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When grown in cultured cells, varicella-zoster virus (VZV) forms many aberrant light particles and produces
low titers. Various studies have explored the reasons for such a phenotype and have pointed to impaired
expression of specific late genes and at lysosomal targeting of egressing virions as possible causes. In the
studies presented here, we report that the autophagic degradation pathway was induced at late time points
after VZV infection of cultured cells, as documented by immunoblot analysis of the cellular proteins LC3B and
p62/SQSTM1, along with electron microscopy analysis, which demonstrated the presence of both early auto-
phagosomes and late autophagic compartments. Autophagy was induced in infected cells even in the presence
of phosphonoacetic acid, an inhibitor of viral late gene expression, thus suggesting that accumulation of
immediate-early and early viral gene products might be the major stimulus for its induction. We also showed
that the autophagic response was not dependent on a specific cell substrate, virus strain, or type of inoculum.
Finally, using immunofluorescence imaging, we demonstrated autophagosome-specific staining in human
zoster vesicles but not in normal skin. Thus, our results document that this innate immune response pathway
is a component of the VZV infectious cycle in both cultured cells and the human skin vesicle, the final site of

virion formation in the infected human host.

Varicella-zoster virus (VZV) is a neurotropic alphaherpes-
virus that infects humans. VZV causes varicella (known by the
common name chicken pox) during primary infection and her-
pes zoster (shingles) upon reactivation from latency (7). VZV
is a ubiquitous pathogen, and incidence of varicella per year
had until recently been virtually overlapping with the birth
rate. However, this incidence has decreased dramatically since
the introduction of a live attenuated varicella vaccine (16, 18,
43, 44).

Although infectious VZV particles are very abundant in skin
vesicles during natural infection, in cultured cells the virus
grows to very low titers and remains extremely cell associated,
with noninfectious light particles (L particles) constituting the
majority of particles on the surface of infected cells (4). A
recent paper from Storlie et al. (42), reporting a delayed ac-
cumulation of the late VZV protein glycoprotein C (gC), sug-
gested that an impairment in the expression of specific viral
genes during infection of cultured cells could contribute to
such low titers (4). An alternative and not mutually exclusive
explanation for the low yields of VZV comes from a separate
set of reports, which showed that egressing VZV particles
acquire the final envelope at the level of the trans-Golgi net-
work (13) and are then detectable both on the cell surface and
within large cytoplasmic vacuoles. It has been reported that the

* Corresponding author. Mailing address: Merck & Co., Inc., WP17-
101, 770 Sumneytown Pike, P.O. Box 4, West Point, PA 19486. Phone
for John I. Haynes II: (215) 652-2671. Phone for Luca Benetti: (215)
652-9758. Fax: (215) 993-4851. E-mail for John I. Haynes II: john
_haynes@merck.com. E-mail for Luca Benetti: luca_benetti@merck
.com.

¥ Published ahead of print on 18 March 2009.

5466

egressing virions are degraded in such vacuoles by lysosomal
acid hydrolases (13) and that the cation-independent man-
nose-6-phosphate receptor (MPR) plays a role in such vacu-
olar accumulation (6).

Various publications have also recently begun to address the
relationship between virus infection and macroautophagy
(hereafter referred to as autophagy), a degradation pathway in
which bulk amounts of cytoplasm are sequestered by double-
membrane vesicles (12, 39). Such vesicles, termed autophago-
somes, ultimately fuse with lysosomes, resulting in formation of
autophagic compartments, in which the engulfed cytoplasmic
material is degraded (39). At the molecular level, a number of
evolutionarily conserved proteins, called autophagy-related
(Atg) proteins, are necessary for autophagosome formation
(23). Autophagy assays in mammalian cells frequently involve
analysis of the LC3B isoform of microtubule-associated pro-
tein 1 light chain 3 (LC3), an ortholog of yeast Atg8 (21, 22,
33). LC3B is present as a cytosolic form named LC3B-I, which
during autophagy is conjugated to phosphatidylethanolamine
(PE). The resulting form, LC3B-II, is associated with autopha-
gosomal membranes and is essential for autophagosome for-
mation (46). Formation of autophagosomes can be detected by
immunofluorescence analysis, as the staining of LC3B-I is dif-
fusely cytoplasmic, while the staining of LC3B-II is punctuate
(21, 22). The two forms can also be separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis, in
which LC3B-I has a higher apparent M, than LC3B-II (16,000
compared to 14,000). While the steady-state levels of LC3B-I
and -II, as detected by immunoblotting, may vary among dif-
ferent cell lines or independent cultures of a cell line over long
periods of time, the amount of LC3B-II among samples within
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an individual experiment correlates with the number of auto-
phagosomes (22, 45). A second commonly used method to
detect autophagic flux involves monitoring the levels of poly-
ubiquitin-binding protein p62/SQSTM1 (sequestosome 1).
p62/SQSTM1 is a multifunctional protein that associates with
protein aggregates, interacts with LC3B, and is selectively de-
graded by the autophagic-lysosome pathway (3, 24). Specifi-
cally, inhibition of autophagic degradation results in accumu-
lation of p62/SQSTM1 (22, 24).

Autophagy was first reported as a response to starvation and
has subsequently been associated with a variety of phenotypes,
including neurodegenerative diseases, aging, cardiomyopa-
thies, and cancer (8, 40). With regard to cell survival, it has
been proposed that a physiological level of autophagy may
contribute to cell homeostasis by allowing for turnover of long-
lived proteins and disposal of damaged organelles and of ag-
gregate-prone proteins; on the other hand, if induced beyond
physiological ranges, autophagy may result in type II pro-
grammed cell death (35). Further, autophagy has also been
reported to be part of the innate immune response against
intracellular pathogens, including viruses (12, 28). For example,
overexpression of the autophagy gene Beclinl blocked Sindbis
virus-induced apoptosis of neurons (29), tobacco mosaic virus
replicated to higher levels in plants in which expression of beclini
had been suppressed (30), and hepatitis C virus infection induced
formation of autophagosomes in hepatocytes (1).

