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Varicella-zoster virus (VZV) is a human alphaherpesvirus
that causes chicken pox (varicella) upon primary infection and
shingles (zoster) upon reactivation of the virus from latently
infected sensory neurons. In contrast to the broad host range
of most alphaherpesviruses in cultured cells, productive VZV
infection in vitro is restricted almost exclusively to cells derived
from humans and other primates (64). Reported exceptions
are guinea pig embryonic fibroblasts (62, 64), rabbit kidney
cells (64, 68), and cotton rat fibroblasts (54). For many viruses,
restriction in cultured cells is determined by specific cellular
receptors that must be engaged for virus binding and entry.
After successfully entering a cell, viruses can encounter other
blocks to productive infection (20, 36). In studies using rats,
cotton rats, or mice as in vivo models of VZV latency, viral
DNA (1, 6, 27, 51–54, 69), viral transcripts (6, 27, 51, 54, 69),
and immediate early viral proteins (18, 27, 51) were detected in
infected cells, primarily neurons, indicating that VZV is capable of entering rodent cells and initiating early events in the
infectious cycle. Cultured rat neurons and the mouse neuroblastoma cell line neuro-2A also permitted VZV entry, but
productive infection was blocked in both cases (4, 37). Thus,
the restriction of productive VZV infection in cultured nonprimate cells may be governed primarily by postentry events.
Much of our understanding of alphaherpesvirus entry comes
from studies of herpes simplex virus type 1 (HSV-1) (60, 61).
HSV-1 envelope glycoproteins gB and/or gC mediate binding
of virus to cell surface glycosaminoglycans, predominantly
heparan sulfate (59, 63). Following virus binding, gD engages
one of several entry receptors (19, 40, 58, 60). Fusion of viral
and cellular membranes then ensues, either directly at the cell
surface (15, 16) or following endocytosis (38, 42, 43) by a
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mechanism that requires the participation of gB, gD, a heterodimer of gH and gL, and a gD entry receptor (5, 44, 47, 65).
The emerging picture of entry from HSV-1 studies is one that
involves multiple entry receptors and multiple entry pathways.
This versatility likely contributes to the wide host range observed for HSV-1 in vitro and the success of this virus as a
pathogen.
Much less is known about the binding and entry of VZV,
largely due to the difficulty in obtaining high titers of cell-free
(CF) virus. An entry process similar to that described for
HSV-1 has been proposed for VZV, commencing with binding
of virions to heparan sulfate via gB (25, 70), followed by interaction of viral glycoproteins with an entry receptor (7, 70).
The interaction of mannose-6-phosphate (M6P) groups found
on at least four VZV glycoproteins (gB, gE, gH, and gI) with
the cation-independent mannose-6-phosphate receptor (CIMPR) is believed to facilitate virus entry (7, 17, 70). While the
exact consortium of VZV proteins needed for virus-cell fusion
has not been defined, results from cell-cell fusion assays (9, 11,
12, 46), blocking assays with antiglycoprotein antibodies (9,
49), and competition assays with purified glycoproteins (57)
implicate the involvement of gE, gB, and gH. It should be
noted that the VZV genome does not encode a gD homolog,
and thus VZV must utilize different entry receptors and/or
utilize a different viral glycoprotein(s) to engage the entry
receptors used by other alphaherpesviruses.
The discovery of HSV-1 entry receptors was facilitated by
the prior identification of cell lines, such as Chinese hamster
ovary cells (CHO-K1), that are particularly resistant to HSV-1
entry (40, 56). We sought to develop an analogous system to
facilitate a methodical study of CF VZV entry by utilizing cell
lines resistant to virus entry. To identify such cell lines, we
focused our studies on VZV infection of cultured nonprimate
cells. In this report, we present evidence that CHO-K1 cells
permit VZV entry, characterize the pathway of VZV entry into
these cells, and demonstrate that VZV restriction in CHO-K1
cells occurs after the initiation of virus gene expression.
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Productive infection of varicella-zoster virus (VZV) in vitro is restricted almost exclusively to cells derived
from humans and other primates. We demonstrate that the restriction of productive VZV infection in CHO-K1
cells occurs downstream of virus entry. Entry of VZV into CHO-K1 cells was characterized by utilizing an
ICP4/␤-galactosidase reporter gene that has been used previously to study herpes simplex virus type 1 entry.
Entry of VZV into CHO-K1 cells involved cell surface interactions with heparan sulfate glycosaminoglycans
and a cation-independent mannose-6-phosphate receptor. Lysosomotropic agents inhibited the entry of VZV
into CHO-K1 cells, consistent with a low-pH-dependent endocytic mechanism of entry. Infection of CHO-K1
cells by VZV resulted in the production of both immediate early and late gene products, indicating that a block
to progeny virus production occurs after the initiation of virus gene expression.
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TABLE 1. VZV infectivity in rodent cell lines in comparison
to that in MeWo cells
Cell line

Source

No. of focia

MeWo
NIH 3T3
CHO-K1
R3A

Human melanoma
Mouse fibroblasts
Chinese hamster ovary
Derived from CHO-K1 cells; produces
the HSV-1 receptor nectin-1

170, 165
171, 178
132, 109
93, 111

a
Foci comprised of blue-stained cells were counted 24 h after inoculation with
150 PFU of CF ROka-lacZ. Numbers obtained from duplicate inoculations in a
single experiment are shown. The titer of the CF ROka-lacZ inoculum was
determined by plaque assay on MeWo cells.

Indirect immunofluorescence microscopy. Cells growing on glass coverslips
pretreated with 0.01% poly-L-lysine (Sigma, St. Louis, MO) were infected by
applying 150 l of CF VZV to coverslips and incubating them for 60 min at 37°C.
Cells were fixed by incubation with freshly prepared 4% paraformaldehyde in
PBS for 10 min at room temperature. Fixed cells were washed three times with
PBS containing 0.5% BSA (PBS-BSA) and permeabilized for 3 min at room
temperature with PBS-BSA containing 0.1% Triton X-100. Cells were then
washed three times with PBS-BSA, and 150 l of polyclonal antiserum or monoclonal antibodies diluted in PBS-BSA was applied for 45 min at 37°C. Polyclonal
antisera against IE62 and gE (Santa Cruz Biotechnology, Santa Cruz, CA) were
diluted 1:200, and monoclonal antibodies against IE62 (provided by B. Forghani,
Department of Health Services, Richmond, CA) were diluted 1:500 immediately
prior to use. Cells were washed three times with PBS-BSA, and 150 l of
conjugated secondary antibody (Molecular Probes, Eugene, OR) diluted appropriately in PBS-BSA was applied for 30 min at 37°C. Cells were then washed
three times with PBS-BSA. To visualize nuclei, cells were incubated with
Hoechst 33342 (Sigma, St. Louis, MO) diluted to 0.5 g/ml in PBS-BSA for 7
min at room temperature. Cells were washed three times with PBS and mounted
in PBS containing 50% (vol/vol) glycerol onto glass slides. Images were captured
using a Nikon TE200 inverted epifluorescence microscope equipped with a
cooled charge-coupled device camera. Composites of representative images were
prepared using Adobe Photoshop software.

