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Varicella-zoster virus (VZV) is the causative agent of chickenpox and herpes zoster (shingles). After the primary infection, the
virus remains latent in sensory ganglia and reactivates upon weakening of the cellular immune system due to various conditions,
erupting from sensory neurons and infecting the corresponding skin tissue. The current varicella vaccine is highly attenuated in
the skin and yet retains its neurovirulence and may reactivate and damage sensory neurons. The factors involved in neuronal
invasion and establishment of latency are still elusive. Previously, we constructed a library of whole-gene deletion mutants carry-
ing a bacterial artificial chromosome sequence and a luciferase marker in order to perform a comprehensive VZV genome func-
tional analysis. Here, screening of dispensable gene deletion mutants in differentiated neuronal cells led to the identification of
OREF7 as the first known, likely a main, VZV neurotropic factor. ORF?7 is a virion component localized to the Golgi compartment
in infected cells, whose deletion causes loss of polykaryon formation in epithelial cell culture. Interestingly, ORF7 deletion com-
pletely abolishes viral spread in human nervous tissue ex vivo and in an in vivo mouse model. This finding adds to our previous
report that ORF?7 is also a skin-tropic factor. The results of our investigation will not only lead to a better understanding of VZV
neurotropism but could also contribute to the development of a neuroattenuated vaccine candidate against shingles or a vector

for delivery of other antigens.

Varicella—zoster virus (VZV), upon encountering a naive host,
causes a primary infection commonly known as chickenpox
(varicella) (1, 4, 5). The disease is generally considered mild and
self-resolving even in the absence of treatment (2), although oc-
casionally it has severe and lethal consequences (9, 23). The virus
reaches sensory nerve ganglia, where it remains latent for life,
unless temporary or permanent immunosuppressive conditions
within the host facilitate its reactivation as shingles or herpes zos-
ter (HZ) affecting thoracic, cranial, or lumbosacral dermatomes.
Many patients report excruciating and relentless pain during HZ
episodes (16, 34, 36, 44). The reactivation is sometimes associated
with postherpetic neuralgia (PHN), a severe pain along the af-
fected sensory nerves that can linger for years even after the her-
petic rash resolves (4). The drug treatments available to date
against VZV-elicited diseases are useful only in alleviating some of
the symptoms and in shortening the disease duration but cannot
clear the virus or prevent establishment of latency (27, 30). PHN is
difficult to manage, especially in the elderly, who frequently suffer
from other age-related conditions, and the use of the standard
PHN treatment, including tricyclic antidepressants, anticonvul-
sants, and opioids, can be hazardous (16, 36).

Chickenpox was a ubiquitous childhood disease before the an-
ti-VZV vaccination was mandated in 1995 in the United States.
Since then, the numbers of hospitalizations, ambulatory visits,
and deaths caused by primary varicella have decreased dramati-
cally (19, 20). However, there is a certain degree of controversy
surrounding the most commonly used vaccine strain, the live-
attenuated v-Oka, regarding its capacity to protect against reacti-
vation, its mechanistically undefined attenuation, and its known
neurovirulence (19-21, 25). Of special concern is the ability of
v-Oka to cause HZ in vaccinated individuals and even to spread to
naive hosts (32, 49). A clearer view on this issue is delayed by the
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fact that the vaccinated population is now in its teens, while reac-
tivations are commonly expected to occur at age 50 and beyond in
otherwise healthy subjects, although HZ has been reported in peo-
ple of all ages. Moreover, the currently available HZ vaccine is
simply a higher-titer live-attenuated v-Oka inoculum, which is
only 51% effective in lowering the risk of HZ in the elderly and
is contraindicated during pregnancy and for those with active in-
fections or with extremely weakened immune systems (29). A
worrisome rise in shingles occurrence in young healthy adults in
the postvaccination era warrants doubled efforts to prevent this
potentially debilitating disease (33, 52, 53). A safer and more ef-
fective vaccine is highly desirable.