In the case of herpesviruses, different viruses appear to dif-
ferentially modulate autophagy; in fact, herpes simplex virus
type 1 (HSV-1), human cytomegalovirus, and murine gamma-
herpesvirus 68 have been shown to block completion of the
autophagic pathway (2, 5, 26, 34), while Epstein-Barr virus
latent membrane protein 1 has been reported to induce auto-
phagy in Epstein-Barr virus-infected cells (27). No data inves-
tigating whether autophagy is involved in VZV infection have
been reported so far. In the studies presented here we report
that the autophagosome-associated form of LC3B accumu-
lated late in VZV infection of cultured cells, concomitantly
with degradation of p62/SQSTM1 and depletion of cytoplas-
mic material. VZV-induced autophagy markers were not af-
fected by exposure to phosphonoacetic acid (PAA). We then
extended our observations to show that induction of autophagy
was not dependent on the cell type, virus strain, or type of
inoculum (infected cells or cell free) used. Finally, we observed
that autophagosomes were present in biopsies from human
zoster vesicles but not in those from normal human skin. Thus,
our data not only show that autophagy is a component of VZV
infection in cultured cells but also report for the first time that
autophagy is induced and may play an important role in a
human tissue relevant to the pathogenesis of varicella and
herpes zoster infections.

MATERIALS AND METHODS

Viruses and cells. The source of VZV used in most of the experiments
reported was the Merck live attenuated varicella vaccine derived from the parent
Oka strain (44) and hereafter referred to as vOka/Merck. Infected cell mono-
layers used as inocula were trypsinized when they showed >70% cytopathic
effect (CPE), resuspended in freezing medium, and stored at —70°C. In selected
experiments, the inoculum preparation originated from sonically disrupted in-
fected MRC-5 cultures. Titers were determined by a plaque assay. Alternatively,
a low-passage laboratory strain, VZV-32, was used where indicated. Both strains
have been sequenced (14, 37, 47). MRC-5 cells, provided by the National Insti-
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tute for Biological Standards and Control (NIBSC), or human melanoma cells,
designated MeWo (17), were used in all experiments. Cells were maintained in
either Dulbecco’s modified Eagle’s medium or Williams’ minimal essential me-
dium supplemented with 45 pg/ml neomycin, 2 mM L-glutamine, and either 10%
bovine calf serum or 10% fetal bovine serum. At infection the medium was
switched to Williams’ minimal essential medium supplemented with 45 pg/ml
neomycin, 2 mM L-glutamine, and either 10% or 2% bovine calf serum.

Antibodies and reagents. The primary antibodies used in these studies were as
follows: mouse monoclonal antibody (MADb) anti-gC clone 233 (42), rabbit poly-
clonal monospecific anti-gC antibody R19 (41), a commercial mouse anti-gE
MADb (Millipore, Billerica, MA), rabbit polyclonal anti-LC3B (Sigma, St. Louis,
MO), anti-p62/SQSTM1 MAD (Santa Cruz Biotechnology Inc., Santa Cruz, CA),
anti-B-actin MADb (Sigma), and anti-caspase 3 MAb (Cell Signaling Technology
Inc., Danvers, MA). MAD anti-gE clone 3B3 was used in immunofluorescence
experiments. The horseradish peroxidase-conjugated secondary antibodies were
from Santa Cruz. PAA and the cathepsin inhibitor E64 were purchased from
Sigma. The nuclear stain Draq5 was from Biostatus Limited (England).

Immunoblots. At the indicated time points, cells were scraped in their own
medium, pelleted by low-speed centrifugation, and solubilized with radioimmu-
noprecipitation assay buffer from either Sigma (150 mM NaCl, 1.0% Igepal
CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris,
pH 8.0) or Cell Signaling (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM
Na,EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium
pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na;VO,, 1 ng/ml leupep-
tin). The total protein concentration was measured with a bicinchoninic acid kit
(Pierce, Rockford, IL) according to the manufacturer’s instructions. Cell lysates,
normalized to equal total protein concentrations, were diluted in lithium dodecyl
sulfate-beta-mercaptoethanol (Invitrogen and Sigma) and heated at 75°C for 10
min. Samples were loaded on 10% or 4 to 12% NuPAGE gels (Invitrogen).
Proteins were transferred to a nitrocellulose membrane using the I-blot appara-
tus (Invitrogen). Membranes were blocked with 0.2% I-Block—0.1%Tween solu-
tion (Tropix [Bedford, MA] or Sigma) and reacted with primary antibody fol-
lowed by appropriate secondary antibody conjugated to horseradish peroxidase.
Protein bands were visualized through enhanced chemiluminescence detection
(GE Healthcare, Piscataway, NJ) with a G:Box imager (Syngene, Frederick,
MD). Images were adjusted for total brightness and contrast with the Adobe
Photoshop Elements 4.0 software. Band densitometry was calculated with the
GeneTools software (Syngene).

TEM. Two separate sets of transmission electron microscopy (TEM) experi-
ments were performed. In the first, MRC-5 cells grown to confluence in a T150
flask and infected with VZV vOka/Merck for 72 h were fixed with 2.5% glutar-
aldehyde for 5 min, removed with a scraper, and pelleted at 900 X g for 5 min.
The cell pellet was stored at 4°C and shipped overnight to Electron Microscopy
BioServices, LLC (Frederick, MD), for subsequent processing and imaging.
Briefly, the pellet was washed in Millonig’s sodium phosphate buffer, stored
overnight at 4°C, postfixed in 1.0% osmium tetroxide, and washed with ultrapure
water. Samples were stained with 2% aqueous uranyl acetate, dehydrated in a
series of graded ethanol solutions, infiltrated, embedded in Spurr’s plastic resin,
polymerized overnight, and stored at —70°C. Ultrathin sections were cut,
mounted onto mesh copper grids, and poststained with uranyl acetate and Rey-
nold’s lead citrate. Grids were then examined in a JEOL 1200 EX TEM at 60 kV.