RESULTS
Cultured rodent cells permit early steps in the VZV life
cycle. The infectivity of the lacZ-expressing reporter virus
ROka-lacZ (8) in VZV-permissive MeWo cells was compared
to its infectivity in the rodent cell lines NIH 3T3, CHO-K1, and
R3A, a CHO-K1 derivative expressing the gD receptor nectin-1. Cell monolayers grown in six-well dishes were inoculated
with freshly prepared CF ROka-lacZ and incubated with BluoGal substrate at 24 hpi to detect ␤-Gal production. Foci comprised of blue-stained cells were observed for all cell lines
tested, and the numbers of foci formed on rodent cell lines
were comparable to the number formed on MeWo cells (Table
1). Although the majority of foci were comprised of one or two
cells, some foci containing more than two cells were observed
for all rodent cell lines tested (Fig. 1B to D). In inoculated
CHO-K1 cells, ⬎70% of foci were comprised of one or two
blue-stained cells at 24 hpi; this value did not change at 48 or
72 hpi. Multiple-cell foci may arise as a result of division of the
originally infected cells. In addition, the inoculum likely contains aggregates of virus that may infect a cluster of cells as
opposed to a single cell. The VZV immediate early protein 62
(IE62) was also observed in NIH 3T3 cells that produced
␤-Gal (Fig. 1E to G). These observations suggested that cultured rodent cells permitted early steps in the VZV infectious
cycle up to and including immediate early gene expression.
Since similar numbers of foci were observed on CHO-K1 and
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Cells and viruses. MeWo cells, provided by R. Cohrs, University of Colorado,
were propagated in Dulbecco modified Eagle medium (DMEM; Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT). NIH 3T3 cells were propagated in DMEM supplemented
with 10% bovine serum (HyClone, Logan, UT). CHO-K1 cells and stable
CHO-K1 transformants were propagated in F-12 medium (Life Technologies,
Carlsbad, CA) supplemented with 10% FBS. Stable CHO-K1 transformants that
produce nectin-1 (R3A) were propagated in medium supplemented with 250 g
of Geneticin (Life Technologies, Carlsbad, CA) per ml. Stable CHO-K1 transformants that express Escherichia coli lacZ from the HSV-1 ICP4 promoter
(CHO-IE␤8) were propagated in medium supplemented with 150 g of puromycin (A. G. Scientific, San Diego, CA) per ml. Stable CHO-IE␤8 transformants
that produce herpesvirus entry mediator (HVEM), nectin-2, or nectin-1 (M1A,
M2A, and M3A, respectively) were propagated in medium supplemented with
150 g of puromycin and 250 g of Geneticin per ml. CHO-K1, R3A, CHOIE␤8, M1A, M2A, and M3A cells were all provided by G. Cohen, R. Eisenberg,
and C. Krummenacher, University of Pennsylvania. All cells were maintained at
37°C in a 5% CO2 environment.
The pathogenic POka strain of VZV was provided by Ann Arvin, Stanford
University. ROka-lacZ, a recombinant VZV derived from POka which contains
the E. coli lacZ gene under control of the simian virus 40 early promoter (8), was
provided by J. Cohen, NIAID, NIH. All VZV strains were propagated on MeWo
cells. CF ROka-lacZ was prepared from infected MeWo cells showing 80%
cytopathic effect (CPE) by lysing cells harvested in SPGA buffer (pH 8.0; 218
mM sucrose, 3.8 mM KH2PO4, 4.9 mM sodium glutamate, 1% [wt/vol] bovine
serum albumin [BSA], 10% FBS) with glass beads (1-mm diameter) and centrifuging the lysate at 2,000 ⫻ g for 5 min. The resulting supernatant was used
directly for infection of cells. Frozen stocks of CF POka (7.5 ⫻ 103 PFU/ml after
thawing) and mock extract were provided by D. Krah, Merck & Co., Inc. Cellassociated (CA) POka was prepared by harvesting infected MeWo cells showing
80% CPE in trypsin–0.25% EDTA (2.5 ml per 150-mm dish of infected cells) and
resuspending harvested cells in an equal volume of FBS containing 10% dimethyl
sulfoxide. CF and CA stocks of POka and mock extract were all stored at ⫺70°C
and thawed immediately prior to use. Titers of CF and CA stocks and fresh CF
preparations were determined by plaque assay on MeWo cells.
␤-Gal detection assays. To detect beta-galactosidase (␤-Gal) production in
individual cells in a monolayer after infection with ROka-lacZ, cells were washed
twice with phosphate-buffered saline, pH 7.4 (PBS), and then fixed in freshly
prepared 4% paraformaldehyde in PBS for 10 min at room temperature. Cells
were washed twice in PBS, a substrate buffer (5 mM potassium ferrocyanide, 5
mM potassium ferricyanide, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02%
Nonidet P-40 in 100 mM PBS, pH 7.35) containing 1 mg/ml of Bluo-Gal (Sigma,
St. Louis, MO) was applied, and cells were incubated at 37°C until blue colonies
were visible by bright-field illumination. To detect ␤-Gal production in infected
ICP4/␤-Gal reporter cells, individual wells of cells in a 48-well dish were washed
twice with 250 l of PBS, and 30 l of lysis buffer (Applied Biosystems, Bedford,
MA) was applied. Lysates were transferred to microcentrifuge tubes and assayed
immediately or stored at ⫺70°C. Two to 20 l of lysate was assayed, using a
Galactostar chemiluminescent ␤-Gal detection kit (Applied Biosystems, Bedford, MA) according to the manufacturer’s instructions.
Infection of ICP4/␤-Gal reporter cells. ICP4/␤-Gal reporter cells were placed
into individual wells of a 48-well dish (5 ⫻ 103 cells per well) and infected 18 h
after being plated with CF POka at a multiplicity of infection (MOI) of 0.05.
Harvesting of infected cells for ␤-Gal assays was carried out at 18 to 21 h
postinfection (hpi).
Removal of virus from CF inoculum. Virus was removed from the CF POka
inoculum by centrifugation at 100,000 ⫻ g for 20 min at 4°C in a TLA 120.2
fixed-angle rotor. The supernatant was retained and used directly for infection
and titration by plaque assay.
pH inactivation of CF virus. To test whether acidification of the CF POka
inoculum would inactivate the virus, CF POka was combined with a 1/10 volume
of 800 mM sodium citrate, pH 2.2, to reduce the pH of the virus suspension to
3.5 and was then incubated for 2 min at 37°C. The virus suspension was neutralized by adding 40 volumes of DMEM supplemented with 2% FBS and titrated
by plaque assay on MeWo cells. To pH inactivate bound virus prior to infecting
CHO-IE␤8 cells, chilled cells were inoculated with cold CF virus and incubated
at 4°C for 1 h to allow the virus to bind to but not penetrate cells. Unbound
inoculum was removed and replaced with warm pH-adjusted medium or sodium
citrate buffer (40 mM sodium citrate, 10 mM KCl, 0.8% NaCl, pH 3.68). After
2 min at 37°C, the pH-adjusted medium or buffer was removed and replaced with
regular medium.
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R3A cell monolayers, these initial studies also indicated that
the expression of the alphaherpesvirus receptor nectin-1 did
not appreciably enhance infection by CF VZV.
We next examined CF VZV infection of CHO-K1-derived
reporter cells, CHO-IE␤8 cells, in which the HSV-1 immediate
early ICP4 promoter drives the expression of an integrated
lacZ reporter gene. Cohen and colleagues have demonstrated
that the ICP4 promoter is activated by the VZV open reading
frame (ORF) 10 gene product (41). We anticipated that increased ␤-Gal production would result if CF VZV could successfully enter CHO-IE␤8 cells and initiate immediate early
gene expression. For these experiments, CF POka, a pathogenic VZV strain, was used, and cell extracts were assayed for
␤-Gal production using a chemiluminescence assay. Cells were
inoculated with CF POka at an MOI of 0.05, and ␤-Gal production was assayed in cell extracts prepared at various times
postinfection. A steady increase in ␤-Gal production was observed in cells inoculated with CF POka, resulting in a ⬎10fold increase from 0 to 18 hpi (Fig. 2). Comparable increases in
␤-Gal production were not observed in CHO-IE␤8 cells inoculated with extracts prepared from uninfected cells or with
stocks of POka-infected MeWo cells (CA virus) at the same
MOI (Fig. 2). As expected, inoculation of CHO-IE␤8 cells with
HSV-1 at an MOI of 0.05 resulted in no detectable increase in
␤-Gal production over the background at 18 hpi (data not
shown). Thus, the increase in ␤-Gal production correlated only
with infection by CF VZV and not with cell debris, VZVinfected cells, or infection by HSV-1. In comparison to CF
VZV, 20 times more CA VZV was required to evoke a 10-fold
increase in ␤-Gal production by 18 hpi (data not shown). This
observation may reflect differences in the mechanisms of infection by CA VZV and CF VZV. Infection of cells by CA
VZV involves cell-cell fusion with uninfected cells (7). If infected MeWo cells were unable to fuse efficiently with