VZV has a 125-kb genome that encodes 70 open reading
frames (ORFs), including factors required for efficient invasion of
and egress from specific tissues during the course of natural infec-
tion. We sought to identify those VZV factors responsible for neu-
rotropism. In our previous studies, we screened a comprehensive
library of whole-gene deletion viral mutants harboring enhanced
green fluorescent protein (EGFP) and luciferase markers to deter-
mine the essentiality of the individual genes for replication in cul-
tured human skin melanoma cells (MeWo) (60). We reported that
18 ORFs (ORF1, -2, -3, -7, -8, -10, -11, -12, -13, -14, -15, -36, -47,
-57, -58, -59, -64/69, and -65) are dispensable for viral replication
and that their deletion mutants grow like wild-type virus in MeWo
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TABLE 1 Summary of the growth abilities of 18 ORF deletion mutants in vitro®

Growth in cell line:

VZV ORF MeWo" ARPE-19" SOC* SH-SY5Y" HSV-1 homolog VZV ORF function

1 + + + + None Transmembrane protein

2 + + + + None Unknown

3 + + + + UL55 Unknown

7 + + - UL51 Tegument protein with unknown function?
8¢ + + + + UL50 Deoxyuridine triphosphatase

10 + + - + UL48 Tegument protein; transactivator of immediate-early genes
11 + + + + UL47 Tegument protein with unknown function?
12 + + + + UL46 Tegument protein with unknown function?
13 + + + + None Thymidylate synthase

14 + + - + UL44 Glycoprotein gC

15 + + + + UL43 Integral membrane protein”

36 + + + + UL23 Deoxypyrimidine kinase

47¢ + + - + UL13 Serine-threonine kinase

57 + + + + None Tegument protein; role in virion egress

58 + + + + UL3 Unknown

59¢ + + + + UL2 Uracil-DNA glycosylase

64/69 + + + + US10 Tegument protein with unknown function?
65 + + + + uUs9 Virion protein involved in axonal transport?

@ The growth abilities of 18 dispensable deletion mutants in MeWo cells and ARPE-19 cells compared to their growth in SH-SY5Y cells and human fetal skin organ cultures (SOC).
“+” denotes normal growth and “—” denotes defective or null phenotypes for the ORF deletion mutants in the respective cell type or in SOC. The ORF7 deletion mutant was the

only mutant with a severe growth defect in SH-SY5Y cells.
b Results from this study.

¢ Results from previous studies.

4 Putative function based on homology.

¢ Partial ORF deletion virus study included.

cells (60). Four of these (ORF7, -10, -14, and -47) were also
deemed skin-tropic, the last three in accordance with previous
publications (8, 40, 41). We further tested these mutants by trans-
fecting viral DNA in a primary permissive cell line, the human
retinal epithelial ARPE-19 cells (50), and found all 18 to be repli-
cation competent (Table 1). We hypothesized that these genes
function as modulators for viral entry, assembly, or egress in dif-
ferent tissues. Of particular interest was whether one or more of
these 18 genes dispensable for viral replication were implicated in
neuronal infection.

In this study, all 18 deletion mutants were tested in a human
neuroblastoma line, SH-SY5Y, following a similar transfection
approach (58-60). We confirmed our results in cultured whole
dorsal root ganglia (DRG) (24), as well as in the SCID-hu DRG
xenograft mouse model established by the Arvin laboratory (55).
We report here that ORF?7 is the first full-length VZV gene shown
to be responsible for neuroinvasion. This characteristic, along
with the previously reported skin tropism, makes ORF7 an attrac-
tive target for the development of novel therapies against both
chickenpox and herpes zoster.