In the second set of TEM experiments, MeWo cells were infected in culture
dishes with VZV-32. At 96 h postinfection (hpi), the monolayer was prefixed for
20 min in 40% paraformaldehyde with 0.05% glutaraldehyde in 0.025 M caco-
dylate buffer (pH 7.2), washed well, postfixed for 1 h in 1% osmium tetroxide in
s-collidine buffer, dehydrated, and embedded in epoxy resin. The samples were
extracted from the tissue culture dish. Sections made with a diamond knife were
stained with uranyl acetate and lead citrate and observed under a JEOL 1230
electron microscope, as described previously (4).

qRT-PCR. Infected cell monolayers were lysed with RLT-plus buffer (Qiagen
USA, Valencia, CA). RNA was isolated using the RNeasy-Plus Mini Kit
(Qiagen) per the manufacturer’s recommended protocol. Eluates were pro-
cessed with the Qiagen DNase Kit followed by Qiagen RNeasy MinElute Kit to
ensure complete removal of DNA. RNA concentration and quality was deter-
mined by spectrophotometry. Multiplex quantitative reverse transcription-PCR
(qRT-PCR) was performed starting with 125 ng total RNA on ABI 7900 instru-
ment (Applied Biosystems, Foster City, CA) using the Quantitect multiplex
RT-PCR kit (Qiagen) for the amplification of TATA-binding protein (TBP) and
the indicated viral ORF. Relative levels of viral transcripts were determined using
the conventional AACT method, normalizing to TBP transcript levels. Primer and
probe sequences were as follows: TBP forward, 5'-GCCCGAAACGCCGAATAT-
3'; TBP reverse, 5'-CGTGGCTCTCTTATCCTCATGA-3'; TBP probe, Hex-5'-A
TCCCAAGCGGTTTGCTGCGG-3'-BHQ1; ORF14 forward, 5'-TTGGTTTACG
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CGTCACCTTATAGA-3'; ORF14 reverse, 5'-CGGTAAATCTGGCATGCGTA
T-3’, ORF14 probe, FAM-5'-CCGCACCGTCAACTGGGCAA-3'-BHQ1; ORF62
forward, 5'-CCGTATCGGGACTTCAACCA-3"; ORF62 reverse, 5'-GCATACGT
AGTCGTCTTGTGTTAGC-3"; ORF62 probe, FAM-5'-ACCCAGAACGGAAG
ATGTTGGCGA-BHQ1; ORF68 forward, 5 CCCCAAGGCCAAAGACTCA-3';
ORFG68 reverse, 5'-GAATCGGTGCGCGTAAAGTAA-3"; ORF68 probe, FAM-
5'"TGAGGTGTCAGTGGAAGAAAATCACCCG-3'-BHQI.

Immunofluorescence analysis. MRC-5 cells, grown and infected in eight-well
slides, were fixed, permeabilized, and labeled with a rabbit anti-LC3 polyclonal
antibody and with anti-VZV gE MAb clone 3B3. Alternatively, biopsies of
human zoster vesicles and normal human skin were obtained previously as part
of a characterization of VZV-specific proteins (49). The biopsies were sectioned
and labeled with either a rabbit anti-LC3 polyclonal antibody, anti-VZV gC MAb
clone 233, or rabbit anti-gC polyclonal antibody R19. In both sets of experiments
the secondary antibodies were conjugated to Alexa Fluor fluorescent dyes. Draq5
was used to stain nuclei. Slides were viewed with a Zeiss 510 confocal micro-
scope.

RESULTS

Autophagy is triggered in vOka/Merck-infected MRC-5 cells
late in infection. The purpose of this set of experiments was to
determine whether the autophagic pathway was induced in
VZV infections. To this end, replicate cultures of MRC-5 cells
were incubated with an inoculum consisting of trypsin-dis-
persed cells from a VZV vOka/Merck-infected monolayer ex-
hibiting advanced CPE. The multiplicity of infection chosen
was approximately 0.1 PFU per cell. At increasing intervals
after infection, cells were harvested, solubilized, and subjected
to immunoblotting with an antibody against LC3B. In order to
track the progression of infection, antibodies against two VZV
gene products, the abundantly expressed viral gE and the viral
gC, were used; the latter was used as a marker of late stages of
infection, inasmuch as its expression is delayed when VZV,
including the vOka/Merck strain (data not shown), is grown in
cultured cells.