CHO-K1 cells, this might explain why CA VZV was inferior to
CF VZV in evoking ␤-Gal production in CHO-IE␤8 cells.
To further relate the increase in ␤-Gal production to CF
VZV infection, control experiments aimed at removing virus
from the CF inoculum or inactivating virus within the CF
inoculum were performed. First, virus and residual cellular
debris were removed from the CF preparation by ultracentrifugation, and the resulting supernatant, which contained no
detectable virus by plaque assay, was used for inoculation.

FIG. 2. Inoculation of CHO-IE␤8 cells with CF VZV results in
increased ␤-Gal production. CHO-IE␤8 cells were inoculated with CF
or CA POka at an MOI of 0.05. Mock-treated cells were inoculated
with a lysate prepared from uninfected cells. Cell extracts were prepared at the indicated times postinfection and assayed for ␤-Gal production. The experiment was performed in triplicate.

Downloaded from http://jvi.asm.org/ on September 20, 2019 by guest

FIG. 1. Blue foci form on cultured rodent cells following inoculation with lacZ-expressing VZV. (A to D) Monolayers of fully permissive MeWo
cells (A) and the rodent cell lines NIH 3T3 (B), CHO-K1 (C), and R3A (D) were inoculated with CF ROka-lacZ and stained at 24 hpi with
Bluo-Gal. (E to G) Monolayers of NIH 3T3 cells grown in six-well dishes were inoculated with CF ROka-lacZ, stained at 72 hpi with Bluo-Gal
(E), and subsequently stained with goat polyclonal antisera against VZV IE62 and an Alexa fluor 555-conjugated rabbit anti-goat secondary
antibody (F). Merged signals are shown in panel G.
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Inoculation of CHO-IE␤8 cells with this supernatant reduced
␤-Gal production to background levels (Fig. 3). Second, virus
within the CF inoculum was inactivated by a brief exposure to
acidic pH. Brief exposure to acidic pH has been demonstrated
to inactivate other alphaherpesviruses (24) and CA VZV (21),
but this method of virus inactivation has not been described for
CF VZV (48). To demonstrate that a brief exposure to acidic
pH also inactivates CF VZV, CF POka was mixed with an
acidic or neutral sodium citrate solution, incubated at 37°C for
2 min, neutralized by 40-fold dilution in medium, and titrated
by plaque assay on MeWo cells. No plaques resulted from virus
treated with acidic sodium citrate, while virus treated with
neutral sodium citrate resulted in plaque numbers comparable

to those for untreated virus (Fig. 4A). Treatment of CF POka
prebound to CHO-IE␤8 cells at 4°C with medium buffered to
pH 4.0 or less (Fig. 4B) or with sodium citrate buffer, pH 3.68
(Fig. 4C), resulted in a substantial decrease in ␤-Gal production. If acid treatment was delayed for 2 h, no reduction of
␤-Gal production was observed in comparison to untreated
controls (data not shown). Intermediate levels of ␤-Gal production were observed if acid treatment was delayed for 30 min
(Fig. 4C), suggesting that the virus became refractory to pH
inactivation after entering cells. Acid treatment of bound virus
did not reduce ␤-Gal production to background levels, which
may reflect differences in pH sensitivity between free versus
bound VZV virions. Because the removal of virus and inactivation of virus both resulted in decreased ␤-Gal production, we
concluded that the increase in ␤-Gal production in VZV-inoculated CHO-IE␤8 cells arises from VZV-mediated activation of the resident ICP4 promoter following infection by free
virions.
The ICP4/␤-Gal reporter system enables the study of VZV
entry. The data described above establish that CF VZV is able
to enter rodent cells. We took advantage of the ICP4/␤-Gal
reporter system in order to characterize features of CF VZV
entry into CHO-K1 cells. Heparan sulfate and CI-MPR have
been implicated as important cell surface components for CF
VZV binding and entry, respectively (7, 17, 25, 70). The capacity of heparin and free M6P to block infection of CHO-K1
cells was tested. CHO-IE␤8 cells were preincubated with heparin or M6P and then infected with CF POka in the continuous
presence of heparin or M6P, and cell extracts prepared at 18
hpi were assayed for ␤-Gal production. Glucose-1-phosphate
(G1P) was included as a specificity control in experiments with
M6P. The presence of either heparin or M6P inhibited ␤-Gal
production (Fig. 5A and B), indicating that infection was
blocked by both heparin and M6P. Increasing concentrations
of either heparin or M6P correlated with decreasing ␤-Gal

