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Autophagy and the effects of its inhibition or induction were investigated during the entire infectious cycle of varicella-zoster
virus (VZV), a human herpesvirus. As a baseline, we first enumerated the number of autophagosomes per cell after VZV infec-
tion compared with the number after induction of autophagy following serum starvation or treatment with tunicamycin or treh-
alose. Punctum induction by VZV was similar in degree to punctum induction by trehalose in uninfected cells. Treatment of in-
fected cells with the autophagy inhibitor 3-methyladenine (3-MA) markedly reduced the viral titer, as determined by assays
measuring both cell-free virus and infectious foci (P < 0.0001). We next examined a virion-enriched band purified by density
gradient sedimentation and observed that treatment with 3-MA decreased the amount of VZV gE, while treatment with trehalose
increased the amount of gE in the same band. Because VZV gE is the most abundant glycoprotein, we selected gE as a representa-
tive viral glycoprotein. To further investigate the role of autophagy in VZV glycoprotein biosynthesis as well as confirm the re-
sults obtained with 3-MA inhibition, we transfected cells with ATG5 small interfering RNA to block autophagosome formation.
VZV-induced syncytium formation was markedly reduced by ATG5 knockdown (P < 0.0001). Further, we found that both ex-
pression and glycan processing of VZV gE were decreased after ATG5 knockdown, while expression of the nonglycosylated IE62
tegument protein was unchanged. Taken together, our cumulative results not only documented abundant autophagy within
VZV-infected cells throughout the infectious cycle but also demonstrated that VZV-induced autophagy facilitated VZV glyco-
protein biosynthesis and processing.

Varicella-zoster virus (VZV; human herpesvirus 3) is an alpha-
herpesviral pathogen that causes primary varicella infection

in children (1). A few days after primary infection, a viremia en-
sues within T lymphocytes, during which infected T cells exit cap-
illaries and infect keratinocytes within the epidermis to cause the
characteristic vesicular rash (2). The viral progeny produced in
skin lesions migrate in a retrograde manner via sensory neurons
into the dorsal root ganglia, where they establish latency. Decades
later, the same VZV strain reactivates from these ganglia and trav-
els anterograde to cause the dermatomal disease herpes zoster.
Autophagosomes have been identified in the vesicular skin lesions
of both varicella and herpes zoster (3, 4).

The response of various viruses to macroautophagy has been a
subject of renewed research (5, 6). Macroautophagy (here referred
to as autophagy) is a catabolic process by which whole or parts of
organelles are sequestered into double-membraned autophago-
somes in the cytoplasm and then the cargo is degraded by hydro-
lases and proteases when the autophagosomes fuse with lysosomes
(7, 8). Subsequently, the degradation products are recycled for
reuse in other cellular processes. Numerous autophagy-associated
(ATG) proteins have been identified, and many other cellular pro-
teins are recruited to autophagy-associated protein complexes (9).
Two such complexes relevant to the present study are the phos-
phoinositide 3-kinase (PI3K) complex and the ATG5-ATG12
complex. Both play roles in the conversion of microtubule-asso-
ciated protein 1 light chain LC3-I by lipidation to LC3-II (10).
LC3-II is a primary structural protein of both the inner and outer
membranes of the autophagosome (11). At its core, the PI3K com-
plex is composed of VPS34 (PIK3C3), p150 (PIK3R4), and Be-
clin-1 (ATG6) (12, 13). VPS34 is a lipid kinase, while p150 is a
serine/threonine kinase. The autophagy-associated PI3K complex
recruits phosphatidylinositol 3-monophosphate binding proteins
(e.g., WIPI1) to the endoplasmic reticulum (ER) membrane (14).

In the other complex, ATG5 and ATG12 are conjugated together
by an ubiquitin-like conjugation system formed by ATG7 as the
E1 ligase and either ATG3 or ATG10 as the E2 ligase (10). The
ATG5-ATG12 conjugate then forms a complex with ATG16L,
which plays a key role in the elongation of the evolving autopha-
gosome (15). The compound 3-methyladenine (3-MA), a small-
molecule inhibitor of class I and III PI3K proteins, is frequently
used to study autophagy (16, 17). Likewise, the essential au-
tophagy protein ATG5 is often knocked out in studies of the role
of autophagy in disease models (18).

With regard to RNA viruses and retroviruses, autophagy has
assumed a wide variety of roles, sometimes considered either pro-
viral or antiviral (19–23). With regard to herpes simplex virus 1
(HSV-1), the majority of publications suggest that autophagy ex-
erts an antiviral effect. One of the earliest papers on herpesvirus-
induced autophagy connected protein kinase R (PKR) signaling
through the � subunit of eukaryotic initiation factor 2 (eIF2�)
with HSV-1 infection and noted that HSV-1 encodes a protein,
ICP34.5, that diverts protein phosphatase 1 to dephosphorylate
eIF2� (24, 25). Later, it was postulated that HSV induction of
autophagy via PKR activation would lead to virus degradation
within nascent autophagosomes (26, 27). HSV ICP34.5 was then
reported to directly bind Beclin-1 (ATG6 in yeast, such as Saccha-
romyces cerevisiae), one of the components of the autophagy-spe-
cific PI3K complex, and inhibit the formation of autophagosomes
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in HSV-infected cells (28). Further, viral peptides generated by the
degradation process may become available for presentation on the
cell surface via the major histocompatibility complex and thereby
stimulate adaptive immunity (29–33). It has also been reported
that HSV- and Epstein-Barr virus-induced autophagy is cell type
specific (34–36) and that simply the presence of viral DNA in the
cytoplasm is sufficient to induce autophagy (37, 38). Interestingly,
the Kaposi’s sarcoma-associated herpesvirus (KSHV) viral FLIP
protein modulates the autophagic response in KSHV-infected
cells by binding ATG3, the autophagy-associated E2 ubiquitin-
like protease (39). Finally, HSV encodes another protein, US11,
that is capable of dephosphorylating eIF2� and therefore disarms
autophagy (40). In summary, these reports demonstrate that au-
tophagy plays an antiviral role during HSV-1 infection and that
this particular herpesvirus has evolved mechanisms capable of an-
tagonizing autophagy.