As shown in Fig. 1, a band matching the M, of LC3B-I
(~16,000) was present in all lanes, as expected. A faster-mi-
grating band, with apparent M, of 14,000, corresponding to the
expected M, of the autophagosome-associated form LC3B-II
(33), was occasionally detectable in lysates of mock-infected
cells (Fig. 1, lanes 5 and 7). This baseline level is consistent
with a basal level of autophagy being present and serving as a
homeostatic mechanism in MRC-5 cells, as described in the
introduction and in the literature (5). Importantly, LC3B-II
accumulated starting at 48 hpi in a manner that overlapped
with gC expression (Fig. 1, lanes 6 and 8). These data sug-
gested that autophagy or programmed cell death type II was
induced at late time points in VZV-infected cells. In order to
assess the specificity of the autophagic response, we then re-
acted the lysates with an antibody against caspase 3, the major
effector of apoptosis or programmed cell death type I. No
significant induction of the apoptotic cascade was observed, as
the cleaved, active fragment of caspase 3 was virtually unde-
tectable under our experimental conditions. Upon densitome-
try analysis, the amounts of cleaved (active) caspase 3 at 72 hpi
(Fig. 1, lane 8) ranged between 2% and 4% of the amount of
full-length (inactive) procaspase 3. In order to provide a pos-
itive apoptotic control, we exposed MRC-5 cells to hyperos-
motic medium containing 1 M sorbitol; the active form of
caspase 3 was readily observed at only 4 h after exposure, and
densitometry analysis indicated that its levels corresponded to
20% to 25% of the levels of procaspase 3 (data not shown).
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FIG. 1. Autophagy is triggered late in vOka/Merck infection of
MRC-5 cells. Replicate cultures of MRC-5 cells were either mock
infected or exposed to 0.1 PFU per cell of a virus inoculum consisting
of trypsin-dispersed cells from a vOka/Merck-infected monolayer. At
either 2, 24, 48, or 72 hpi, cells were harvested, solubilized, subjected
to electrophoresis in a denaturing polyacrylamide gel, transferred to a
nitrocellulose membrane, and reacted with antibodies against viral gE
and gC and cellular proteins LC3B and caspase 3. The arrowheads
point to LC3B-II, the PE-conjugated form of LC3B. The arrows point
to caspase 3, the activation cleavage product of procaspase 3. Molec-
ular weights: gE, ~88,000 to 98,000; gC, ~105,000; LC3B-1, ~16,000;
LC3B-II, ~14,000; procaspase 3, ~35,000; active caspase 3, ~17,000.

Taken together, these data suggested that autophagy was in-
duced at late stages of VZV infection of cultured cells.
Induction of autophagy in VZV-infected cultures results in
cytoplasmic depletion and degradation of p62/SQSTMI1. The
purpose of this second set of experiments was to further
investigate autophagy induction in VZV infection and spe-
cifically to determine whether the pathway could proceed to
completion or whether it could be blocked at later stages by
VZV-encoded functions. Replicate cultures of MRC-5 cells
were infected using the same conditions described above, and
at 72 hpi cells were fixed and examined by TEM. While the vast
majority of cells in the monolayer were infected, due to the
asynchronous nature of VZV infection the sample contained
cells that had been infected for variable lengths of time. Thus,
many cells exhibited capsids accumulating in the nucleus and
had complete virions together with many L particles present on
the cell surface (an example is shown in Fig. 2A). Other in-
fected cells exhibited vacuolization similar to what had been
reported previously (17), with large vacuoles enclosing virions,
L particles, and some cellular material (Fig. 2B). Double-
membrane autophagic compartments were frequently detected
in these cells (an example is shown in Fig. 2B) and were
occasionally found next to the vacuoles containing viral L par-
ticles and complete virions (Fig. 2B). Additionally, about 10 to
15% of cells exhibited the morphology of advanced autophagy,
with extensive vacuolization and cytoplasmic depletion (Fig.
2C). Interestingly, the membranes of the vacuoles were some-
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FIG. 2. Imaging of MRC-5 cells for demonstration of autophagy. (A to D) Electron micrographs of whole infected cells (A and C) or portions
of the cytoplasm of infected cells (B and D). The black arrow in panel B points to an autophagic compartment; the white arrows in the same panel
point to vacuolar structures containing complete virions, L particles, and additional material of cytoplasmic origin. (E to G) Immunofluorescence
images of VZV-infected MRC-5 cells. Infected cell cultures were fixed and probed with antibodies against VZV gE (E) and LC3B (F) and then
merged (G). The white arrow in panel F points to a representative cell positive for LC3B puncta. (H) Merged image of an uninfected cell culture
stained with antibodies against VZV gE (red) and LC3B (green). The micrographs were acquired at the following magnifications: panel A, X6,000;
panel B, X20,000; panel C, X4,000; panel D, X25,000; panels E to H, X40.
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times smooth and sometimes lined with electron-dense mate-
rial (Fig. 2D). Also, it should be noted that we observed a
smaller number of autophagic compartments in control, mock-
infected cells, a result consistent with a basal level of autoph-
agy being present in MRC-5 cells. As an additional control,
infected cultures were subjected to immunofluorescence anal-
ysis with an antibody against LC3B. As described in the intro-
duction, the staining pattern of LC3B-I, the cytosolic form of
LC3B, is homogenous in the cytoplasm, while the PE-conju-
gated, autophagosome-associated form of LC3B-II stains in
punctuate foci. A representative field is shown in Fig. 2E to H.
Virtually every cell in the field stained strongly for viral gE
(Fig. 2E), while the staining pattern of LC3B was heteroge-
neous: the majority of cells in the field showed faint diffuse
staining, and a few individual cells showed intense punctuate
staining, characteristic of the early stages of autophagy (Fig.
2F; Fig. 2G shows a merge of panels E and F). In contrast, little
punctuate staining was visible in uninfected cells, consistent
with a low basal level of autophagy (Fig. 2H). Upon enumer-
ation of multiple fields, at least 15 to 20% of the cells exhibited
some punctuate LC3B staining. It should be noted that an
intrinsic limitation of these sets of experiments was that the
samples contained cells at multiple stages of infection; there-
fore, it was not possible to quantify the number of autophago-
some-positive cells or virus-induced autophagosomes per cell
in a accurate manner by either electron microscopy or immu-
nofluorescence techniques. However, when taken together,
these data suggested that a subpopulation of cells in VZV-
infected cultures was undergoing autophagy.