FIG. 4. Inactivation of CF VZV by brief treatment with acidic pH results in decreased ␤-Gal production. (A) CF POka was treated with 800
mM sodium citrate, pH 2.2 or 7.2, neutralized by dilution in medium, and then assayed for plaque production on MeWo cells. The average number
of plaques for four separate wells was determined and scored relative to that for untreated, similarly diluted CF POka. (B) CF POka was allowed
to bind to chilled CHO-IE␤8 cells at 4°C, treated briefly with warm medium at various pHs, and then incubated in regular medium. Cell extracts
were prepared at 18 hpi and assayed for ␤-Gal production. The ␤-Gal production values were scored relative to those for control samples treated
with unadjusted medium (set to 100%). The experiment was performed in triplicate. (C) CF POka was allowed to bind to chilled CHO-IE␤8 cells
at 4°C and treated briefly with warm sodium citrate, pH 3.68, following a 0-, 0.5-, or 2-h incubation in regular medium at 37°C. Cell extracts were
prepared at 18 hpi and assayed for ␤-Gal production. The ␤-Gal production values were scored relative to those for samples that were subjected
to pH inactivation at 2 hpi (set to 100%). The experiment was performed in quadruplicate. Dashed lines in panels B and C indicate the increase
in ␤-Gal production expected from cell growth alone.
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FIG. 3. Removal of virus from CF inoculum results in decreased
␤-Gal production. Virus was removed from the CF POka inoculum by
centrifugation, and the supernatant was used to inoculate CHO-IE␤8
cells alongside the noncentrifuged CF inoculum. Cell extracts were
prepared at 0 and 18 hpi and assayed for ␤-Gal production. The
experiment was performed in triplicate. The dashed line indicates the
increase in ␤-Gal production expected from cell growth alone.
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production, whereas increasing concentrations of G1P did not
(Fig. 5B). A 20 mM concentration of M6P blocked infection of
CHO-K1 cells with an efficiency comparable to that demonstrated by Gershon and colleagues with human embryonic lung
fibroblasts (HELF cells) (70). This was not the case for blocking of infection by heparin. In experiments with HELF cells,
the continuous presence of 10 g/ml heparin was sufficient to
block 90% of infection (70). In our experiments with CHO-K1
cells, the continuous presence of 1,000 g/ml of heparin failed
to reduce ␤-Gal production to background levels (Fig. 5B).
This may indicate the presence of other cell surface molecules
on CHO-K1 cells that are able to bind CF VZV which do not
play a significant role in the infection of HELF cells. There is
precedent for alphaherpesvirus binding to chondroitin sulfate
(3) as well as evidence of an alphaherpesvirus entry pathway
that is independent of proteoglycans (2, 26).
The involvement of gD receptors was tested by measuring
the levels of ␤-Gal production in CHO-IE␤8 derivatives that
produce the alphaherpesvirus gD receptors HVEM, nectin-2,
and nectin-1 (M1A, M2A, and M3A, respectively) after infection with CF POka. These cell lines are known to carry sufficient numbers of entry receptor at the cell surface to allow
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alphaherpesvirus entry to be monitored by ␤-Gal production
(31). Cells were infected at an MOI of 0.05, and cell extracts
prepared at 0 and 18 hpi were assayed for ␤-Gal production.
The presence of gD receptors resulted in at most a moderate
(less than twofold) increase in ␤-Gal production (Table 2).
These results indicate that gD receptors do not contribute
appreciably to the entry of VZV into CHO-K1 and are consistent with our observation that the number of foci of infection found on ROka-lacZ-infected CHO-K1 cells was similar
to the number found on infected CHO-K1 cells that produce
nectin-1 (Table 1).
HSV-1 is known to utilize a low-pH-dependent endocytic
pathway to enter CHO-K1 cells (43). The effect of lysosomotropic agents, which inhibit the acidification of endosomes, on
CF VZV infection of CHO-K1 cells was therefore tested. The
background level of ␤-Gal production in CHO-IE␤8 cells
served as an indicator of cell viability as well as an indicator of
nonspecific effects on ␤-Gal production caused by lysosomotropic agents. Background ␤-Gal production levels were not
affected by the presence of either 50 mM ammonium chloride
or 100 nM bafilomycin for 3 h (data not shown). To test the
effects of these inhibitors on virus entry, CHO-IE␤8 cells were
preincubated with medium containing 50 mM ammonium
chloride or 100 nM bafilomycin for 30 min. Inhibitor-containing medium was prepared from fresh stock solutions of inhibitor and pH adjusted immediately prior to use. After preincubation, cells were chilled, and the inhibitor-containing medium
was replaced with cold CF POka. After virus binding at 4°C for
1 h, warm inhibitor-containing medium was added, and cells
were incubated for 2.5 h at 37°C. Cells were treated with citrate
buffer, pH 3.68, for 2 min at 37°C to inactivate any virus that
had not penetrated. Incubation was continued in medium without inhibitor, and cell extracts prepared at 21 hpi were assayed
for ␤-Gal production. The presence of ammonium chloride
and bafilomycin inhibited ␤-Gal production by 60% and 35%,
respectively, relative to untreated, similarly processed controls
(Fig. 6A), indicating that endosome acidification contributed
to the entry of CF VZV into CHO-K1 cells. If the addition of
ammonium chloride was delayed for 1 hour after the initiation
of infection, less inhibition of ␤-Gal production resulted (Fig.
6B), suggesting that ammonium chloride exerts its effect at an
early time following virus penetration.
A block to productive VZV infection in CHO-K1 cells occurs
late in the viral life cycle. The data described thus far indicate
that early events in the VZV infectious cycle, up to and in-

TABLE 2. VZV infectivity in CHO-IE␤8 cells in comparison to that
in CHO-IE␤8 derivatives expressing alphaherpesvirus gD receptors
Cell line

Alphaherpesvirus gD
receptor present

Fold increase in ␤-Gal
productiona

CHO-IE␤8
M1A
M2A
M3A

None
HVEM
Nectin-2
Nectin-1

19.7 ⫾ 7.7, 26.6 ⫾ 6.0
15.8 ⫾ 4.0, 48.3 ⫾ 9.1
31.9 ⫾ 3.9, 46.0 ⫾ 1.2*
26.8 ⫾ 2.6, 44.1 ⫾ 7.1

a
The values reported are the increases in ␤-Gal production derived by dividing the ␤-Gal production values measured at 18 hpi by the ␤-Gal production
values measured at 0 hpi. Values from two independent experiments performed
in triplicate or duplicate (*) are shown. Raw measurements of ␤-Gal production
were used to generate the reported values. Data are means ⫾ standard deviations.
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FIG. 5. Agents known to block VZV-cell surface interactions affect
entry of VZV into CHO-K1 cells. CHO-IE␤8 cells were pretreated for
30 min with the indicated concentrations of heparin (A), M6P (B), and
G1P (B) and then inoculated with CF POka. Infections were carried
out in the continual presence of the agent under study. G1P was
included as a specificity control for M6P blocking. Cell extracts were
prepared at 18 hpi and assayed for ␤-Gal production. The ␤-Gal
production values were scored relative to those for untreated control
samples (set to 100%). Experiments for both panels were performed in
triplicate. Dashed lines indicate the increase in ␤-Gal production expected from cell growth alone.
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FIG. 6. Inhibitors of endosome acidification affect the entry of
VZV into CHO-IE␤8 cells. CHO-IE␤8 cells were pretreated with an
endosome acidification inhibitor at the indicated concentrations. CF
POka was allowed to bind to chilled CHO-IE␤8 cells at 4°C, and warm
inhibitor-containing medium was added following a 0- or 1-h incubation in regular medium at 37°C. Inhibitor-containing medium was
removed at 2.5 hpi or 3.5 hpi (panel B, light gray bars), noninternalized
virus was inactivated, and incubation was continued in regular medium. Cell extracts were prepared at 21 hpi and assayed for ␤-Gal
production. The ␤-Gal production values were scored relative to those
for untreated, similarly processed control samples (set to 100%). The
results shown in both panels are for two independent experiments,
each of which was performed in triplicate. Dashed lines indicate the
increase in ␤-Gal production expected from cell growth alone.

cluding transcription of the immediate early gene encoding
IE62, can occur in CHO-K1 cells. However, infected CHO-K1
cells do not display the CPE typically seen in fully permissive
host cells. Infected CHO-K1 cells and CF lysates prepared
from infected CHO-K1 cells do not elicit plaque formation
when seeded on MeWo cells. Since infectious progeny virions
do not appear to be made in CHO-K1 cells, a block(s) to
productive VZV infection must occur downstream of immediate early transcription. Alternatively, a block may be caused by
a failure to produce an immediate early protein(s) other than
IE62. To determine if replication of the VZV genome occurs
in CHO-K1 cells, ␤-Gal production in VZV-infected CHOIE␤8 cells was monitored in the presence of phosphonoacetic
acid (PAA), a replication inhibitor that specifically blocks the
elongation of template DNA by alphaherpesvirus DNA polymerases (34, 35). Control experiments established that background levels of ␤-Gal production in CHO-IE␤8 cells were not
diminished by the continuous presence of 300 g/ml PAA for
18 h, indicating that this concentration was not demonstrably