VZV encodes the smallest genome among the human herpes-
viruses, lacking homologs of both HSV-1 ICP34.5 and US11 (41).
We previously observed that autophagy is a prominent feature in
VZV-infected cultured cells and that VZV-induced autophagy
was associated with features common to ER stress and the un-
folded protein response (UPR) (4, 42), yet VZV-infected cells do
not exhibit phosphorylated eIF2� or protein synthesis attenuation
(43, 44). On the basis of the findings presented in the above-
described papers, our central hypothesis is that VZV-induced au-
tophagy is a cellular response to exaggerated ER stress that acts to
prolong the life of an infected cell. In short, this role appears to be
very different from that proposed for autophagy during HSV in-
fection (5, 29). This difference is all the more remarkable because
HSV and VZV are the 2 most closely related human herpesviruses
on the phylogenetic tree (45). On the other hand, among the hu-
man betaherpesviruses more distantly related to VZV, cytomega-
lovirus has been shown to selectively induce ER stress while incor-
porating components of the UPR (particularly BiP) to form a viral
assembly compartment proximal to the ER (46, 47). In the present
study, we expand our prior observations and provide experimen-
tal evidence that enhanced autophagy in the VZV system is a dy-
namic process which is evident during the entire infectious cycle.
Of great interest, comparisons of results of assays with an inhibitor
of autophagy, 3-MA, and results of assays with an inducer of au-
tophagy, trehalose, suggested that VZV-induced autophagy not
only facilitates the biosynthesis and maturation of viral glycopro-
teins but also enhances infectivity, responses not previously doc-
umented in a herpesvirus-cell system.

MATERIALS AND METHODS
Viruses and cells. VZV-32 is a low-passage-number laboratory strain; its
genome has been completely sequenced and falls within European clade 1
of VZV genotypes (48). The MRC-5 strain of human fibroblast cells and
the MeWo strain of human melanoma cells were grown in tissue culture
dishes with and without 12-mm round or 22-mm square coverslips in
minimum essential medium (MEM; Gibco, Life Technologies) supple-
mented with 7% fetal bovine serum (FBS), L-glutamine, nonessential
amino acids, and penicillin-streptomycin. When monolayers were nearly
confluent, they were inoculated with VZV-infected cells at a ratio of one
infected cell to eight uninfected cells by previously described methods
(49). Assays for titration of cell-free virus and cell-associated virus (infec-
tious foci) have been described by this laboratory (50). Methods for pu-
rification of enveloped virions by density gradient sedimentation have
also been described in detail (50).

Primary and secondary antibody reagents. Primary antibodies re-
quired for this study include previously described VZV-specific murine
monoclonal antibodies (MAbs) 3B3 and 711 (gE; ORF68), 6B5 (gI;
ORF67); 158 (gB; ORF31), 233 (gC; ORF14), 258 (gH; ORF37), 5C6
(IE62; ORF62), and 251D9 (pORF41; small capsid protein) (4, 51, 52), as
well as one human polyclonal anti-VZV serum (53). Also used were rabbit
polyclonal antibodies to MAP1LC3B (sc-28266; Santa Cruz Biotechnol-
ogy) and beta-tubulin (sc-9104; Santa Cruz Biotechnology), as well as an
MAb to ATG5 (sc-133158; Santa Cruz Biotechnology). VZV MAbs were
used at a dilution of 1:1,000, rabbit polyclonal antibodies were used at
1:250, and ATG5 MAb was used at 1:500. The secondary antibodies in-
cluded Alexa 488, 546, and 633 fluoroprobes conjugated to a goat anti-
rabbit IgG or goat anti-mouse IgG F(ab=)2 fragment (Invitrogen). These
reagents were applied at a dilution of 1:1,250.

Imaging protocols. Autophagosomes were visualized in samples of
infected and uninfected cells by confocal microscopy methods as de-
scribed previously (54, 55). Briefly, the samples were fixed with 2% para-
formaldehyde and permeabilized with 0.02 to 0.05% Triton X-100 in
phosphate-buffered saline (PBS; 30 min without agitation) and then
blocked in 5% nonfat milk with 2.5% normal goat serum for 2 h at room
temperature (RT). The primary antibody was added for 2 h at RT and
overnight at 4°C. After washing (3 times for 5 min each time), the samples
were incubated with the secondary antibody and the Hoechst 33342
(H33342) double-stranded DNA stain (1:1,000) for 2 h at RT before
mounting on slides for viewing. Following preparation, the samples were
viewed on a Zeiss 710 confocal fluorescence microscope in the Central
Microscopy Research Facility of the University of Iowa. Images were an-
alyzed using Zen 2009 software (Zeiss) and ImageJ software (NIH, Be-
thesda, MD). Pixel intensity was quantitated using ImageJ, as follows:
images were opened in ImageJ in the single color for either gE, gC, IE62, or
H33342 and converted to a 32-bit image, after which the Measure tool in
the Analysis menu was used to obtain an average pixel intensity. The ratio
of the pixel intensity of each viral protein to the H33342 pixel intensity was
then calculated for each tile image. The standard error of the mean across
each set of images was used to generate error bars. P values were deter-
mined by unpaired, two-tailed Student’s t tests. Three-dimensional im-
ages of VZV-infected cells were reconstructed from large z-stacks of con-
focal laser scanning microscopic images with Imaris software, version 7.6
(Bitplane Scientific Software), as described by this laboratory (55).

Tunicamycin, 3-MA, and trehalose treatments. Conditions for the
treatment of cultured cells with tunicamycin (10 �g/ml; catalog no.
654380; Calbiochem) have been described in earlier papers investigating
VZV glycoprotein biosynthesis (56, 57). For experiments in uninfected
cells, tunicamycin was added 24 h after subculturing, and the monolayer
was fixed after another 24 h. The compound 3-MA (10 mM; catalog no.
M9281; Sigma) was dissolved in sterile MEM per the manufacturer’s di-
rections, applied to cultured cells at 6 h postinfection (hpi), and refreshed
every 24 h (16). Conditions for examining the effect of the disaccharide
trehalose on autophagy have been described previously (58).