In order to confirm this observation, we investigated whether
VZV infection affected the level of polyubiquitin-binding protein
p62/SQSTM1 (sequestosome 1), a multifunctional protein that
interacts with LC3B and is specifically degraded by the auto-
phagic-lysosome pathway. Levels of p62/SQSTM1 are com-
monly measured to detect autophagic flux (22). To this end,
replicate cultures of MRC-5 cells were infected with inoculum
cells at a multiplicity of 0.1 PFU per cell. At 2, 17, 25, and 40
hpi, the medium was replaced with either fresh medium or
medium containing 10 wM E64, a cell-permeative inhibitor of
the lysosomal proteases cathepsins. The purpose of using E64
was to ascertain whether any changes in p62/SQSTMI1 levels
were due to autophagosome-lysosome degradation, as has
been described elsewhere (3, 5). Cells were harvested and
solubilized at 2 and 48 hpi and subjected to immunoblotting as
described above, and band intensity was measured by densi-
tometry analysis. As shown in Fig. 3, E64 treatment resulted in
a slight increase in p62/SQSTM1 levels in mock-infected cells
(compare lanes 3 and 5), again consistent with the occurrence
of a homeostatic level of autophagy. Specifically, upon densi-
tometry analysis, levels of p62/SQSTMI in uninfected, E64-
treated cells were 120% of those of uninfected, untreated cells.
Infection with VZV resulted in a decrease of p62/SQSTM1
levels (Fig. 3, compare lane 4 to lane 3). Importantly, levels of
p62/SQSTM1 were 153% higher in the lysates of infected cells
exposed to E64 than in the lysates of infected untreated cells
(Fig. 3, compare lanes 6 and 4). Such a phenotype is a common
marker of ongoing autophagy (22). Therefore, these data in-
dicated that in VZV-infected MRC-5 cells, the p62/SQSTM1
protein was degraded via the autophagic-lysosome pathway.
Taken together, these results suggested that the VZV-induced
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FIG. 3. Effect of the cathepsin inhibitor E64 on the levels of p62/
SQSTMI in MRC-5 cells infected with VZV vOka/Merck. Replicate
cultures of MRC-5 cells were either mock infected or infected with
VZV vOka/Merck as described in the legend to Fig. 1. After 2, 17, 25,
and 40 h, the medium was replaced with either fresh medium alone or
fresh medium containing 10 pM E64. At either 2 or 48 hpi, cells were
harvested, solubilized, and subjected to immunoblotting with antibod-
ies against VZV gE and cellular proteins p62/SQSTM1 and LC3B.
B-Actin was used as a loading control. Molecular weights: p62/
SQSTM1, ~62,000; B-actin, ~44,000.

autophagic pathway could proceed to completion and result in
degradation of cytoplasmic proteins.

Induction of autophagy in VZV-infected cells is not depen-
dent on expression of VZV v, gene products. The VZV gC is
putatively considered a v, gene product, based on HSV-1 gC
data (36). Therefore, the temporal correlation between the
accumulation of VZV gC protein and the appearance of au-
tophagic markers raised the question whether a viral function
encoded by a VZV true late gene constitutes an autophagic
stimulus in infected cells. As an alternative hypothesis, auto-
phagy might represent a cellular response to abundant accu-
mulation of earlier gene products. Therefore, experiments
were designed to discriminate between these two hypotheses
by analyzing the accumulation of LC3B-II in the presence or
absence of PAA, which inhibits the viral DNA polymerase and
prevents expression of vy, gene products (20).

It is important to note that the VZV-induced activation of
autophagy does not become significant before 48 hpi, which
corresponds to more than one round of virus replication inas-
much as the VZV vOka/Merck strain can spread from cell to
cell in a little over 16 h, similar to the case for VZV laboratory
strains (38, 42). Therefore, in order to test our hypothesis, we
could not initiate the PAA treatment at the time of infection
and harvest at 48 hpi since, under such conditions, treatment
would just prevent the multiple rounds of virus replication that
are necessary to detect the autophagic phenotype (32). In fact,
treatment with PAA starting at the time of infection prevented
viral spread through the monolayer (data not shown). Rather,
we initiated the treatment at a time postinfection correspond-
ing, approximately, to one cycle of replication before the ap-
pearance of LC3B processing. Thus, we postulated that appro-
priate timing of the PAA exposure would result in a marked
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reduction of gC accumulation while having a smaller or negli-
gible effect on the accumulation of gene products belonging to
the earlier kinetic classes.

In order to ensure that such a strategy was properly de-
signed, we used RT-qPCR to compare expression of VZV
ORF14 (encoding VZV gC), ORF62 (encoding the immediate
early protein IE62), and ORF68 (encoding VZV gE) mRNAs
in the presence or absence of PAA treatment. Briefly, MRC-5
cells were infected as described above and at 30 hpi were either
mock treated or treated with PAA at a final concentration of
400 pg/ml. All cultures were harvested and lysed at 48 hpi, and
total RNA was extracted and subjected to RT-qPCR. The
PAA-induced inhibition of VZV ORFs was measured relative
to control infections that had not been exposed to PAA. As
expected, expression of the immediate-early gene ORF62 was
not inhibited by PAA treatment (1.0% inhibition). In contrast,
almost complete inhibition of ORF14 expression (90.2%) was
achieved with the 18-h-long treatment. The transcription of
ORF68 was also inhibited (16.7% inhibition), although less
than the transcription of ORF14. In these experiments we saw
no evidence that PAA altered the expression of cellular TBP,
which was used as the endogenous reference transcript. These
data indicated that PAA treatment was specific and effective.