MATERIALS AND METHODS

Viruses. The parental strain p-Oka was used to generate bacterial artificial
chromosome (BAC) luciferase VZV (VZV, .. BAC, designated WT here)
as previously published (60). Briefly, WT was maintained and propagated
in Escherichia coli DY380. Deletion mutants were created by electroporat-
ing PCR-amplified Kan" cassettes with homology arms to the region to be
deleted into WT-containing DY380. The correct colonies were selected on
kanamycin-LB plates and maintained as 10% glycerol stocks. Revertants
were made by rescuing the full-length ORF back into the full deletion
mutant. All primers and viruses, including the ORF7 deletion mutant
(7D) and its rescue virus (7R), utilized in this study were the same as
previously published (60).
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Cells and growth curves. MeWo and ARPE-19 cells were grown in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine se-
rum (FBS), 50 U/ml penicillin, and 50 pg/ml streptomycin (Invitrogen).
Growth curves were performed as follows: 6-well plates of confluent
ARPE-19 cells were infected with 100 (for plaque characterization and
measurements) or with 200 (for growth curves, as indicated in the figure
legends) PFU, at a multiplicity of infection (MOI) of 8.3e—5 or 1.7e—4,
respectively. Plaque diameters were directly measured using the built-in
microruler of the microscope. Growth kinetics measurements were per-
formed by recording luminescence signal (photons/s/cm?*/steradian)
from triplicate samples with the IVIS50 imaging system for 7 days by
adding p-luciferin to a final concentration of 150 wl/ml as previously
described (60). To evaluate the effects of infection treatment in time, we
utilized repeated-measures analysis of variance (ANOVA). Analyses were
undertaken using the program R (http://www.r-project.org/).

SH-SY5Y cells were maintained in DMEM-F-12 (1:1) with 10% FBS,
50 U/ml penicillin, and 50 pg/ml streptomycin. For differentiation, cells
were seeded in 6-well plates, 1 million cells per well. Differentiation was
carried out in two steps: a 5-day treatment with DMEM-F-12 (1:1), 5%
FBS, 50 U/ml penicillin, 50 pg/ml streptomycin, and 50 M retinoic acid,
followed by a 7-day treatment with DMEM-F-12 with 50 U/ml penicillin,
50 pg/ml streptomycin, 50 nM brain-derived neurotrophic factor
(BDNF), and 100 nM nerve growth factor (NGF) (Sigma-Aldrich) as de-
scribed in the work of Encinas et al. (17). Fresh medium was added to the
cultures every third day. Differentiation was determined when cells dis-
played extensive neurite growth. Cells were infected at the completion of
the differentiation treatment (day 12) with 100 PFU/well (MO], 8.3e—5).
Human embryonic stem cell (hESC)-derived neurospheres, containing a
mixture of neurons and neural and glial progenitors, were generated by
coculturing undifferentiated hESCs with murine PA6 stromal cells. This
stromal cell-derived inducing action on hESCs was first described in the
work of Pomp et al. (45). Five or six neurospheres, each containing 1,000
to 5,000 cells, were seeded in 24-well culture dishes on polylysine-
laminin-coated glass coverslips in differentiation medium consisting of
DMEM-F-12 (1:1), B27 supplement (1:50), 2 mM glutamine, 50 U/ml

jviasm.org 8615


http://jvi.asm.org

Selariu et al.

penicillin, 50 pg/ml streptomycin, 10 ng/ml NGF, 5 ng/ml BDNF, and 10
ng/ml neurotrophin 3 (NT3). The medium was changed every 3 days.
hESC-derived neurons were infected with 150 pl cell-free viral suspension
(375 PFU/well; MOI, 0.01 to 0.06) 2 weeks after neurospheres showed
extensive neurite outgrowth, indicating differentiation into neurons.

Cell-associated viruses. Cells seeded in 6-well culture plates were
transfected with 1.5 g purified viral DNA per well using FuGene6
(Roche) according to the manufacturer’s protocol. These cells were prop-
agated, harvested, titrated, and maintained in liquid nitrogen as cell-asso-
ciated viral stocks in FBS with 10% dimethyl sulfoxide (DMSO) (Sigma-
Aldrich).