Transfection with siRNA. Uninfected confluent MeWo cell monolay-
ers in T-25 flasks were split 1:3 and placed onto glass coverslips in 6-well
dishes in MEM supplemented as described above. Cells were allowed to
adhere to the coverslips overnight at 37°C in 5% CO2. Monolayers were
transfected on the following day with 50 nM concentrations of small in-
terfering RNA (siRNA) (or an equal volume of RNase-free H2O for the
no-siRNA control), using Lipofectamine 2000 (10 �l per well; Invitrogen,
Life Technologies) in unsupplemented Opti-MEM medium (Gibco).
Monolayers were washed with Opti-MEM at 6 h posttransfection, and
medium was replaced with MEM supplemented as described above (but
with no penicillin-streptomycin). Medium was changed to fully supple-
mented MEM at 16 h posttransfection. Transfected cells were incubated
for a total of 48 h posttransfection before being infected with VZV-32, as
described above. Infection was allowed to proceed for 72 h at 32°C. The
following siRNA products were purchased from Santa Cruz Biotechnol-
ogy: human APG5 (sc-41445), control siRNA-B (sc-44230), or control
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siRNA-A (fluorescein conjugate; sc-36869). ATG5 siRNA was a pool of 3
target-specific 19- to 25-nucleotide siRNAs designed to knock down ex-
pression of the gene for human ATG5.

SDS-PAGE, immunoprecipitation, and immunoblotting. Methods
for SDS-PAGE and immunoblotting have been previously described by
this laboratory (56). Electrophoresis was performed in precast 4 to 15%
gradient or 7.5% acrylamide gels (Mini-Protean TGX; Bio-Rad). The pro-
teins in the gel were then transferred to a polyvinylidene difluoride mem-
brane (Immobilon-P; Millipore). The membrane was then blocked with
5% nonfat milk containing 2.5% normal goat serum (Sigma) in Tween 20
in PBS (T-PBS) for 2 h and then incubated in the primary antibody (1:500
in T-PBS) for 2 h at RT and then overnight at 4°C. Following washing (3
times for 5 min each time), the membrane was incubated in goat antirab-
bit or antimouse secondary horseradish peroxidase (HRP) antibody (cat-
alog numbers A10547 and F21453, respectively; Invitrogen) at 1:10,000
for 2 h at RT and then washed 5 times for 5 min each time. In some
immunoblots, TrueBlot Ultra anti-mouse Ig HRP (eBioscience) was sub-
stituted for the Invitrogen reagent (1:5,000). Finally, the membrane was
incubated in chemiluminescent solution (Super Signal West Pico solu-
tion; catalog number P34080; Thermo Scientific) for 5 min at RT. The
membrane was then patted dry and exposed to autoradiography film.

RESULTS
Establishing the parameters for assessment of VZV-induced au-
tophagy. Both starvation and tunicamycin treatment increase au-
tophagy in eukaryotic cells (59, 60). In previously published pa-
pers, we have also noted markedly enhanced autophagosome
production in VZV-infected cells at single time points (4), yet it is
well-known that autophagosome formation can vary depending
upon cell type. In order to better validate the procedure for au-
tophagosomal quantitation that was used for multiple experi-
ments described in this report, we first defined the number of
LC3-positive puncta under conditions of stress, e.g., serum star-
vation and tunicamycin treatment. We also added a positive con-
trol, trehalose, a newly recognized inducer of autophagy in mam-
malian cells (61). Trehalose, a disaccharide which is found in high
concentrations in many invertebrates, may stabilize lipid mem-
branes (62). Tunicamycin treatment, which inhibits N-linked gly-
cosylation, was included because it is known to induce significant
ER stress (63). In general, several images were taken of treated or
untreated fibroblast cells immunolabeled with an LC3B antibody,
using high-resolution confocal microscopy at a magnification of
�400 (Fig. 1A to F). Untreated cells generally exhibited less than 4
puncta per cell, which is regarded as normal for unstressed eukaryotic
cells (64, 65). A minority of cells exhibited more than 4 puncta, per-
haps as a consequence of recent cellular division or other cytoskeletal
reorganization. Even though our starvation conditions were not ex-
treme, serum-starved fibroblasts exhibited significantly more puncta
per cell than the number seen in cells grown in medium with serum
(e.g., P � 0.0001). As expected, treatment with both trehalose and
tunicamycin induced a wide range of increased LC3-positive puncta,
with some cells exhibiting �20 puncta. For example, the stressed cell
shown in Fig. 1F exhibited 50 puncta. The LC3-positive puncta in
each cell within a given image were enumerated for all conditions to
generate a set of statistical distributions (Fig. 1G). Although stress-
induced autophagy has been analyzed previously, our confocal mi-
croscopy data provided quantities that would allow comparison of
the results obtained with this maximal stimulus with those obtained
by VZV-induced autophagy in experiments carried out by the same
observers in the same laboratory.

VZV-induced autophagosome formation during the entire
infectious cycle. In previous papers, we showed that VZV induces

autophagosome formation in infected cultured cells, but we did
not enumerate the LC3-positive puncta individually within in-
fected cells over an entire infectious cycle (4, 42). Because of prior
data that suggested an early appearance of autophagosomes

FIG 1 Enumeration of autophagosomes under conditions of cellular stress.
MRC-5 fibroblasts were plated onto glass coverslips in tissue culture dishes and
then serum starved in plain MEM for 6 h or treated with 100 mM trehalose or
10 �g/ml of tunicamycin for 24 h before fixing, blocking, and labeling for
LC3B. Sixteen or more images were taken at a magnification of �400, and the
number of puncta per cell was counted. (A) Untreated fibroblasts showed few
LC3B puncta. (B) Serum-starved fibroblasts showed moderately more LC3B
puncta. (C) Trehalose-treated fibroblasts exhibited significantly more puncta in
each cell. (D) Tunicamycin-treated fibroblasts showed numerous LC3B puncta in
one-third or more of the cells. (E, F) Higher magnification (�1,000) of several cells
treated with trehalose (E) or with tunicamycin (F); one tunicamycin-treated cell
exhibited 49 LC3B puncta. (G) Distribution of the percentage of cells that exhib-
ited a given number of LC3B puncta. Untreated fibroblasts typically showed �4
puncta per cell, while stressed cells showed 10 or more puncta per cell.
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within the infectious cycle, we previously postulated that au-
tophagy may exert a proviral effect early in VZV infection. Because
VZV is renowned for being highly cell associated, calculation of
the timing for a single replication cycle is difficult but has ranged
from 14 to 18 h (66). Because of the low titer of the inoculum,
several replication cycles are required before all cells in a mono-
layer are infected (50). Another confounder is that VZV is highly
fusogenic in certain cells; thus, fusion of one infected cell with a
second newly infected cell obscures the end of a replication cycle
and the beginning of another (67).