We then tested whether PAA exposure, under these condi-
tions, affected the accumulation of LC3B-II. Confluent cul-
tures of MRC-5 cells were either mock infected or infected
with VZV as described above. After 24 h, a replicate infection
was harvested to provide a baseline control, and PAA treat-
ment was initiated at either 24 or 30 hpi. Cultures were then
harvested at 48 hpi, solubilized and subjected to immunoblot-
ting with antibodies against VZV gE and gC and cellular
LC3B. The results are shown in Fig. 4. As expected, at 24 hpi
only a minimal amount of gC was detectable in the lysate (lane
2). At 48 hpi in the absence of treatment, gC was readily
evident and an increase in the amount of LC3B-II, the faster-
migrating form of LC3B, was apparent (lane 6). Accumulation
of gE was not significantly affected by PAA treatment, consis-
tent with the RNA data (compare lanes 6, 7, and 8). Treatment
with PAA for either 18 or 24 h markedly decreased gC accu-
mulation, as predicted for late gene products (compare the
amounts of gC in lanes 7 and 8 to that in lane 6). On the other
hand, the extent of LC3B-II accumulation was identical at 48
hpi regardless of PAA treatment (compare lanes 6, 7, and 8).
Therefore, our results suggested that in VZV-infected cells,
autophagy is triggered in temporal, but not causal, correlation
with accumulation of PAA-sensitive viral gene products. Fur-
ther, these results allowed us to formally assign VZV gC to the
v kinetic subclass.

VZV infection induces autophagy in MeWo cells. In the next
series of experiments, we investigated whether autophagy was
also induced by VZV in MeWo cells, which constitute a mark-
edly different infection model than MRC-5 cells with regard to
patterns of egress (17) and polykaryocyte formation and fu-
sion; in particular, fusion is much more pronounced in MeWo
cells, even when they are infected with the attenuated vOka/
Merck strain (15). Two sets of experiments were thus per-
formed. In the first set, replicate cultures of MeWo cells were
infected with an inoculum consisting of trypsin-dispersed cells
from a MeWo cell monolayer infected with the low-passage
VZV-32 strain at a multiplicity of 1:8 (inoculum cells to unin-
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FIG. 4. Effect of PAA treatment on VZV vOka/Merck-infected
MRC-5 cells. Replicate cultures of MRC-5 cells were either mock
infected or infected with VZV vOka/Merck as described in the legend
to Fig. 1. At 24 hpi, a set of replicate cultures was harvested to provide
a baseline control. At either 24 or 30 hpi, cells were either mock
treated or exposed to 400 pg/ml of PAA, and at 48 hpi, cells were
harvested. All harvested cells were then solubilized, subjected to elec-
trophoresis in a denaturing polyacrylamide gel, transferred to a nitro-
cellulose membrane, and reacted with antibodies against viral gE and
gC and cellular proteins LC3B and B-actin.

fected cells). At increasing intervals after infection, cells were
harvested, solubilized, and subjected to immunoblotting with an-
tibodies against LC3B and gE. The results are shown in Fig. SA.
The relative amounts of LC3B-I and -II in mock-infected MeWo
cells were different from those in mock-infected MRC-5 cells
(compare the appearance of LC3B in Fig. 5A, lane 1, with that in
lane 1 of Fig. 1). Such cell type-specific variability is common and
not unanticipated (45). Furthermore, infection of MeWo cells
proceeded with slower kinetics than that of MRC-5 cells under
comparable conditions (data not shown). Importantly, as infec-
tion progressed over time, the amount of LC3B-II increased as
expected (Fig. 5A, lanes 5 through 8).

In the second set of experiments, replicate cultures of
MeWo cells were infected with VZV-32 as described above,
and at 96 hpi cells were fixed and examined by TEM. As shown
in Fig. 5B, compartments that displayed the features of early
autophagosomes, inasmuch as they had double membranes
and contained intact cytoplasmic material including melanin
granules, were detectable in the cytoplasm of infected cells.
Furthermore, Fig. 5C shows an MeWo cell polykaryocyte in
which at least three nuclei were evident. Here, the cytoplasm in
the syncytium was extensively vacuolar and depleted of mate-
rial. Many vacuoles contained partially degraded, electron-
dense material, characteristic of autophagic compartments. In-
terestingly, vacuoles with electron-dense linings comparable to
those seen in Fig. 2 were not immediately apparent in this set
of experiments. Finally, when MeWo cells infected with
VZV-32 were exposed to E64, immunoblotting and densitom-
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FIG. 5. VZV infection induces autophagy in MeWo cells. (A) Rep-
licate cultures of MeWo cells were either mock infected or infected
with a virus inoculum consisting of trypsin-dispersed cells from a VZV-
32-infected MeWo cell monolayer exhibiting >70% CPE at a multi-
plicity of 1:8 (inoculum cells to target cells). At different time points
after infection, cells were harvested, solubilized, and subjected to im-
munoblotting with antibodies against LC3B and viral gE. (B and C)
Electron micrographs of MeWo cells infected with VZV-32 under the
same conditions described for panel A, harvested at 96 hpi, and pro-
cessed and imaged as described in Materials and Methods. Black
arrowheads, early autophagosomes; white arrowheads, nuclei; black
arrows, autophagic compartments. Bars, 0.2 um (B) and 2 um (C).

etry analysis showed that the amount of p62/SQSTMI in-
creased with a pattern comparable to that observed in the
experiments reported in Fig. 3 (data not shown).

Infection of either MRC-5 or MeWo cells with cell-free prep-
arations of VZV induces LC3B processing. The experiments
presented above indicated that induction of autophagy oc-
curred when either MRC-5 or MeWo cells were infected with
inoculum consisting of trypsin-dispersed infected cells. We
then tested whether the same phenotype was apparent when
cells were infected with sonically disrupted infected cells, i.e., a
“cell-free” virus preparation. It should be noted that, due to
the very low yields of infectious VZV, as described in the
introduction, the highest multiplicity of infection attainable
with this method was about 0.02 PFU/cell. For the same rea-
son, such inoculum preparations also contained large amounts
of input material compared to an inoculum consisting of tryp-
sin-dispersed cells. In the first experiment, replicate cultures of
MRC-5 cells were infected either with trypsin-dispersed in-
fected MRC-5 cells or with a cell-free preparation of VZV
vOka/Merck at a multiplicity of approximately 0.02 PFU/cell,
thus providing a direct comparison of the two modalities of
infection.