Cell-free viruses. Cell-free VZVs were provided by Beijing Wantai
Co., Ltd. Briefly, VZV-infected MRC-5 cells were washed with phosphate-
buffered saline (PBS), resuspended in cryoprotective solution (Beijing
Wantai Co., Ltd.), and stored at —80°C. During thawing, frozen cells were
broken by shaking them vigorously with 1-mm glass beads. The viral
samples obtained were frozen for 2 h at —40°C, lyophilized for 16 h at
—25°C, and then brought to 25°C at a speed of 10°C per hour and allowed
to dry at room temperature for 6 h. Titers were determined by infectious
focus assay.

Cell-free inactivated virus purification. MRC-5 cells were infected by
VZV at an MOI of 0.01 and grown at 35°C in DMEM with 2% FBS. The
infected cells were harvested, sonically disrupted, and clarified by centrif-
ugation at 4°C, 3,000 rpm, for 10 min. The virus suspension was inacti-
vated with 1:4,000 B-propionolactone solution at 4°C for 24 h and con-
centrated by filtration through a 300-kDa ultrafiltration membrane. The
concentrated solution was chromatographed at a speed of 5 ml/min over
a60-ml Q Sepharose HP (Pharmacia) column (2.6 by 25 cm) equilibrated
with 10 mM PBS, pH 7.5, on an Akta Explorer 100 fast protein liquid
chromatography (FPLC) system (Amersham Pharmacia). The virus was
eluted with 10 mM PBS (pH 7.5), 350 mM NaCl, and with 10 mM PBS
(pH 7.5), 1 M NaCl. The second eluate was collected and chromato-
graphed through a Sepharose 6FF (Pharmacia) column (2.6 by 95 cm)
equilibrated in 10 mM PBS (pH 7.5), 150 mM NaCl, operated at a pump
speed of 5 ml/min. The first fraction was collected and analyzed by SDS-
PAGE and Western blotting.

Ex vivo DRG cultures and growth curves. Human fetal DRG (1- to
2-mm?) cells were dissected from 18- to 20-week-old spinal cord speci-
mens, obtained in accordance with approved protocols from Zhongshan
Hospital (Xiamen, China). DRG were rinsed in PBS, cleansed of connec-
tive tissue, and maintained at 37°C in 12-well culture plates with 250 wl
DMEM-F-12 (1:1) and 2% FBS overnight (48). Next day, infection was
carried out using cell-free viral suspensions at 100 PFU/well for 24 h. For
daily luciferase activity measurements, fresh medium containing 150
pg/ml p-luciferin was added to the samples and incubated for 10 min at
37°C. The luminescence signal was recorded using the IVIS200 imaging
system and Livelmage software (Xenogen). Fresh medium was added to
the wells before their return to the incubator.

SCID-hu xenografts and growth curves. The SCID-hu DRG xeno-
graft model for studying VZV pathogenesis has been established and ex-
tensively characterized by Arvin et al. (3, 46, 55-57). DRG obtained as
described above were implanted under the kidney capsule of 4- to 6-week-
old male C.B-17scid/scid mice. Visual inspection at 4 weeks postxeno-
transplantation revealed a small (2- to 3-mm?®) well-vascularized graft
attached to the mouse kidney. After 4 weeks, the implants were surgically
exposed and injected with cell-free viral suspensions at 100 PFU. Mice
were injected intraperitoneally with 3 mg p-luciferin before each mea-
surement. Luciferase activity within the implants was measured every 48 h
for 10 days using the IVIS200 imaging system and LiveImage software.

Western blots. Cell-free virus pellets or infected whole-cell lysates
were boiled in lysis buffer with 0.5% beta-mercaptoethanol (Bio-Rad) and
subjected to 12% SDS-PAGE. The proteins were transferred to a polyvi-
nylidene difluoride (PVDF) membrane and probed with mouse mono-
clonal anti-gE (9H8; Abcam), anti-EGFP (a gift from David Dubnau),
anti-ORF7 mouse monoclonal antibody (8H3; T. Cheng and H. Zhu,

8616 jviasm.org

unpublished data), or antiactin mouse monoclonal antibody (sc-8432;
Santa Cruz Biotechnology) and then with horseradish peroxidase (HRP)-
conjugated goat anti-mouse secondary antibodies (Sigma-Aldrich).