As a marker of the immediate early (IE) kinetic phase of
VZV replication, VZV ORF62 (IE62, the homolog of HSV-1
ICP4) is the key viral transcriptional regulator, which is local-
ized to the nucleus early in the replication cycle (68). We took
advantage of that property, along with the late appearance of
fused cells, to classify cells within an image of a VZV-infected
monolayer into (i) bystander uninfected cells, (ii) newly in-
fected cells (with IE62 only in the nucleus), (iii) infected cells
(with IE62 in the cytoplasm), and finally, (iv) syncytial cells
(illustrated in Fig. 2A and B). After classifying all cells within an

image, the LC3-positive puncta per cell or syncytium were enu-
merated. This procedure was carried out with at least 16 images
at a magnification of �400 at three time points: 24, 36, and 72
hpi. As expected, the number of VZV-induced syncytial cells
was the highest at 72 hpi, when over 70% of the cells in the
monolayer were infected (Fig. 2C). As a general observation, all
VZV-infected cells (newly infected, infected, or syncytial) ex-
hibited more LC3-positive puncta than the uninfected by-
stander cells (Fig. 2D). When these categories were separately
analyzed, newly infected cells (with IE62 only in the nucleus)
exhibited more puncta per cell than cells at later phases of
infection. In other words, as the infectious cycle progressed
within an individual cell, the number of LC3-positive puncta
was moderated but remained above 4. Even late in the infec-
tious cycle, when syncytium formation was evident, a constant
but elevated level of LC3-positive puncta was observed. Com-
pared with starvation conditions (Fig. 1), VZV infection gen-
erally induced more puncta. Compared with tunicamycin
treatment (Fig. 1), there was an overlap in the number of
puncta, often reaching 20 per cell, although infection rarely

FIG 2 Enumeration of autophagosomes during the entire VZV infectious cycle. MRC-5 fibroblasts were plated onto glass coverslips in tissue culture dishes and
then inoculated with VZV-32-infected cells and incubated for several different periods of time before fixing, blocking, and labeling for LC3B and the VZV IE62
protein. Sixteen or more images were taken at a magnification of �400; cells were classified by their extent of infection: uninfected bystander cells, newly infected
cells (IE62 in the nucleus but not in the cytoplasm), infected cells (IE62 in the cytoplasm), and syncytial cells (IE62 in cytoplasm of fused cells). Then, the number
of LC3B puncta per cell was counted. (A) The classification of cells by their extent of infection is illustrated by color coding of nuclei: 9 uninfected bystander cells
around the periphery, 17 newly infected cells, 7 infected cells, and 11 syncytial cells in a representative image fixed at 36 hpi. (B) VZV IE62 immunolabeling of the
cells in panel A. Note the cytoplasmic staining of IE62 in the cells classified as infected and syncytial. (C) The distribution of classified cells from 24 to 72 hpi documented
the progression of the infection through the cellular monolayer. un, uninfected. (D) Distributions of classified cells with a given number of LC3B puncta at 24, 36, and
72 hpi. The graphs for uninfected cells show that bystander uninfected cells exhibited slightly more puncta than truly uninfected cells, while newly infected cells showed
numerous puncta (4 to 10) early; infected cells and syncytial cells (late infection) showed a wider range of increased numbers of puncta.
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induced numbers of puncta as high as 50. Of note, punctum
induction by trehalose was similar in degree to that by VZV
infection (compare Fig. 1G with Fig. 2D).

Decreased VZV infectivity following treatment with 3-MA.
Tunicamycin initiates cellular stress because it blocks formation
of N-linked glycans in the ER (60, 63). We have previously dem-
onstrated that tunicamycin treatment inhibits the formation of
infectious VZV particles, because processing of the viral glycopro-
teins required for final envelopment is disrupted and the mis-
folded proteins accumulate in the ER (57). As noted above, the
compound 3-MA used in the above-described experiments inhib-
its autophagy. Because autophagy is easily detectable during a pro-
ductive VZV infection in cultured cells (42), we postulated that
treatment with an autophagy-inhibitory compound would also
inhibit production of infectious VZV. The first experiment to as-
say this question required treatment of VZV-infected cells with
3-MA at 6 hpi, with the 3-MA being refreshed every 24 h. Treat-
ment with 3-MA disrupted the typical spread of cell-associated
VZV within a monolayer. Rather than undergoing a gradual tran-
sition after infection from being newly infected to later syncytium
(polykaryon) formation, 3-MA-treated cells were clumped to-
gether without the obvious formation of large syncytia (Fig. 3A).
The presence of VZV gE indicated that viral replication was not
completely blocked. However, 3-MA treatment induced many
more VZV-infected cells to become rounded up or pyknotic (Fig.
3B). In contrast, 3-MA treatment of uninfected fibroblasts did not
induce the same degree of cytopathology (data not shown). To
measure the effect of 3-MA on VZV infectivity, we carried out a

plaque assay using cell-free VZV inocula and found that 3-MA
profoundly reduced VZV titers (Fig. 3C; P � 0.0001). To confirm
that the 3-MA inhibitory effect could also be demonstrated within
infected cells that had not been sonically disrupted, we performed
an infectious focus assay at 48 and 72 hpi, using treated and un-
treated infected cells, and found nearly identical results (Fig. 3D).
The two sets of titration results with the 3-MA inhibitor of au-
tophagy presented above strongly suggest that autophagy is a crit-
ical component during the infectious cycle.

Decreased VZV gE production within the infectivity fraction
after 3-MA treatment and density gradient sedimentation. We
have previously defined methods for density gradient sedimenta-
tion and fractionation to obtain a single infectivity fraction con-
taining mainly infectious VZV particles (50). These methods re-
quired considerable experimentation because VZV is renowned
for its low titer in cultured cells as well as the fragility of its viral
envelope when subjected to gradient sedimentation. Based on the
results presented above, we postulated that the decreased titers
after 3-MA treatment may be a consequence of diminished viral
glycoprotein production. Since VZV gE is the best characterized of
the VZV envelope proteins, we next investigated gE as a represen-
tative viral glycoprotein. To examine and compare the amounts of
gE within an infectivity fraction, we subjected treated and un-
treated infected cultures to one potassium tartrate-glycerol den-
sity gradient sedimentation, followed by analysis of the different
fractions by SDS-PAGE with immunoblotting for the easily de-
tectable gE glycoprotein (Fig. 4A to E). In the first experiment, we
repeated the above-described experiment in which cultures were

FIG 3 Inhibition of VZV infectivity following 3-MA treatment. VZV-32-infected monolayers were prepared as described in the legend to Fig. 2. At 6 hpi, half of
the wells were treated with 10 mM 3-MA, which was refreshed every 24 h. At 72 hpi, the cells were fixed and labeled with antibodies against VZV gE and LC3B.
(A) Confocal fluorescent images of 3-MA-treated versus untreated VZV-infected cells. 3-MA treatment inhibited the progression of syncytial cytopathology. (B)
Effect of 3-MA treatment on the infected cell phenotype. Treatment with 3-MA increased the number of rolled up or pyknotic cells within a given image. (C)
Titers of cell-free VZV measured by plaque assay. (D) Titers of VZV infectious foci measured by infectious focus assay. Both titration assays showed significantly
reduced VZV titers following 3-MA treatment (P � 0.0001 at 72 hpi with either inoculum; panel C, n � 18; panel D, n � 12).