At increasing intervals after infection, cells were harvested
and the lysates were immunoblotted with antibodies against
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FIG. 6. Autophagy is 1nduced in MRC—S or MeWo cells infected
with cell-free preparations of VZV vOka/Merck. (A) Replicate cul-
tures of MRC-5 cells were mock infected or infected with inoculum
consisting of either trypsin-dispersed (CA) or sonically disrupted (CF)
infected MRC-5 cultures. Inoculum preparations had been titrated in
advance, and the multiplicity of infection was approximately 0.02 PFU/
cell. At different time points after infection, cells were harvested,
solubilized, and subjected to immunoblotting with antibodies against
B-actin, LC3B, and viral gE. (B) Replicate cultures of MeWo cells
were either mock infected or infected with a virus inoculum consisting
of cell-free VZV vOka/Merck at a multiplicity of infection of approx-
imately 0.01 PFU/cell. At various time points after infection, cells were
harvested, solubilized, and subjected to immunoblotting with antibod-
ies against LC3B and viral gE.

LC3B and gE. The results are shown in Fig. 6A. Because of the
low yield of cell-free infectious VZV, more input gE was
present in the cell-free inoculum than in the inoculum consist-
ing of infected cells, (compare lanes 2 and 3). In addition, the
infection from the cell-free preparation progressed at a low
rate, so that virtually no newly synthesized gE was detectable
up to 48 hpi (lane 9); gE levels present at 24 hpi (lane 6)
represented remnants of the original inoculum material. Im-
portantly, by 72 hpi the processed form of LC3B was detect-
able in the lysates of cells infected with either trypsinized cells
or sonically disrupted cell lysates.

In the second series of experiments, replicate cultures of
MeWo cells were infected with a cell-free preparation of VZV
vOka/Merck at a multiplicity of approximately 0.01 PFU per
cell. As shown in Fig. 6B, infection under these conditions
proceeded very slowly. This observation was not surprising
given our infection conditions, in which we used a low multi-
plicity of infection and combined both the cell substrate and
inoculum type in which the spread of VZV is the slowest.
Nonetheless, at 136 hpi, a marked accumulation of LC3B-II
was observed (compare lanes 7 and 8). We concluded from
these data that infection with either low-passage laboratory
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VZV or attenuated VZV induced autophagy at late time
points in both fibroblast and melanoma cells, regardless of
whether the viral inoculum consisted of live infected cells or
cell-free virus preparations.

Analysis of autophagosomes in human zoster vesicles. The
experiments with VZV-infected cultured cells described above
suggested that autophagy may play a role in VZV pathogene-
sis. Since no prior studies have investigated this hypothesis, we
compared the subcellular appearance of LC3B in biopsies of
normal human skin and zoster vesicles. In an earlier report
(49) we demonstrated that gE and gH were easily detected in
vesicles. Recently, we documented that VZV gC was also ex-
pressed abundantly in skin vesicles, in contrast to the case for
cultured cells (41). Skin vesicles were sectioned and labeled
with a primary antibody against LC3B, followed by incubation
with a fluorochrome-conjugated secondary antibody. Cells with
numerous characteristic LC3B-positive puncta were easily dis-
tinguished within the vesicle tissue at low magnification (Fig.
7A). The punctuate pattern of LC3B staining appeared within
single cells and small clusters of cells interspersed throughout
the vesicle (Fig. 7B). To more precisely assess the distribution
of the autophagosomes, we obtained a Z-stack of images at a
magnification of X100. Figure 7C and D show images 7 and 11,
respectively, from a Z-stack of 20 images with a combined
thickness of 13.5 wm. These images indicate that the LC3B-II
puncta were distributed throughout the cytoplasm of the ves-
icle cells, matching the intracellular localization of autophago-
somes (22). When adjacent sections of the same vesicle were
immunostained with antibodies against VZV gC plus a nuclear
stain, all cells in the vesicle were positive (Fig. 7E). As another
control, normal skin tissues were similarly incubated with
LC3B antibody, but only a faint background was detected (Fig.
7F). Note that the vesicle in Fig. 7B and the normal skin in Fig.
7E are shown at the same magnification. Another section of
the vesicle was routinely stained with hematoxylin and eosin as
an additional control (data not shown). We note that no biopsy
samples were available from vesicles at early stages, so we
could not assess the progression of autophagy from the early to
the late stages of human vesicle formation.

DISCUSSION

The experiments presented in this paper were initiated to
enhance our understanding of the interplay between VZV and
the host cell, with particular focus on the late stages of infec-
tion. The most important finding of this report is that in VZV-
infected cells we observed an accumulation of the autophago-
some-associated form of LC3B, a marker of induction of
autophagy. The modification of LC3B correlated with in-
creased formation of autophagosomes, with cytoplasmic deple-
tion, and with degradation of the autophagy marker p62/
SQSTM1 polyubiquitin-binding protein.

We also investigated whether apoptosis was present in our
cultures, since the autophagic and apoptotic pathways can af-
fect each other and because various reports have shown that
apoptosis can be induced by VZV infection, in a cell type- and
possibly virus strain-dependent manner (11, 19). We report
that we did not detect major signs of apoptosis in MRC-5 cells
at up to 72 hpi with the vOka/Merck strain. Although it is likely
that a longer incubation time would lead to more extensive
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caspase 3 activation and other apoptotic phenotypes, more
studies will be needed to characterize the kinetics of apoptosis
induction in MRC-5 cells infected with parental versus vaccine
VZV Oka strains. Within the scope of these studies, the data
showed that autophagy was induced on its own, well in advance
of any signs of apoptosis.

