'~ and atg5"'* MEFs probed with polyclonal antibodies to Atg5 (SO4) and LC3. The majority of Atg5 was conjugated to
Atgl2 in the cytoplasm. (B) Representative electron micrographs of mock-, 17termAR-, and 17termA-infected Atg5*/* MEFs. Arrows indicate
representative autophagosomes that would be scored positive in panel C. Scale bars, 200 nm (left part) and 100 nm (middle and right parts).
(C) Quantitation of the numbers of autophagosomes in mock-, 17termAR-, and 17termA-infected Atg5*'* MEFs. Results shown represent data
collected from three independent experiments. Data shown represent the mean number of autophagosomes per cell per condition = the standard

error of the mean. An asterisk indicates P < 0.05 by Student’s ¢ test.

ding, CA) for 1 h at room temperature. Following several rinses in distilled H,O,
cells were dehydrated in a graded series of ethanol and embedded in Eponate 12
resin (Ted Pella Inc.). Sections of 70 to 80 nm were cut, stained with uranyl
acetate and lead citrate, and viewed on a JEOL 1200 EX transmission electron
microscope (JEOL USA, Inc., Peabody, MA). Approximately 25 cells were
counted, and for each cell the number of autophagosomes and the number of
virions within autophagosomes were examined. Autophagosomes were defined
as double-membraned vacuoles measuring 0.3 to 2.0 wm with clearly recogniz-
able cytoplasmic contents.

RESULTS

Autophagosome formation and virion degradation are in-
creased in 17termA-infected MEFs. Previous studies indicated
that 17termA-infected cells have increased levels of autophagy
compared to 17termAR-infected cells, although differing cell
types and methodologies for measuring autophagy have been
used (43, 51, 55). We needed, therefore, to reconfirm that the
expected level of autophagosome formation could be mea-
sured in our cultured MEFs. We showed that atg5~/~ MEFs
generated from azg5~/~ embryos did not express the Atg5-
Atgl2 conjugate required for elongation of the autophago-
somal membrane (Fig. 1A). Furthermore, LC3-II was absent in
atg5~’~ MEFs yet present in MEFs derived from atg5™/™" lit-
termates under nutrient rich conditions, demonstrating that
the atg5~'~ cells were autophagy defective (Fig. 1A).

atg5™"* MEFs were mock infected or infected with 17termAR
or 17termA at a multiplicity of 5 PFU/cell. At 12 h postinfec-
tion, cells were fixed and examined by electron microscopy and

autophagosomes were identified by their characteristic double-
membrane, size of 0.3 to 2.0 wm, and engulfed cytoplasmic
components. Some autophagosomes were present in mock-,
17termAR- and 17termA-infected MEFs (Fig. 1B). In MEFs
infected with 17termAR, however, autophagosomes appeared
to have different morphological characteristics in that they
were larger and the membranes were less electron dense (Fig.
1A, middle part). In addition, 17termA-infected cells had
smaller, more clearly defined autophagosomes containing nu-
merous HSV-1 virions (Fig. 1B, right part). Most importantly,
infection with 17termA resulted in significantly more auto-
phagosomes than with 17termAR (Fig. 1C). HSV-1-infected
MEFs contained slightly more autophagosomes than mock-
infected cells, but this difference was not significant. Addition-
ally, only 3% of the autophagosomes in 17termAR-infected
cells contained virions while 15% of the autophagosomes in
cells infected with 17termA contained virions. These data
suggest that ICP34.5 regulates autophagy induced by HSV-1
infection.

HSV-1 replication is increased in cells deficient in afg5 in-
dependent of ICP34.5 function. The replication of viruses lack-
ing ICP34.5 was restored to wild-type levels in MEFs lacking
PKR or expressing a nonphosphorylatable allele of elF2a
(eIF2a S51A) (52, 56). Additionally, the attenuation of an
ICP34.5-null virus was restored to full virulence in mice lacking
PKR (26). PKR activity and phosphorylation of elF2a are
required not only for induction of autophagy but also for in-
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FIG. 2. Autophagy does not significantly affect HSV-1 growth. Primary Atg5S~/~ and Atg5*'* MEFs were infected at a multiplicity of 0.01
PFU/cell. Cells and supernatants were collected at the indicated times postinfection, and titers were determined on Vero cells. Results shown
represent data collected from three independent experiments. Data points represent the geometric mean number of PFU/ml of material in which
titers were determined * the standard error of the mean for three samples per virus per time point. The growth of 17termAR was significantly
different (P < 0.05 by Student’s ¢ test) at 48 h postinfection. The limit of detection of this assay, as indicated on the y axis, is 10 PFU/ml.