toxic to cells (data not shown). In VZV-infected CHO-IE␤8
cells, a 65% decrease in ␤-Gal production relative to that in
untreated controls was observed in the continuous presence of
300 g/ml PAA (Fig. 7). These data suggest that the VZV
genome is able to undergo replication in infected CHO-K1
cells. According to this interpretation, amplification of the viral
genome is required for maximal ␤-Gal production in infected
CHO-IE␤8 cells, and the ␤-Gal production that remains above
background in the presence of PAA represents ICP4 activation
caused by incoming tegument proteins and/or viral proteins
produced prior to viral genome replication.
If replication of the VZV genome can occur in CHO-K1
cells, it is possible that the synthesis of viral late gene products
could also occur. To address this possibility, CHO-K1 cells
infected with CF VZV were examined for the presence of gE,
a viral glycoprotein encoded by ORF68 that is known to be
produced with late kinetics (23, 50, 66), by indirect immunofluorescence microscopy. Infected cells were also stained for
IE62 to aid in identifying infected cells. Infected MeWo cells
were stained in parallel as a positive control for IE62 and gE
staining. Neither IE62 nor gE was detected in either MeWo
cells or CHO-K1 cells at 0 hpi (data not shown). At 6 hpi,
MeWo cells and CHO-K1 cells producing IE62 were readily
detected, while cells producing both IE62 and gE were rarely
detected (Fig. 8A to D and I to L). At 24 hpi, MeWo cells and
CHO-K1 cells producing both IE62 and gE were readily detected (Fig. 8E to H and M to P). Using a complementary
approach, the levels of IE62 and ORF68 transcripts in infected
CHO-K1 cells were both observed to increase from 0 to 24 hpi
(data not shown). The appearance of a late gene product in
infected CHO-K1 cells at 24 hpi is consistent with the notion
that replication of the VZV genome occurs in CHO-K1 cells
and indicates that a block to productive VZV infection in these
cells occurs late in the viral life cycle.
Interestingly, the staining pattern observed for IE62 in infected MeWo cells at 24 hpi (Fig. 8E) differed significantly
from that observed in infected CHO-K1 cells at 24 hpi (Fig.
8M). In MeWo cells at 24 hpi, IE62 was located predominantly
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FIG. 7. Presence of PAA results in decreased ␤-Gal production.
CHO-IE␤8 cells were pretreated with 300 g/ml PAA and then inoculated with CF POka. Infections were carried out in the constant
presence of PAA. Cell extracts were prepared at 18 hpi and assayed for
␤-Gal production. The ␤-Gal production values in the presence of
PAA were scored relative to those for untreated, similarly processed
controls (set to 100%). The experiment was performed in triplicate.
The dashed line indicates the increase in ␤-Gal production expected
from cell growth alone.
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in the cytoplasm and excluded from the nucleus, while at 6 hpi
IE62 was located exclusively in the nucleus (Fig. 8A). The
relocalization of IE62 from the nucleus to the cytoplasm late in
the viral life cycle in fully permissive host cells is consistent
with observations made by Kinchington and colleagues (13,
28–30). In CHO-K1 cells, IE62 was located exclusively in the
nucleus at both 6 and 24 hpi (Fig. 8I and M). No evidence of
cytoplasmic IE62 was observed either in infected CHO-K1
cells or in infected CHO-IE␤8 cells (data not shown).
DISCUSSION
One approach to identifying viral entry receptors is based on
identifying cell lines that are resistant to viral entry. These

resistant cell lines can be used for screening of cDNA libraries
containing candidate viral receptor genes, as was done successfully for the identification of HSV-1 entry receptors (40, 67). In
these studies, a reporting system consisting of a lacZ gene
driven by the HSV-1 immediate early ICP4 promoter (ICP4/
␤-Gal) was employed so that HSV-1 entry could be measured
by ␤-Gal production. We wished to test the feasibility of this
approach for identifying VZV receptors by focusing our studies on cultured nonprimate cells, most of which do not support
productive VZV infection. Restriction of productive VZV infection in the rodent cell lines studied here was found to occur
downstream of virus entry, similar to previous observations
made with cultured rat neurons and mouse neuroblastomas (4,
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FIG. 8. VZV late protein gE is produced in infected CHO-K1 cells. Indirect immunofluorescence microscopy images of MeWo and CHO-K1
cells following infection with CF POka are shown. Cells were stained with mouse anti-IE62 monoclonal antibodies, goat anti-gE polyclonal
antiserum, and conjugated secondary antisera (Alexa fluor 488-conjugated donkey anti-mouse for IE62 and Alexa fluor 555-conjugated rabbit
anti-goat for gE); nuclei were stained with Hoechst reagent. Representative fields of infected MeWo cells at 6 hpi and 24 hpi are shown in panels
A to D and E to H, respectively; representative fields of infected CHO-K1 cells at 6 hpi or 24 hpi are shown in panels I to L and M to P, respectively.
Panels A, E, I, and M show IE62 (ORF62) staining, panels B, F, J, and N show gE (ORF68) staining, and panels C, G, K, and O show Hoechst
staining. Merged signals are shown in panels D, H, L, and P.
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sight into the pathogenesis of VZV. Entry studies may also
uncover new means for blocking VZV infection of target cells
and for improving the infectivity of live attenuated varicellazoster vaccines.
This study indicates that restriction of productive VZV infection in CHO-K1 cells occurs after the initiation of virus
gene expression, likely late in the viral life cycle. Even though
at least one late structural protein, gE, is produced in VZVinfected CHO-K1 cells, no evidence of progeny virion production was detected. For CHO-K1 cells infected with PRV, a
10,000-fold reduction in progeny virion production was noted
in comparison to that in fully permissive RK13 cells (45). This
defect could not be corrected by expression of nectin-1,
prompting speculation that the restriction of PRV in CHO-K1
cells occurs during entry as well as at a step(s) downstream.
The postentry block to PRV infection is believed to occur after
early gene expression but has not been characterized further.
In contrast, more modest decreases in progeny virion production were noted in CHO-K1 cells infected with EHV-1 (14)
and in HVEM-expressing CHO-K1 cells infected with HSV-1
(40). Thus, CHO-K1-derived cells are generally considered to
be fully permissive for both EHV-1 and HSV-1.
One striking characteristic of VZV-infected CHO-K1 cells is
the strictly nuclear localization of IE62. IE62 staining in NIH
3T3 cells also appeared to be nuclear (Fig. 1). Phosphorylation
of IE62 by a viral protein kinase encoded by ORF66 is required
in order for IE62 to relocate from the nucleus to the cytoplasm
(13, 28–30). Relocation of phosphorylated IE62 to the cytoplasm enables its incorporation into the tegument of progeny
virions. The nuclear confinement of IE62 and the lack of virion
production that we observed in infected CHO-K1 cells bear
resemblance to observations made with a POka mutant in
which ORF66 production was prevented by stop codon insertion (POka66S). IE62 was observed to be strictly nuclear in
POka66S-infected MeWo cells, and severe defects in progeny
virion formation were also observed in POka66S-infected T
cells (55). The failure of IE62 to reach the cytoplasm may be
one plausible explanation for the failure of progeny virion
production in VZV-infected CHO-K1 cells. While we do not
yet know whether VZV virion formation in CHO-K1 cells is
directly dependent on proper IE62 localization, we speculate
that restriction of VZV in CHO-K1 cells could arise from a
defect in the production of ORF66 and/or its ability to phosphorylate IE62. This defect would prevent IE62 from escaping
the nucleus, which in turn could impair virion assembly. In
contrast to our observations with infected CHO-K1 cells, IE62
staining in rat neurons infected in vivo was observed only in the
cytoplasm, not in the nucleus (18). This pattern of IE62 staining is consistent with that observed in latently infected human
neurons (22, 33). The dissimilarity in IE62 staining patterns
observed for rodent cell lines infected in vitro versus rat neurons infected in vivo lends credence to the notion that infections established in the rat model of VZV latency are not
simply abortive infections. A comprehensive study of viral gene
expression and viral protein localization in a variety of cultured
rodent cells may help to clarify whether rodent models of VZV
latency represent truly latent infections capable of reactivation
or abortive infections. Further studies to elucidate the mechanism of postentry restriction of VZV in nonprimate cells may
uncover new cellular targets for antiviral intervention and lead
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37). Inhibition of infectivity in CHO-K1 cells was observed in
the presence of PAA, and both ORF68 and gE transcripts were
detected in infected CHO-K1 cells. While these observations
support the conclusions that replication of the VZV genome
can take place in CHO-K1 cells and that a block to productive
infection may occur late in the viral life cycle, we do not
presently know if the levels of genome replication in CHO-K1
cells and fully permissive cells are equivalent. Thus, it is possible that a block to productive VZV infection occurs at the
level of genome replication.
In addition to the two species (mouse and hamster) used for
the experiments reported here, we have observed that cultured
chicken embryo fibroblasts also form blue foci after infection
with ROka-lacZ (data not shown). Thus, VZV may be able to
utilize an entry receptor that is conserved across many species.
In this respect, it is worth noting that the M6P-binding domains of CI-MPR, which are implicated to be important for
VZV entry (7, 17, 70), are conserved across many species (10).
The ability of CF VZV to enter CHO-K1 cells is a significant
distinction from HSV-1 and implies that VZV is able to utilize
an entry receptor that is unique from those used by HSV-1.
The existence of novel alphaherpesvirus entry receptors on
CHO-K1 cells has also been postulated for equine herpesvirus
1 (EHV-1) (14) and pseudorabies virus (PRV) (45).
Our findings are consistent with a pathway of CF VZV entry
into CHO-K1 cells that involves cell surface interactions with
heparan sulfate and CI-MPR and that can proceed by a lowpH-dependent endocytic pathway. Receptors for gD do not
appear to play a role in CF VZV entry. This result must be
interpreted with caution because the numbers of surface-localized gD receptors in the CHO-K1-based cell lines utilized for
our analyses are known to be low and to vary between lines
(31). Nevertheless, our results are consistent with the notion
that unique receptors are required for CF VZV entry. It will be
pertinent to determine whether VZV, like HSV-1, utilizes multiple entry receptors and/or multiple entry mechanisms to gain
entry to the different cell types encountered during infection of
the host. The entry of free virions into host cells is relevant for
at least three steps in the most recently proposed model of
primary VZV pathogenesis (32). Infection of a new host is
initiated primarily by airborne free virions released from cutaneous lesions, which invade epithelial cells in the upper respiratory tract. The virus subsequently infects T cells within tonsillar lymphoid tissues; infected T cells then enter the
circulation and transport virus to the skin. Infected T cells do
not undergo fusion with adjacent cells (39, 55), and infected T
cells can produce abundant amounts of complete, enveloped
virions (55). Consequently, the initial infection of T cells and
the spread of virus from T cells to other target cells are both
thought to be mediated by free virions.
We have demonstrated that the ICP4/␤-Gal reporter gene,
combined with a sensitive chemiluminescence-based ␤-Gal detection assay, can monitor VZV entry into small numbers of
target cells at a low MOI. The ICP4/␤-Gal reporter system
should therefore provide a useful tool for further investigations
into VZV entry, including both entry mediated by CF virus and
that mediated by CA virus. Understanding the fundamentals of
CF VZV entry into relevant target cell types, such as human
respiratory epithelial cells and T cells, and how this process is
distinct from entry mediated by CA virus should provide in-
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to the development of suitable nonprimate models for studying
VZV pathogenesis and latency.
ACKNOWLEDGMENTS
We gratefully acknowledge Ann Arvin, Stanford University, for providing CA POka; Jeff Cohen, NIAID, NIH, for providing ROka-lacZ;
David Krah, Merck, for providing CF POka and mock extracts; Gary
Cohen, Roselyn Eisenberg, and Claude Krummenacher, University of
Pennsylvania, for providing CHO-K1, CHO-IE␤8, R3A, M1A, M2A,
and M3A cells; and Bagher Forghani, Department of Health Services,
Richmond, Calif., for providing monoclonal antibodies against IE62.
This work was supported by the Louis and Sidelle Bruckner Memorial Fund (M.J.L.).