IFAs. For the ORF7 colocalization assay, cells were grown on round
glass coverslips (Corning Glass Inc.) in 24-well plates (Falcon; Becton,
Dickinson Labware). After viral infection with 100 PFU/well (MOI,
2.49e—6), cells were fixed in 1% paraformaldehyde (PFA; 10 min at room
temperature) and permeabilized in 0.2% Triton (20 min on ice) by
sequential incubation with primary mouse monoclonal anti-ORF7 anti-
body and rabbit antigiantin (Abcam) or human antimitochondrial anti-
body (Abcam) and Texas Red (TR)- or fluorescein isothiocyanate (FITC)-
labeled secondary antibodies (Vector Laboratories) for 30 min each (all
solutions in PBS). Finally, cells were equilibrated in PBS, stained for DNA
with Hoechst 33258 (0.5 jug/ml), and mounted in Fluoromount-G (Fisher
Scientific). For all other immunofluorescence assays (IFAs), confluent
cells seeded in 6-well plates and infected with 200 PFU per well (MOI,
1.7e—4) were fixed at 7 days postinfection (dpi) and incubated with an-
ti-gE mouse monoclonal antibody (9H8; Abcam). Antibody detection
was performed with Alexa Fluor 594-conjugated anti-mouse secondary
antibodies (Sigma-Aldrich), and antibodies were mounted in Vectashield
mounting solution with 4',6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories) and visualized using AxioVision software (Carl Zeiss Mi-
crolmaging).

For live-cell imaging and plasma membrane staining, confluent
ARPE-19 cells grown on glass coverslips in 6-well plates were infected with
100 PFU (MO, 8.3e—5) of WT and 7D VZV, respectively. After 7 days,
the cells were washed twice with PBS and then incubated for 10 min at
37°C in PBS containing 5 pg/ml Alexa Fluor 594-wheat germ agglutinin
(WGA) and 2 uM Hoechst 33342 (Image-iT live plasma membrane and
nuclear labeling kit; Invitrogen). After incubation, the cells were washed
twice with PBS and mounted on microscope slides for visualization using
an Olympus IX50 inverted fluorescence microscope and images were cap-
tured with a Jenoptik ProgRes C14 camera.

Immunocytochemistry. DRG xenografts were harvested from SCID
mice and immediately fixed in 4% formalin in phosphate buffer (0.1 M,
pH 7.4) and embedded in paraffin. Subsequent treatment for immuno-
histochemical analysis was performed as described above. Three-microm-
eter sections of DRG were stained with mouse anti-VZV gE monoclonal
antibody. WT-infected and 7D-infected DRG at day 10 postinfection were
stained with mouse anti-VZV gE monoclonal antibody (Abcam Co.,
Ltd.), and secondary antibody was biotin-labeled anti-mouse antibody,
detected by using HRP-labeled streptavidin (brown staining) (catalog no.
KIT-9702; Fuzhou Maixin Biotechnology Development Co., Ltd.). Sec-
tions were counterstained with hematoxylin (blue staining).