duction of translational arrest following HSV-1 infection. Au-
tophagy and translational arrest are both blocked by ICP34.5,
but the following question remained: is blockage of both func-
tions important for maintaining wild-type growth? To answer
this question, MEFs unable to undergo autophagy were gen-
erated from azg5 '~ mice. The growth of the ICP34.5-null virus
(17termA), as well as its marker-rescued virus (17termAR),
was analyzed in these cells.

At 24 and 48 h postinfection at a low multiplicity, replication
of 17termAR was modestly increased in atg5~'~ MEFs com-
pared to that in atg5"/" MEFs (Fig. 2A). The growth of wild-
type strain 17 was comparable to that of 17termAR (data not
shown). The replication of 17termA was unchanged, remaining
decreased 100-fold relative to 17termAR in both atg5~'~ and
atg5™'" cells (Fig. 2A). It is possible, however, that transla-
tional arrest following 17termA infection was preventing ef-
fects of autophagy from being observed. In order to rule out
this possibility, we assessed the growth of an ICP34.5 mutant
lacking amino acids 68 to 87. This virus is unable to bind the
autophagy-promoting protein Beclin 1 but still mediates elF2a
dephosphorylation, thereby enabling translation to proceed
(43).

The previously described mutant and marker-rescued virus
were generated via BAC-mediated mutagenesis, and these

BAC-generated viruses were attenuated compared to wild-
type strain 17 (unpublished results). Their phenotypes, how-
ever, with respect to ICP34.5 and autophagy remained true to
their intended genotypes (43). Additionally, PCR analysis re-
vealed that both BAC-generated viruses had mutations in ori;_
(unpublished results) which in other viruses have been shown
to reduce virulence (3, 58). Therefore, we remade both the
ICP34.5 Beclin 1 binding mutant (referred to as A68H) and its
corresponding marker-rescued virus (referred to as A6SHR)
via homologous recombination. The sequences of these viruses
were confirmed by PCR and Southern blotting, and both ex-
press ICP34.5 of the predicted size (data not shown). Both
A68H and A68HR are able to mediate dephosphorylation of
elF2aq, similar to wild-type HSV-1 (data not shown).

Similar to the growth phenotypes of 17termAR and
17termA, both A68H and A68HR grew comparably in atg5 '~
and atg5™’* MEFs (Fig. 2B). The replication of the BAC-
derived mutants HSV-1 34.5A68-87 and HSV-1 34.5A68-87R
was virtually indistinguishable in both atg5~/~ and atg5™/"
MEFs (data not shown). These observations suggest that the
severe growth defect of an ICP34.5-null virus was therefore not
a result of its inability to counteract autophagy.

The phosphorylation state of elF2« remains unchanged in
the absence of autophagy. The lack of ICP34.5 in 17termA
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FIG. 3. The phosphorylation state of elF2a is not affected by the
autophagic pathway. Shown is a Western blot analysis of lysates of
primary Atg5 /" and AtgS™’* MEFs mock infected or infected with
17termAR or 17termA at a multiplicity of 5 PFU/cell for 15 h. Immu-
noblots were probed with polyclonal antibodies specific for elF2a
phosphorylated on Ser51 and total elF2a.