Buckingham et al.

894 jvi.asm.org Journal of Virology

http://jvi.asm.org


treated with 3-MA. When the control and treated cultures were
harvested and analyzed, we showed that the infectivity fraction
had decreased in width in the 3-MA-treated culture and had be-
come less dense (compare fraction 4a in the 3-MA gradient with
fractions 4a and 4b in the control gradient). When the infectivity
fractions from each gradient were analyzed by SDS-PAGE and
immunoblotting, the gE band was decreased in intensity in the
treated fraction; also, the gE dimeric forms (at about 200 kDa,
marked by black circles in Fig. 4A to E) were virtually absent from
the treated fraction. When gE is produced in abundance in in-
fected cells, there is a broad range of mature forms, including
dimers and possible trimers (69, 70). The ORF41 blot was per-
formed as a positive control for the infectivity fraction, since
ORF41 is a small capsid protein that is not found within other
fractions after density gradient sedimentation (71).

Increased gE production within the infectivity fraction after
trehalose treatment and density gradient sedimentation. Based
on the trehalose data shown in Fig. 1, we postulated that this
inducer of autophagy would increase gE production, in contradis-
tinction to the effect of 3-MA shown in Fig. 4. To this end, we
repeated the VZV infections in cultured cells, treating one set of
cultures with trehalose and leaving the second set as a control (Fig.
5). Thereafter, we processed the infected cells for gradient sedi-
mentation and for SDS-PAGE and immunoblotting. The results
showed a marked increase in gE production in the infectivity frac-
tion, following trehalose treatment (Fig. 5B, right, trehalose, lane
4). The overly abundant amounts of the gE protein facilitated
detection of higher-molecular-mass gE forms (Fig. 5B, right, tre-
halose, lane 4).

Reduced cytopathic effect following 3-MA treatment of

FIG 4 Diminished VZV gE in the infectivity fraction following 3-MA treatment. VZV-infected monolayers were incubated with complete MEM with or without
3-MA. At 72 hpi, the monolayers were harvested, sonically disrupted, and subjected to glycerol-potassium tartrate density sedimentation. (A) Six fractions were
collected from each density gradient. The fractions were diluted in PBS and centrifuged at 100 � g for 1 h. The pellets were resuspended in PBS and mixed with
SDS-PAGE sample buffer. The infectivity fractions (fractions 4a and 4b) are outlined by a bracket on the right. (B to E) Each fraction was probed by
immunoblotting with antibodies against VZV gE and VZV ORF41 protein. ORF41 was found in the infectivity fraction, while gE was found both in the infectivity
fraction and in light particles (envelopes without capsids) that sediment throughout the less dense fractions, fractions 1 to 3. Results for four exposure times, 1
s (B), 15 s (C), 1 min (D), and 30 min (E), of each Western blot are shown. The expected bands of each protein are noted by black arrows. The fraction number
is indicated below each lane. Molecular mass markers (kDa) are indicated in the left margin of each blot. Note the higher gE forms (200 kDa) in fractions 4a and
4b (black circles).

Autophagy and VZV Infectivity

January 2014 Volume 88 Number 2 jvi.asm.org 895

http://jvi.asm.org


VZV-infected melanoma cells. Because of the above-described
dramatic effects of inhibitors and enhancers of autophagy on VZV
glycoprotein biosynthesis, we pursued further confirmatory stud-
ies of the related effects of autophagy in our virus-cell systems
(49). VZV glycoprotein production is especially prolific in the
ER/Golgi apparatus of melanoma cells, more so than in the ER/
Golgi apparatus of fibroblast cells, and leads to extensive syncy-
tium formation (72). In fact, very little biosynthesis of cellular
glycoproteins secondary to the abundant viral glycoprotein bio-
synthesis is detectable within 24 hpi (72). Because of these older
observations, we again postulated that inhibition of autophagy by
3-MA in VZV-infected melanoma cells would reduce biosynthesis
of the viral glycoproteins and thereby reduce the glycoprotein-
dependent cytopathic effect (CPE). To test this hypothesis, we
performed two experiments to examine VZV glycoprotein bio-
synthesis under conditions of 3-MA treatment. In the first set of
experiments, we captured images of the CPE in infected and
treated cultures (Fig. 6A). The VZV-induced CPE in melanoma
cells was very distinctive, with the formation of large syncytia
eventually occurring in the entire monolayer. These syncytia were
induced by the viral fusogenic gH-gL and gB complexes, although
viral spread preceding syncytium formation requires the gE-gI
complex (73, 74). As can be seen in the micrographs, cultures
treated with 3-MA had virtually no syncytium formation even late
in infection (Fig. 6A; compare the two panels for 96 hpi). To
delineate the amount of glycoprotein biosynthesis between

treated and untreated infected cultures, we examined infected
cells by confocal fluorescence microscopy and found that less gE
was expressed when cells were treated with 3-MA (Fig. 6B). To
observe the diminished glycoprotein biosynthesis following 3-MA
treatment within an entire cell in more detail, we created three-
dimensional (3D) animations of control and treated cells using
Imaris software; representative two-dimensional (2D) images are
shown in Fig. 6C. The diminished syncytium size after 3-MA
treatment was also evident in the 3D animations (Fig. 6D). Finally,
the gE pixel intensity over an entire monolayer, as quantitated
using the Measure tool of ImageJ, was statistically significantly less
in 3-MA-treated monolayers (Fig. 6E; P � 0.001).