Further, autophagy appeared to be a common outcome of
VZV infection in cell cultures, since it was detected indepen-
dently of the multiplicity of infection chosen, of the VZV strain
used (attenuated or wild type), of the type of virus inoculum
used (cell associated or cell free), and of the cell substrate
(fibroblast or epithelial). While induction of autophagy in cul-
tured cells appeared concomitantly with accumulation of the
viral late gene product gC, we demonstrated that the two
phenotypes were not causally related, since exposure to PAA,
an inhibitor of viral DNA replication, decreased gC expression
but did not affect induction of autophagy. Finally, we report
that autophagosomes were detectable in biopsies of human
zoster vesicles but not in biopsies of normal skin. Therefore,
we propose that VZV infection induces the autophagic path-
way in both cultured cells and human skin, that autophagy
results in degradation of the p62/SQSTM!1 polyubiquitin-bind-
ing protein and extensive depletion of cytoplasmic material,
and that autophagy appears to be triggered by a function en-
coded by a VZV gene product that is not prevented by treat-
ment with PAA.

Many aspects of the VZV-mediated induction of autophagy
that we have reported here will need to be addressed with
further experimentation. In particular, the mechanism respon-
sible for induction of autophagy in VZV infection remains to
be identified.

Furthermore, it will be very interesting to investigate whether
the yields of infectious VZV particles in cultured cells are
negatively affected by activation of the autophagic pathway.
VZV particles are known to accumulate in cytoplasmic vacu-
oles, where it has been proposed that they are degraded by acid
hydrolases (13). A role for MPR was suggested in this pro-
cess, since cells deficient in MPR®! constitutively secreted both
lysosomal enzymes and VZV particles (6). The data presented
here show that VZV virions accumulated together with L par-
ticles in vacuoles alongside autophagosomes. Importantly, we
showed that the VZV-induced degradation of the autophagic
marker p62/SQSTM1 is inhibited by treatment with E64, an
inhibitor of cathepsins, a family of lysosomal hydrolases.
Whether the autophagosomal machinery is involved in vacuo-
lar accumulation and possibly in degradation of VZV virions
and L particles or whether the latter phenotype is the result of
a distinct signaling pathway will have to be ascertained.

Many but not all vacuoles present in MRC-5 cells infected
with the vaccine strain exhibited an electron-dense lining that
was reminiscent of trans-Golgi network-derived cisternae ob-
served previously in fibroblasts infected with a gI~ VZV mu-
tant (48). However, the vOka/Merck attenuated strain does not
contain mutations in ORF67, which encodes gl. Furthermore,
ORF67 mRNA was expressed throughout infection (data not
shown), and infected cells readily stained for gl in immunoflu-
orescence experiments (data not shown). Therefore, the
densely lined vacuoles did not appear to be related to either
the absence of gl or the attenuation of the vOka/Merck vaccine
strain.
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FIG. 7. Detection of autophagosomes in a skin biopsy from a human zoster vesicle. (A to D) A human zoster skin vesicle was sectioned and
labeled with rabbit anti-LC3B polyclonal antibody, followed by incubation with a goat anti-rabbit secondary antibody conjugated to a 488
fluorophore. Images were collected on a Zeiss confocal microscope at a magnification of X10 (A), x40 (B), or X100 (C and D). The white arrows
in panel A indicate four examples of cells showing punctuate LC3B staining. Panels C and D are images 7 and 11, respectively, from a Z-stack of
20 images with a combined thickness of 13.5 pm. (E) Zoster vesicle section labeled with anti-VZV gC MADb (green), rabbit anti-gC polyclonal
antibody (red), and the nuclear stain Draq5 (blue). Magnification, X40. (F) Section of uninfected human skin labeled with rabbit anti-LC3B

polyclonal antibody (green). Magnification, X40.

Finally, the association of autophagy with VZV pathogene-
sis was an important extension of our investigations. During
primary VZV infection (chicken pox), the virus spreads to the
skin after a viremia, while after reactivation (herpes zoster),
the virus travels via a neuronal route from the dorsal root
ganglia. In both chicken pox and zoster, skin vesicles are the
final site of VZV replication and virus formation. While the

architecture of skin vesicles immunostained with a variety of
anti-VZV antibodies has been previously delineated (41, 49),
the fact the zoster vesicles contain autophagosomes is an in-
triguing finding. The punctuate LC3B-positive autophago-
somes were easily detected by confocal microscopy throughout
the skin vesicles. In future investigations, it will be informative
to determine whether the percentage of cells with autophago-
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somes changes during progression from early to late stages of
vesicle formation or whether autophagy is differentially in-
duced in high-risk groups, e.g., the elderly, who develop more
severe zoster.

Our findings highlight a novel and potentially important
difference in the properties of VZV compared to those of the
related alphaherpesvirus HSV-1. Interestingly, HSV-1 replica-
tion induces autophagy, but the HSV-1 neurovirulence factor
ICP34.5, the product of the y,34.5 gene, can block it by inter-
acting with the cellular autophagy regulator Beclinl (2, 34).
Suppression of autophagy has marginal effects on the replica-
tion of HSV-1 in cultured cells but is a major determinant of
HSV-1 neurovirulence in animal models (2, 34). Importantly,
the HSV-1vy,34.5 gene has no VZV ortholog (14, 37), and thus
our results are consistent with a model in which VZV does not
evade the host autophagy machinery in vitro or in vivo. Our
findings advance the understanding of the complex virus-host
interactions that occur during VZV infection.
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