results in decreased replication in MEFs, but it is unknown
whether this is due to its inability to dephosphorylate eIF2a or
loss of some other function, such as binding to Beclin 1 and
subsequent inhibition of autophagy. A relevant observation is
that LC3-II was not observed in MEFs expressing a nonphos-
phorylatable allele of eIF2q, indicating that phosphorylation of
elF2a is upstream of LC3 conversion and autophagosome
formation (22). It was of interest, therefore, to determine the
phosphorylation state of elF2a following infection of autoph-
agy-competent and -deficient cells. By using phosphospecific
antibodies, we compared the levels of phosphorylated eIF2« in
atg5~/~ and atg5S™’" MEFs following HSV-1 infection. High
levels of phosphorylated elF2a were observed in mock-in-
fected cells (Fig. 3). Mock treatment, so-called “mockulum,”
was performed in the same fashion as viral infection with
extracts of uninfected Vero cells. This control was included
because infection procedures induce stress signaling pathways
leading to the accumulation of phosphorylated eIF2a even in
the absence of virus infection. Consistent with the severe
growth defect of 17termA in both atg5™" and atg5~'~ cells,
the ICP34.5-null mutant was unable to direct dephosphoryla-
tion of elF2a, regardless of the presence of atg5 (Fig. 3). In
contrast, elF2a was dephosphorylated in all MEFs infected
with 17termAR (Fig. 3). Thus, as expected, autophagy levels in
HSV-1 infected cells correlate with eIF2a phosphorylation.
Autophagy has minimal impact upon viral protein accumu-
lation. Consistent with the ability of ICP34.5 to direct dephos-
phorylation of elF2q, it has been shown that viral protein
synthesis was significantly reduced in MEFs infected with an
ICP34.5-null virus (52). While this phenotype has been attrib-
uted to a decrease in translation, an increase in autophagy-
mediated protein degradation could also contribute to a de-
crease in viral protein accumulation. To distinguish between
these possibilities, at 6 and 12 h postinfection, autophagy-
competent and -deficient MEFs were metabolically labeled for
2 h to determine the levels of protein synthesis and accumu-
lation. Given the relatively long labeling time for these exper-
iments, it is likely that label incorporation represents the com-
bination of viral and cellular protein accumulation and protein
degradation resulting from autophagy. At both times, high
levels of cellular proteins were observed in mock-infected
cells (Fig. 4). As expected, viral proteins were abundant in
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FIG. 4. The lack of viral protein accumulation following infection
with 17termA is due to translational arrest mediated by phosphory-
lated elF2a rather than autophagy-dependent protein degradation.
Shown is an autoradiograph of Atg5™/~ and Atg5*’* MEFs mock
infected or infected with 17termAR or 17termA at a multiplicity of 5
PFU/cell. At 6 and 12 h postinfection, **S-containing methionine and
cysteine were incorporated into newly synthesized proteins for 2 h,
harvested, and then visualized via autoradiography.

17termAR-infected MEFs at 6 h postinfection while synthesis
of cellular proteins was low (Fig. 4). At 12 h postinfection with
17termAR, synthesis and accumulation of viral proteins were
almost unchanged in Atg5~'~ MEFs compared to 6 h following
infection. In the Atg5™/" cells, however, protein synthesis and
accumulation were substantially lower at 12 h compared to 6 h
postinfection with 17termAR. This increase in viral protein
synthesis following 17termAR infection of Atg5~’~ cells cor-
relates with the slightly increased replication observed in these
cells (Fig. 2A). In contrast, at both 6 and 12 h following infec-
tion with 17termA, significant amounts of cellular proteins
accumulated, with viral proteins barely detectable (Fig. 4).
Levels of cellular protein accumulation following infection
with 17termA were slightly increased in AtgS™/~ compared to
Atg5*'* cells. Increased protein accumulation in 17termA in-
fected Atg5~/~ cells was predominantly cellular, consistent
with viral growth not being impacted by the absence of Atg5
(Fig. 2A). These studies suggest that accumulation of viral
proteins in ICP34.5-null virus-infected cells results from trans-
lational arrest rather than autophagic degradation.

DISCUSSION

Upon invasion by a pathogen, the host may initiate auto-
phagosome formation as a defense mechanism to sequester
and eliminate pathogens and to promote cell survival. In in-
fected primary MEFs and cultured murine superior cervical
ganglion neurons, there are more virions within autophago-
somes infected with ICP34.5-deficient virus than with wild-type
virus (52). In PKR™/~ cells, however, the number of auto-
phagosome-engulfed virions lacking ICP34.5 is equivalent to
the level of wild-type virus (52). Additionally, infection with
HSV-1 lacking the 20-amino-acid Beclin 1 binding domain of
ICP34.5 led to increased autophagosome formation following
infection of superior cervical ganglion neurons compared to a
marker-rescued virus (43). These studies suggest that ICP34.5
regulates autophagy through its interaction with the PKR/
elF2a pathway, as well as its through physical interaction with
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Beclin 1. Studies are currently under way to determine if the
functions of Beclin 1 and PPla binding by ICP34.5 are sepa-
rable or integrated into a single pathway.