Decreased syncytium size after knockdown of ATG5 by
siRNA in VZV-infected cells. In order to further investigate the
role of autophagy during the VZV infectious cycle, we postulated
that inhibition of autophagy with siRNA would provide an alter-
native strategy by which to confirm the autophagy results ob-
tained with 3-MA treatment. Because the ATG5 protein is essen-
tial for the maturation and closure of the autophagosome, we
selected ATG5 siRNA for these experiments (75). As noted in
Materials and Methods, MeWo cell monolayers were transfected
for a total of 48 h with either ATG5 siRNA or a control (nontar-
geting/scrambled) siRNA and then inoculated with VZV-32-in-
fected cells and incubated for a further 72 h; a set of infected but
nontransfected control monolayers was also included (Fig. 7). In
order to confirm successful knockdown of the ATG5 protein after

FIG 5 Increased VZV gE in the infectivity fraction following trehalose treatment. VZV-infected monolayers were incubated with complete MEM with or without
100 mM trehalose. At 72 hpi, the monolayers were harvested and sonically disrupted. The sonicated samples were sedimented on glycerol-potassium tartrate
density gradients. (A) Six fractions were collected from each density gradient. The fractions were diluted in PBS and centrifuged at 100 � g for 1 h. The pellets
were resuspended in PBS and mixed with SDS-PAGE sample buffer. Infectivity fraction 4 is outlined by a bracket on the right. (B) Each fraction was probed by
immunoblotting with antibodies against VZV gE and VZV ORF41 protein. The expected band of each protein is marked by a black arrow. The fraction number
is indicated below each lane. Molecular mass markers (kDa) are indicated in the left margin of each blot. Note the dramatic increase in VZV gE in the
trehalose-treated virion fraction (lane 4), visible after a 2-s exposure.
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siRNA transfections, samples were analyzed for ATG5 protein by
Western blotting; we detected �50% knockdown of the ATG5-
ATG12 protein complex by Western blotting, whereas no signifi-
cant knockdown was detected in either the no-siRNA control or
the nontargeting siRNA control (Fig. 7E).

In cells transfected with ATG5 siRNA and then infected with
VZV-32, we observed a decrease in the overall size of the syncytia
that formed in the monolayer (Fig. 7A to C). Again, this decrease
in cell-to-cell fusion suggested decreased formation of fusogenic
VZV glycoproteins (76). To quantitate this decrease in polykaryon
size, we counted the number of nuclei included in each syncytium,
inspecting more than 15 images under each condition at either
�200 or �400 magnification. Under conditions of ATG5 knock-
down, VZV infection induced smaller polykaryons with signifi-
cantly fewer nuclei per syncytium (Fig. 7D); ATG5 siRNA versus
no siRNA, P � 0.0001; ATG5 siRNA versus control siRNA, P �

0.0001. In other words, this assay confirmed that inhibition of
ATG5 by siRNA inhibited VZV cell-to-cell spread by disrupting
syncytium formation.

Reduced VZV glycoprotein expression after knockdown of
ATG5 by siRNA in VZV-infected cells. Based on our hypothesis
that autophagy was required for efficient glycoprotein biosynthe-
sis, we further investigated the effects of ATG5 siRNA knockdown
on VZV infection using confocal microscopy to immunodetect
individual viral proteins in monolayers that had been transfected.
In other words, if autophagy facilitated the stress response of the
infected cell to accommodate early and abundant glycoprotein-
processing events within the ER, inhibition of autophagy would
diminish viral glycoprotein production within the ER and subse-
quently within the Golgi apparatus. As a marker of VZV glycopro-
tein biosynthesis, we selected the predominant VZV gE-gI com-
plex for further investigation. VZV gE, in particular, is heavily
modified by both N- and O-linked glycans during its maturation;
within the Golgi apparatus, gI also binds gE, and this complex
formation modifies the final glycosylation of gE. When expression
of the predominant gE glycoprotein was analyzed in transfected
and infected cells, we observed a decrease in the amount and
brightness of gE immunolabeling after ATG5 siRNA transfection
compared with those of gE expression in the no-siRNA or nontar-
geting siRNA control transfections and infections (Fig. 8A1 to
A3). After visual inspection of the images from these three sets of
experiments, we concluded that VZV spread throughout a mono-
layer of cells was limited by ATG5 siRNA transfection prior to
infection.

To verify that impression among the three sets of images, we
used ImageJ software to quantify the decrease in gE staining by
measuring the pixel intensity and comparing it to the pixel inten-
sity of DNA (from H33342 staining) (Fig. 8A4). MAb 3B3 is a
particularly good probe for this pixel analysis, because of its high
affinity of binding to the defined epitope on the gE N terminus
(77). After measuring more than 15 images for each condition, we
calculated a statistically significant decrease in the relative pixel
intensity of gE immunolabeling following ATG5 knockdown
compared to the gE pixel intensity under conditions with no
siRNA (Fig. 8A4; P � 0.0004) or the nontargeting siRNA control
(Fig. 8A4; P � 0.0025). Another glycoprotein, gC, is produced late
in VZV infection and therefore is a marker for the end of the
infectious cycle (Fig. 8B1 to B4). We also observed a decrease in gC
expression after ATG5 siRNA transfection in VZV-infected cells
(Fig. 8B4; ATG5 versus no siRNA, P � 0.0001; ATG5 versus con-
trol siRNA, P � 0.0001).

Finally, we examined the level of expression for a nonglycopro-
tein viral product, IE62, to determine if the knockdown of ATG5
led to a global decrease in VZV gene products or if it was specific to
glycoproteins (Fig. 8C1 to C4). Knockdown of ATG5 did not lead
to a significant decrease in IE62 expression after VZV infection
(Fig. 8C4; ATG5 siRNA versus no siRNA, P � 0.14; ATG5 siRNA
versus control siRNA, P � 0.18). To confirm the results presented
above, we repeated the quantitation by immunoblotting for both
the gE and the IE62 proteins under the same 3 experimental con-
ditions. As shown in Fig. 8I and J, the production of gE was sig-
nificantly less during ATG5 knockdown (ATG5 versus no siRNA,
P � 0.001; ATG5 versus control siRNA, P � 0.01), while IE62
production was not affected.