20. Goff, S. P. 2004. Genetic control of retrovirus susceptibility in mammalian
cells. Annu. Rev. Genet. 38:61–85.
21. Gold, E. 1965. Characteristics of herpes zoster and varicella viruses propagated in vitro. J. Immunol. 95:683–691.
22. Grinfeld, E., and P. G. Kennedy. 2004. Translation of varicella-zoster virus
genes during human ganglionic latency. Virus Genes 29:317–319.
23. Hood, C., A. L. Cunningham, B. Slobedman, A. M. Arvin, M. H. Sommer,
P. R. Kinchington, and A. Abendroth. 2006. Varicella-zoster virus ORF63
inhibits apoptosis of primary human neurons. J. Virol. 80:1025–1031.
24. Huang, A. S., and R. R. Wagner. 1964. Penetration of herpes simplex virus
into human epidermoid cells. Proc. Soc. Exp. Biol. Med. 116:863–869.
25. Jacquet, A., M. Haumont, D. Chellun, M. Massaer, F. Tufaro, A. Bollen, and
P. Jacobs. 1998. The varicella zoster virus glycoprotein B (gB) plays a role in
virus binding to cell surface heparan sulfate proteoglycans. Virus Res. 53:
197–207.
26. Karger, A., A. Saalmuller, F. Tufaro, B. W. Banfield, and T. C. Mettenleiter.
1995. Cell surface proteoglycans are not essential for infection by pseudorabies virus. J. Virol. 69:3482–3489.
27. Kennedy, P. G., E. Grinfeld, S. Bontems, and C. Sadzot-Delvaux. 2001.
Varicella-zoster virus gene expression in latently infected rat dorsal root
ganglia. Virology 289:218–223.
28. Kinchington, P. R., K. Fite, A. Seman, and S. E. Turse. 2001. Virion association of IE62, the varicella-zoster virus (VZV) major transcriptional regulatory protein, requires expression of the VZV open reading frame 66
protein kinase. J. Virol. 75:9106–9113.
29. Kinchington, P. R., K. Fite, and S. E. Turse. 2000. Nuclear accumulation of
IE62, the varicella-zoster virus (VZV) major transcriptional regulatory protein, is inhibited by phosphorylation mediated by the VZV open reading
frame 66 protein kinase. J. Virol. 74:2265–2277.
30. Kinchington, P. R., and S. E. Turse. 1998. Regulated nuclear localization of
the varicella-zoster virus major regulatory protein, IE62. J. Infect. Dis.
178(Suppl. 1):S16–S21.
31. Krummenacher, C., F. Baribaud, M. Ponce de Leon, I. Baribaud, J. C.
Whitbeck, R. Xu, G. H. Cohen, and R. J. Eisenberg. 2004. Comparative usage
of herpesvirus entry mediator A and nectin-1 by laboratory strains and
clinical isolates of herpes simplex virus. Virology 322:286–299.
32. Ku, C. C., J. Besser, A. Abendroth, C. Grose, and A. M. Arvin. 2005.
Varicella-zoster virus pathogenesis and immunobiology: new concepts
emerging from investigations with the SCIDhu mouse model. J. Virol. 79:
2651–2658.
33. Lungu, O., C. A. Panagiotidis, P. W. Annunziato, A. A. Gershon, and S. J.
Silverstein. 1998. Aberrant intracellular localization of varicella-zoster virus
regulatory proteins during latency. Proc. Natl. Acad. Sci. USA 95:7080–7085.
34. Mao, J. C., and E. E. Robishaw. 1975. Mode of inhibition of herpes simplex
virus DNA polymerase by phosphonoacetate. Biochemistry 14:5475–5479.
35. May, D. C., M. R. Miller, and F. Rapp. 1977. The effect of phosphonoacetic
acid on the in vitro replication of varicella-zoster virus. Intervirology 8:83–91.
36. McFadden, G. 2005. Poxvirus tropism. Nat. Rev. Microbiol. 3:201–213.
37. Merville-Louis, M. P., C. Sadzot-Delvaux, P. Delree, J. Piette, G. Moonen,
and B. Rentier. 1989. Varicella-zoster virus infection of adult rat sensory
neurons in vitro. J. Virol. 63:3155–3160.
38. Milne, R. S., A. V. Nicola, J. C. Whitbeck, R. J. Eisenberg, and G. H. Cohen.
2005. Glycoprotein D receptor-dependent, low-pH-independent endocytic
entry of herpes simplex virus type 1. J. Virol. 79:6655–6663.
39. Moffat, J. F., M. D. Stein, H. Kaneshima, and A. M. Arvin. 1995. Tropism of
varicella-zoster virus for human CD4⫹ and CD8⫹ T lymphocytes and epidermal cells in SCID-hu mice. J. Virol. 69:5236–5242.
40. Montgomery, R. I., M. S. Warner, B. J. Lum, and P. G. Spear. 1996. Herpes
simplex virus-1 entry into cells mediated by a novel member of the TNF/
NGF receptor family. Cell 87:427–436.
41. Moriuchi, H., M. Moriuchi, S. E. Straus, and J. I. Cohen. 1993. Varicellazoster virus open reading frame 10 protein, the herpes simplex virus VP16
homolog, transactivates herpesvirus immediate-early gene promoters. J. Virol. 67:2739–2746.
42. Nicola, A. V., J. Hou, E. O. Major, and S. E. Straus. 2005. Herpes simplex
virus type 1 enters human epidermal keratinocytes, but not neurons, via a
pH-dependent endocytic pathway. J. Virol. 79:7609–7616.
43. Nicola, A. V., A. M. McEvoy, and S. E. Straus. 2003. Roles for endocytosis
and low pH in herpes simplex virus entry into HeLa and Chinese hamster
ovary cells. J. Virol. 77:5324–5332.
44. Nicola, A. V., and S. E. Straus. 2004. Cellular and viral requirements for
rapid endocytic entry of herpes simplex virus. J. Virol. 78:7508–7517.
45. Nixdorf, R., J. Schmidt, A. Karger, and T. C. Mettenleiter. 1999. Infection of
Chinese hamster ovary cells by pseudorabies virus. J. Virol. 73:8019–8026.
46. Pasieka, T. J., L. Maresova, K. Shiraki, and C. Grose. 2004. Regulation of
varicella-zoster virus-induced cell-to-cell fusion by the endocytosis-competent glycoproteins gH and gE. J. Virol. 78:2884–2896.
47. Pertel, P. E., A. Fridberg, M. L. Parish, and P. G. Spear. 2001. Cell fusion
induced by herpes simplex virus glycoproteins gB, gD, and gH-gL requires a
gD receptor but not necessarily heparan sulfate. Virology 279:313–324.
48. Rahaus, M., S. Schunemann, and M. H. Wolff. 1999. Morphological and
biological characteristics of varicella-zoster virus, p. 1–10. In M. H. Wolff, S.