We have demonstrated that despite increased autophago-
some formation following infection with an ICP34.5-null virus,
elimination of the autophagic pathway does not alter its
growth. Additionally, autophagy does not impact the in vitro
replication of other mutant or control viruses. Additionally,
A68H replicates similarly to its marker-rescued virus and is
able to mediate eIF2a phosphorylation, further suggesting that
replication defects of an ICP34.5-deficient virus in culture are
due to high levels of phosphorylated elF2a and subsequent
shutoff of viral protein synthesis. The dephosphorylation of
elF2a and prevention of translational arrest is therefore the
critical ICP34.5-dependent function for efficient HSV-1 repli-
cation. Although it has been suggested that autophagy de-
creases HSV-1 replication through xenophagic degradation of
HSV-1, the impact of xenophagy may only be detectable under
particular infection conditions or during infection in vivo (43).

Since elF2a phosphorylation is required for starvation and
rapamycin-induced conversion of LC3, we compared the phos-
phorylation states of eIF2a following the infection of autoph-
agy-deficient and competent cells. An intact autophagic
pathway did not affect the ability of ICP34.5 to mediate de-
phosphorylation of eIF2a, consistent with previous studies
which indicate that eIF2a phosphorylation is upstream of au-
tophagy induction (22). The phosphorylation state of elF2a
directly correlated with autophagosome formation in HSV-1-
infected MEFs. Autophagy also had little impact upon the
production of viral proteins following infection with both
17termAR and 17termA. Also, deletion of the 20-amino-acid
Beclin 1 binding domain did not affect the ability of ICP34.5 to
mediate dephosphorylation of elF2a, and translation pro-
ceeded in the presence of viral infection (43). Thus, the lack of
viral proteins observed following 17termA infection is mostly
due to phosphorylated elF2a and ensuing translational arrest
rather than autophagy-induced protein degradation. These
data provide evidence to support our conclusion that the key
function of ICP34.5 to counteract PKR-mediated translational
arrest.

Increased levels of phosphorylation of eIF2a correspond to
increased autophagy in virus-infected cells. However, mock-
infected cells have elevated levels of phosphorylated elF2a
compared to 17termAR-infected cells but fewer autophago-
somes. It is possible that low levels of phosphorylated elF2a
may be sufficient to induce autophagy despite the presence of
ICP34.5. Another explanation is that viral or virus-induced
factors in addition to phosphorylated eIF2«a must be present in
order for autophagy to be induced. One such virus-induced
factor may be IFN-y, which has been shown to induce au-
tophagy (10, 15). IFN-y protein expression was induced imme-
diately following corneal infection with HSV-1 (14). These in
vivo observations may be relevant in vitro in that IFN-y may be
induced following HSV-1 infection of MEFs, leading to an
increase in autophagosome formation.

An increase in autophagosome formation was observed fol-
lowing infection with an HSV-1 strain that lacked the Beclin 1
binding domain of ICP34.5 (43). ICP34.5-mediated regulation
of autophagosome formation appears to be a separable func-
tion from that which mediates elF2a dephosphorylation.

ROLE OF AUTOPHAGY AND HSV-1 REPLICATION 12133

While counteraction of translational shutoff via regulation of
the PKR pathway is required for replication in vitro, autophagy
antagonism may be advantageous under different cellular con-
ditions. Alternatively, autophagy may be a more potent anti-
viral pathway in certain cell types and may provide the distinct
advantage of being a relatively selective and nondestructive
way to clear intracellular pathogens. In support of this hypoth-
esis, the Beclin 1 binding domain mutant was neuroattenuated
and unable to efficiently replicate in the brains of mice.

The ability of ICP34.5 to mediate the dephosphorylation of
elF2a and allow protein synthesis to proceed in the presence
of activated PKR enables HSV-1 to replicate efficiently in
MEFs. ICP34.5 can also decrease the numbers of autophago-
somes and numbers of virions within autophagosomes. The
contribution of these functions to viral replication and patho-
genesis may depend upon the cellular environment in which
the virus is present. Based upon the results of this and previous
works, the interaction of viral proteins with the autophagic
machinery involves multiple pathways which have only just
begun to be characterized. Studies are currently under way to
further clarify the roles of ICP34.5 and autophagy regulation
on the pathogenesis of HSV-1.
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