Impaired VZV gE processing during ATG5 knockdown. Be-
cause the above-described differences were confined to glycopro-

FIG 6 Reduced VZV gE expression and syncytium size following 3-MA treat-
ment. VZV-infected melanoma cell monolayers were incubated with MEM
with or without 3-MA. (A) Images of live cells were collected with a light
microscope at 24, 48, 72, and 96 hpi. Magnification, �40. Note the complete
CPE at 96 hpi in the control infected sample (circled), while the corresponding
treated sample had a minimal CPE. (B) Confocal microscopy. At 72 hpi, the
cells were fixed and stained with an anti-VZV gE MAb and Hoechst 33342
DNA stain. Images of the fixed cells were collected on a laser scanning confocal
microscope. Magnification, �100. (C) 3D animations. In order to show the
decreased gE production within entire cells, stacks of confocal images were
converted into 3D animations. Single images from the 3D animations are
shown in panel C. Nuclei are blue, and total gE expression is shown in red. (D)
Syncytium sizes. 2D images from the animations were collected in order to
show the differences in syncytium sizes (polykaryons) between control and
treated cells. (E) Pixel intensities of VZV gE. ImageJ software was used to
obtain the average pixel intensities of gE and Hoechst 33342 labeling in con-
focal images. Magnification, �100. The ratio of the gE average pixel intensity
over the H33342 average pixel intensity is shown in panel E (P � 0.001; n � 4
images).
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teins, we next postulated that diminished autophagy compro-
mised the later stages of VZV glycoprotein processing in the Golgi
apparatus. The gE glycoprotein is the most completely character-
ized VZV glycoprotein; it is heavily modified during its transit
through the ER/Golgi apparatus (69, 78). As with many other type
1 herpesviral glycoproteins, the gE ectodomain contains high-
mannose glycans that are subsequently processed into complex-
type sialylated glycans in the mid- to trans-Golgi apparatus. O-
linked glycans are also added in the Golgi apparatus. All of the
above-described modifications led to a mature gE glycoprotein
monomer with a molecular mass of 98 kDa. As shown in Fig. 8D
and E, the molecular mass of the gE glycoprotein was diminished
in the presence of ATG5 treatment. On the basis of numerous
prior gE analyses, this result suggests diminished processing of
high mannose to complex-type glycans.

Further, gE also exists as a dimer (70). The dimer is rarely seen
for two reasons: it is not produced in abundance, and it is not
easily detected by most anti-gE MAb probes. The presence of the
gE dimer was best documented when gE expression experiments
were carried out in a baculovirus system (79). Insect cells facilitate
the steps required for addition of high-mannose glycans to gE but
not those required for processing to complex-type glycans. Since
the dimer was more easily detected in insect cells, the data indi-
cated that gE dimerization was enhanced when gE existed in its
less mature high-mannose form. As shown in Fig. 8F and G, more
gE dimer production occurred under conditions of ATG5 treat-
ment. This result strongly supports the data in Fig. 8D and E and
again implies that ATG5 knockdown leads to less complete gE
processing.

We could not evaluate the detailed effects of ATG5 knockdown
on gC processing, because the glycosylation and intermediary gC

forms have not been sufficiently well characterized (80). Instead,
we postulated that the better-delineated processing steps of VZV
gI (ORF 67), the type 1 glycoprotein partner of gE, would also be
impaired under conditions that diminished gE processing (69).
To this end, we coprecipitated the gE-gI complex with anti-gI
MAb 6B5 and subjected the complex to SDS-PAGE under dena-
turing conditions, before immunoblotting with a polyclonal anti-
VZV antiserum. As shown in Fig. 8H, the molecular masses of
both gE and gI were lower in the ATG5 knockdown lane. Thus, the
processing of the gI glycoprotein was also impaired by inhibition
of autophagy.

DISCUSSION

In this report, we expand upon the proviral role of autophagy
during the VZV infectious cycle in cultured cells, as noted in two
earlier publications (4, 42). When we previously studied VZV-
induced autophagy in both fibroblasts and melanoma cells, we
observed that autophagosome formation occurred earlier after
infection in melanoma cells than in fibroblasts but the totality of
the response was similar. Now we present the following observa-
tions: (i) compared with known inducers of autophagy, serum
starvation and tunicamycin, VZV-induced autophagy, as assayed
by enumeration of LC3-positve puncta, was greater than that in-
duced by serum starvation and less than that induced by tunica-
mycin; (ii) inhibition of VZV-induced autophagy reduced infec-
tivity; (iii) inhibition of autophagy reduced syncytium formation
in infected monolayers; and (iv) inhibition of autophagy reduced
the glycosylation and maturation of the VZV gE-gI complex. The
above-described effects following inhibition of autophagy within
the VZV system fit with an evolving consensus that the core com-
ponents required for formation of the preautophagosome