Downloaded from http://jvi.asm.org/ on September 20, 2019 by guest

REFERENCES
1. Annunziato, P., P. LaRussa, P. Lee, S. Steinberg, O. Lungu, A. A. Gershon,
and S. Silverstein. 1998. Evidence of latent varicella-zoster virus in rat dorsal
root ganglia. J. Infect. Dis. 178(Suppl. 1):S48–S51.
2. Banfield, B. W., Y. Leduc, L. Esford, K. Schubert, and F. Tufaro. 1995.
Sequential isolation of proteoglycan synthesis mutants by using herpes simplex virus as a selective agent: evidence for a proteoglycan-independent virus
entry pathway. J. Virol. 69:3290–3298.
3. Banfield, B. W., Y. Leduc, L. Esford, R. J. Visalli, C. R. Brandt, and F.
Tufaro. 1995. Evidence for an interaction of herpes simplex virus with chondroitin sulfate proteoglycans during infection. Virology 208:531–539.
4. Bourdon-Wouters, C., M. P. Merville-Louis, C. Sadzot-Delvaux, P. Marc, J.
Piette, P. Delree, G. Moonen, and B. Rentier. 1990. Acute and persistent
varicella-zoster virus infection of human and murine neuroblastoma cell
lines. J. Neurosci. Res. 26:90–97.
5. Browne, H., B. Bruun, and T. Minson. 2001. Plasma membrane requirements for cell fusion induced by herpes simplex virus type 1 glycoproteins gB,
gD, gH and gL. J. Gen. Virol. 82:1419–1422.
6. Brunell, P. A., L. C. Ren, J. I. Cohen, and S. E. Straus. 1999. Viral gene
expression in rat trigeminal ganglia following neonatal infection with varicella-zoster virus. J. Med. Virol. 58:286–290.
7. Chen, J. J., Z. Zhu, A. A. Gershon, and M. D. Gershon. 2004. Mannose
6-phosphate receptor dependence of varicella zoster virus infection in vitro
and in the epidermis during varicella and zoster. Cell 119:915–926.
8. Cohen, J. I., Y. Wang, R. Nussenblatt, S. E. Straus, and J. J. Hooks. 1998.
Chronic uveitis in guinea pigs infected with varicella-zoster virus expressing
Escherichia coli beta-galactosidase. J. Infect. Dis. 177:293–300.
9. Cole, N. L., and C. Grose. 2003. Membrane fusion mediated by herpesvirus
glycoproteins: the paradigm of varicella-zoster virus. Rev. Med. Virol. 13:
207–222.
10. Dahms, N. M., P. A. Rose, J. D. Molkentin, Y. Zhang, and M. A. Brzycki.
1993. The bovine mannose 6-phosphate/insulin-like growth factor II receptor. The role of arginine residues in mannose 6-phosphate binding. J. Biol.
Chem. 268:5457–5463.
11. Duus, K. M., and C. Grose. 1996. Multiple regulatory effects of varicellazoster virus (VZV) gL on trafficking patterns and fusogenic properties of
VZV gH. J. Virol. 70:8961–8971.
12. Duus, K. M., C. Hatfield, and C. Grose. 1995. Cell surface expression and
fusion by the varicella-zoster virus gH:gL glycoprotein complex: analysis by
laser scanning confocal microscopy. Virology 210:429–440.
13. Eisfeld, A. J., S. E. Turse, S. A. Jackson, E. C. Lerner, and P. R. Kinchington.
2006. Phosphorylation of the varicella-zoster virus (VZV) major transcriptional regulatory protein IE62 by the VZV open reading frame 66 protein
kinase. J. Virol. 80:1710–1723.
14. Frampton, A. R., Jr., W. F. Goins, J. B. Cohen, J. von Einem, N. Osterrieder,
D. J. O’Callaghan, and J. C. Glorioso. 2005. Equine herpesvirus 1 utilizes a
novel herpesvirus entry receptor. J. Virol. 79:3169–3173.
15. Fuller, A. O., R. E. Santos, and P. G. Spear. 1989. Neutralizing antibodies
specific for glycoprotein H of herpes simplex virus permit viral attachment to
cells but prevent penetration. J. Virol. 63:3435–3443.
16. Fuller, A. O., and P. G. Spear. 1987. Anti-glycoprotein D antibodies that
permit adsorption but block infection by herpes simplex virus 1 prevent
virion-cell fusion at the cell surface. Proc. Natl. Acad. Sci. USA 84:5454–
5458.
17. Gabel, C. A., L. Dubey, S. P. Steinberg, D. Sherman, M. D. Gershon, and
A. A. Gershon. 1989. Varicella-zoster virus glycoprotein oligosaccharides are
phosphorylated during posttranslational maturation. J. Virol. 63:4264–4276.
18. Garry, E. M., A. Delaney, H. A. Anderson, E. C. Sirinathsinghji, R. H. Clapp,
W. J. Martin, P. R. Kinchington, D. L. Krah, C. Abbadie, and S. M. Fleetwood-Walker. 2005. Varicella zoster virus induces neuropathic changes in rat
dorsal root ganglia and behavioral reflex sensitisation that is attenuated by
gabapentin or sodium channel blocking drugs. Pain 118:97–111.
19. Geraghty, R. J., C. Krummenacher, G. H. Cohen, R. J. Eisenberg, and P. G.
Spear. 1998. Entry of alphaherpesviruses mediated by poliovirus receptorrelated protein 1 and poliovirus receptor. Science 280:1618–1620.

10333

10334

49.
50.

51.
52.
53.

55.
56.
57.

58.

59.

Schunemann, and A. Schmidt (ed.), Varicella-zoster virus. Molecular biology, pathogenesis, and clinical aspects, vol. 3. Karger, Basel, Switzerland.
Rodriguez, J. E., T. Moninger, and C. Grose. 1993. Entry and egress of
varicella virus blocked by same anti-gH monoclonal antibody. Virology 196:
840–844.
Ruyechan, W., P. Ling, P. R. Kinchington, and J. Hay. 1991. The correlation
between varicella-zoster virus transcription and the sequence of the viral
genome, p. 301–318. In E. K. Wagner (ed.), Herpesvirus transcription and its
regulation. CRC Press, Boca Raton, Fla.
Sadzot-Delvaux, C., S. Debrus, A. Nikkels, J. Piette, and B. Rentier. 1995.
Varicella-zoster virus latency in the adult rat is a useful model for human
latent infection. Neurology 45:S18–S20.
Sadzot-Delvaux, C., M. P. Merville-Louis, P. Delree, P. Marc, J. Piette, G.
Moonen, and B. Rentier. 1990. An in vivo model of varicella-zoster virus
latent infection of dorsal root ganglia. J. Neurosci. Res. 26:83–89.
Sato, H., L. Pesnicak, and J. I. Cohen. 2003. Use of a rodent model to show
that varicella-zoster virus ORF61 is dispensable for establishment of latency.
J. Med. Virol. 70(Suppl. 1):S79–S81.
Sato, H., L. Pesnicak, and J. I. Cohen. 2002. Varicella-zoster virus open
reading frame 2 encodes a membrane phosphoprotein that is dispensable for
viral replication and for establishment of latency. J. Virol. 76:3575–3578.
Schaap, A., J. F. Fortin, M. Sommer, L. Zerboni, S. Stamatis, C. C. Ku, G. P.
Nolan, and A. M. Arvin. 2005. T-cell tropism and the role of ORF66 protein
in pathogenesis of varicella-zoster virus infection. J. Virol. 79:12921–12933.
Shieh, M. T., D. WuDunn, R. I. Montgomery, J. D. Esko, and P. G. Spear.
1992. Cell surface receptors for herpes simplex virus are heparan sulfate
proteoglycans. J. Cell Biol. 116:1273–1281.
Shiraki, K., H. Sato, J. Yamamura, Z. H. Li, T. Yokoyama, T. Hasegawa, T.
Okuno, M. Kurokawa, and S. Kageyama. 1997. Functions of purified gB,
gE:gI, and gH:gL, and their sialyl residues in varicella-zoster virus infection.
Arch. Virol. 142:2295–2301.
Shukla, D., J. Liu, P. Blaiklock, N. W. Shworak, X. Bai, J. D. Esko, G. H.
Cohen, R. J. Eisenberg, R. D. Rosenberg, and P. G. Spear. 1999. A novel
role for 3-O-sulfated heparan sulfate in herpes simplex virus 1 entry. Cell 99:
13–22.
Shukla, D., and P. G. Spear. 2001. Herpesviruses and heparan sulfate: an
intimate relationship in aid of viral entry. J. Clin. Investig. 108:503–510.

J. VIROL.
60. Spear, P. G., R. J. Eisenberg, and G. H. Cohen. 2000. Three classes of cell
surface receptors for alphaherpesvirus entry. Virology 275:1–8.
61. Spear, P. G., and R. Longnecker. 2003. Herpesvirus entry: an update. J. Virol. 77:10179–10185.
62. Takahashi, M., and S. A. Plotkin. 2000. Development of the Oka vaccine,
p. 442–459. In A. M. Arvin and A. A. Gershon (ed.), Varicella-zoster virus
virology and clinical management. Cambridge University Press, Cambridge,
United Kingdom.
63. Tal-Singer, R., C. Peng, M. Ponce De Leon, W. R. Abrams, B. W. Banfield,
F. Tufaro, G. H. Cohen, and R. J. Eisenberg. 1995. Interaction of herpes
simplex virus glycoprotein gC with mammalian cell surface molecules. J. Virol. 69:4471–4483.
64. Taylor-Robinson, D., and A. E. Caunt. 1972. Varicella virus. Springer-Verlag,
New York, N.Y.
65. Turner, A., B. Bruun, T. Minson, and H. Browne. 1998. Glycoproteins gB,
gD, and gHgL of herpes simplex virus type 1 are necessary and sufficient
to mediate membrane fusion in a Cos cell transfection system. J. Virol. 72:
873–875.
66. Vafai, A., Z. Wroblewska, M. Wellish, M. Green, and D. Gilden. 1984.
Analysis of three late varicella-zoster virus proteins, a 125,000-molecularweight protein and gp1 and gp3. J. Virol. 52:953–959.
67. Warner, M. S., R. J. Geraghty, W. M. Martinez, R. I. Montgomery, J. C.
Whitbeck, R. Xu, R. J. Eisenberg, G. H. Cohen, and P. G. Spear. 1998. A cell
surface protein with herpesvirus entry activity (HveB) confers susceptibility
to infection by mutants of herpes simplex virus type 1, herpes simplex virus
type 2, and pseudorabies virus. Virology 246:179–189.
68. Weller, T. H., H. M. Witton, and E. J. Bell. 1958. The etiologic agents of
varicella and herpes zoster; isolation, propagation, and cultural characteristics in vitro. J. Exp. Med. 108:843–868.
69. Wroblewska, Z., T. Valyi-Nagy, J. Otte, A. Dillner, A. Jackson, D. P. Sole,
and N. W. Fraser. 1993. A mouse model for varicella-zoster virus latency.
Microb. Pathog. 15:141–151.
70. Zhu, Z., M. D. Gershon, R. Ambron, C. Gabel, and A. A. Gershon. 1995.
Infection of cells by varicella zoster virus: inhibition of viral entry by mannose 6-phosphate and heparin. Proc. Natl. Acad. Sci. USA 92:3546–3550.

Downloaded from http://jvi.asm.org/ on September 20, 2019 by guest

54.

FINNEN ET AL.