FIG 7 Reduced VZV cytopathic effect following ATG5 knockdown. Melanoma cells were plated onto coverslips in a 6-well dish. At 60% confluence, the wells
were transfected with control B (ctrl B), ATG5, or mock siRNA and then incubated for 48 h before VZV infection. At 72 hpi, the cells were fixed and stained with
the Hoechst 33342 DNA stain and viewed on a Zeiss 710 confocal microscope. The nuclei in more than 20 polykaryons in 15 images were enumerated for each
condition using ImageJ software. (A to C) Representative images of the nuclei of VZV-infected cells that were transfected with no siRNA (A), ATG5 siRNA (B),
or control siRNA (C). Magnifications, �400. (D) Number of nuclei per syncytium, with error bars representing SEMs. Infected cells with ATG5 knockdown
exhibited smaller syncytia with significantly fewer nuclei. ***, P � 0.001 (n � 24 syncytia). (E) Western blot of ATG5. Immunoblotting was performed to confirm
the knockdown of the ATG5 protein after siRNA transfections. Molecular mass markers (kDa) are included; beta-tubulin was used as a protein loading control.
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FIG 8 Decreased VZV gE expression and processing following ATG5 knockdown. Cells were plated onto coverslips in a 6-well dish. At 60% confluence, the wells
were transfected with either control B, ATG5, or mock siRNA and then incubated for 48 h before VZV infection. At 72 hpi, the cells were fixed and labeled with
an MAb to VZV gE, gC, or IE62 (in separate wells). After washing, the cells were labeled with fluorescent secondary antibodies and the Hoechst 33342 DNA stain.
After mounting on slides, the samples were viewed on a Zeiss 710 confocal microscope and a number of images were taken. Magnifications, �200. (A1 to A3)
Representative images of VZV gE expression in cells with no siRNA (A1), ATG5 siRNA (A2), and control siRNA (A3); (A4) the brightness of gE fluorescence
versus the DNA was measured for each of the three conditions using ImageJ and graphed (**, P � 0.0004; ***, P � 0.0025; n � 15 images). (B1 to B3)
Representative images of VZV gC expression in cells with no siRNA (B1), ATG5 siRNA (B2), and control siRNA (B3); (B4) the brightness of gC fluorescence
versus that of the DNA fluorescence was measured for each of the three conditions using ImageJ and graphed (***, P � 0.0001; n � 15 images). (C1 to C3)
Representative images of VZV IE62 expression in cells with no siRNA (C1), ATG5 siRNA (C2), and control siRNA (C3). (C4) The brightness of IE62 fluorescence
versus that of the DNA fluorescence was measured for each of the three conditions using ImageJ and graphed (for no siRNA versus ATG5, P � 0.14; for ATG5
versus control siRNA, P � 0.18; n � 9 images). (D, E) Detection of VZV gE after precipitation with MAb 3B3 and immunoblotting with MAb 3B3 for a 5-s
exposure (D) and a 10-s exposure (E). (F, G) Detection of VZV gE from lysates by Western blotting with anti-gE MAb 711. MeWo cells transfected with the
indicated siRNA were then infected with VZV-32 and lysed at 72 hpi. Lysates were reduced by boiling in sample buffer containing dithiothreitol. Equal amounts
of protein were loaded in each well, as determined by Bio-Rad DC protein assay, and separated by 7.5% SDS-PAGE; blots were probed with MAb 711. Note the
presence of the gE dimer in ATG5 siRNA-treated MeWo cells. (F) A 10-s exposure; (G) a 20-s exposure. (H) Detection of the VZV gE-gI complex after
precipitation with anti-gI MAb 6B5. Lysates were precipitated with MAb 6B5 and blotted with high-titer anti-VZV human serum. (I, J) Quantitation of Western
blot band intensities for VZV gE (I) and IE62 (J) proteins. Melanoma cells were transfected and infected as described at the beginning of this legend, and lysates
were reduced by boiling in dithiothreitol. Equal amounts of protein were loaded in each well, as determined by Bio-Rad DC protein assay. Lysates were separated
by 7.5% SDS-PAGE and probed with MAb 3B3 (against gE) or MAb 5C6 (against IE62). Western blot films were developed and scanned, and the Measure tool
from ImageJ was used to determine the intensity of the bands. The intensities of the no-siRNA bands were set to 1, and the values for ATG5 and control B are
shown relative to those for no siRNA. Error bars represent SEMs. Statistical significance, determined by Student’s t test, is noted for gE (***, P � 0.0001; **, P �
0.01; n � 5 blots); there was no statistically significant difference for IE62 (n � 3 blots).
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(phagophore) are recruited to the ER (81); in other words, adverse
effects on autophagy in the ER also impair glycoprotein process-
ing. We also investigated the effects of the disaccharide trehalose,
a newly discovered inducer of autophagy (61), and confirmed (i)
that treatment with trehalose induced abundant autophagosome
formation in uninfected cells, while (ii) similar treatment of VZV-
infected cells led to enhanced VZV gE biosynthesis and matura-
tion. Both VZV glycoprotein gE and its partner, gI, harbor ty-
rosine-based motifs in their endodomains, allowing them to
undergo endocytosis and recycling after they traffic to the outer
cell membrane (82). Thus, the findings of the current study sup-
port a suspected intersection between autophagy and glycoprotein
trafficking pathways within a cell (81).

We had previously investigated autophagic flux by measure-
ment of the level of polyubiquitin-binding protein p62, the pro-
tein product of the sequestosome 1 (SQSTM1) gene found on
human chromosome 5 (42). Polymerization of p62 forms protein
aggregates that are degraded over time within autophagosomes
(83). Compared with uninfected cells, p62 levels were lower in
VZV-infected cells when measured by immunoblotting, a result
that suggested degradation of p62 as part of autophagic flux dur-
ing VZV infection. Treatment of a VZV-infected monolayer with
3-MA should halt this degradation process, a result that points to
autophagy as a major explanation for protein degradation in in-
fected cells (54).

In subsequent experiments, we observed that 3-MA treatment
diminished the appearance of a cytopathic effect (CPE) in infected
monolayers. Since a CPE is heavily dependent on the presence of
fusogenic viral glycoproteins in the outer cell membrane (76), we
probed for viral glycoproteins in the presence of 3-MA treatment
and documented less viral glycoprotein biosynthesis. To test our
hypothesis that 3-MA treatment reduced VZV titers, thereby re-
ducing the CPE, we titrated the amount of infectious virus at in-
creasing intervals postinfection in treated and untreated VZV-
infected monolayers and observed a significantly lower titer in the
3-MA-treated cells. Further, we examined the viral glycoprotein
profile of the infectivity fraction purified by density gradient sed-
imentation after 3-MA treatment and confirmed that production
of the representative gE glycoprotein was diminished.

Based on the above-described observations, we postulated that
directed inhibition of autophagosome formation should impair
viral glycoprotein biosynthesis. As noted, the targeting of LC3-II
to phagophores requires another conjugation system, in which
ATG12-ATG5 complexes are noncovalently linked with ATG16L
to form a multimeric complex (84, 85). In our experiments with
ATG5 siRNA, we mainly investigated gE (ORF68), considered to
be an early late protein, because gE is also one of the most abun-
dantly produced viral glycoproteins; therefore, gE is invariably
easy to detect and any reduction would be apparent (69). Both the
biosynthesis and processing of VZV gE were diminished under
conditions of autophagy inhibition. Further, the ATG5 knock-
down results supported our argument that the 3-MA data accu-
rately reflected a reduction in autophagy.

Taken together, the totality of our results strongly support our
hypothesis that autophagy within the VZV system promotes cell
survival by relieving the ER stress generated, at least in part, by the
abundant biosynthesis of VZV glycoproteins. When ER stress
reaches a sufficiently heightened level, autophagy provides an aux-
iliary pathway for the relief of ER stress (86, 87). A similar concept
of ER stress secondary to abundant accumulation of viral struc-

tural glycoproteins has recently been documented during the life
cycle of canine distemper virus (CDV) (88). This enveloped RNA
virus, which is closely related to measles virus, is strongly cell as-
sociated during its replication cycle, similar to VZV. The CDV
investigators delineated markers of an enlarged ER accompanied
by ER stress both in infected cells and after transient expression of
the two CDV glycoproteins, but they did not study the effects on
autophagy.
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