FISH. For fluorescence in situ hybridization (FISH) detection of viral
(VZV) DNA in the paraffinized tissue section slides, the slides were first
deparaffinized with xylene, rehydrated in an ethanol series (100%, 95%,
70%, and 50%), and rinsed with water. Then, the section was treated for
1 h at 37°C with RNase (Roche; 100 pg/ml in PBS) to remove RNA. After
refixing in 4% paraformaldehyde (10 min at room temperature), samples
were equilibrated in 2X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium
citrate), dehydrated in ethanol (70, 80, and 100% ethanol for 3 min each at
20°C), air dried, and incubated overnight at 37°C with the biotinylated
hybridization probe that was prepared by nick translation using WT
VZV, .. BAC DNA as the template based on the procedure described
previously (51). For DNA detection, probe and cells were simultaneously
heated at 94°C for 4 min to denature DNA. After hybridization, samples
were washed at 37°C with 55% formamide in 2X SSC (twice, for 15 min
each), 2X SSC (10 min), and 0.25X SSC (twice, for 5 min each). Hybrid-
ized probes were labeled with FITC-avidin (Vector Laboratories; 1:500 in
4X SSC plus 0.5% bovine serum albumin [BSA]), and signals were am-
plified by using biotinylated antiavidin (Vector Laboratories; 1:500). Fi-
nally, tissue sections were equilibrated in PBS, stained for DNA with
Hoechst 33258 (0.5 pwg/ml), and mounted in Fluoromount-G.
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FIG 1 ORF?7 is required for VZV replication in human neurons in vitro. (A) ARPE-19 and SH-SY5Y cells were plated on glass coverslips in 6-well tissue culture
plates and infected with 100 PFU of cell-free VZV particles (MOI, 8.3e—5). SH-SY5Y cells were fully differentiated at the time of infection. At 7 dpi, viral plaques
were detected by EGFP expression (green) in WT-, 7D-, and 7R-infected ARPE-19 cells, as well as in WT- and 7R-infected SH-SY5Y cells. Although some isolated
EGFP-positive cells are seen in 7D-infected SH-SY5Y cells, no plaques were detected 7 dpi. (B) hESC-derived neuronal cells, prepared as described in Materials
and Methods, were infected with cell-free WT and 7D VZV, and live cultures were visualized at 2 and 7 dpi. Green-fluorescent plaques were detected in WT but
not in 7D infections at the experimental endpoint, despite the presence of sparse EGFP-positive cells. Right panels in each set represent merged visible and
fluorescence images of the left panels. (C) ARPE-19 and SH-SY5Y cells seeded on glass coverslips in 6-well plates were infected with 100 PFU of WT, v-Oka, 7D,
and 7R cell-free particles and then fixed and probed with mouse monoclonal antibodies against the viral envelope glycoprotein gE (red, upper panels). Nuclei
were detected using DAPI (blue) in the merged lower panels. Plaques were visualized at 7 dpi. Widespread expression of gE in plaque patterns indicates
productive viral replication in all samples except for 7D-infected SH-SY5Y cells, where only a few isolated cells stain positive for gE. Notably, WT, 7R, and v-Oka

showed robust proliferation in SH-SY5Y cells.

Microscopy. ARPE-19 and SH-SY5Y immunofluorescence was de-
tected using an Olympus IX50 inverted fluorescence microscope and pro-
cessed with ImageReady software. The hESC preparations were viewed
with an Olympus IX70 microscope, photographed using a cooled digital
camera (Jenoptiks), and processed using Image] software. Images were
enhanced using Image] and Paint Shop Pro software with all changes in
the images (i.e., contrast, brightness, gamma, and sharpening) made
evenly across the entire field, and no features were removed or added
digitally. For intracellular ORF7 localization assays, cells were examined at
X100 magnification with a Leica TCS SPII confocal laser scanning system.
Digital images obtained were cropped and adjusted for contrast with Pho-
toshop.

For transmission electron microscopy (TEM), DRG xenografts were
fixed in 2% PFA and 2% glutaraldehyde in phosphate buffer (0.1 M, pH
7.4), postfixed with 1% osmium tetroxide, and incubated in 1% aqueous
uranyl acetate overnight. The samples were dehydrated in a series of in-
creasing ethanol concentrations followed by a final propylene oxide step.
The samples were embedded in Embed812. Ultrathin sections (50 to 80
nm) were stained with 3.5% aqueous uranyl acetate for 5 min and with
0.2% lead citrate for 3 min. The sections were analyzed using a
JEM2100HC transmission electron microscope.
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RESULTS
Screening for VZV neurotropic factors. Our previous genome-
wide mutagenesis studies showed that VZV contained 26 nones-
sential ORFs, among which eight ORFs displayed a severe growth
defect in MeWo cells and skin organ cultures, while 18 ORFs were
fully dispensable in MeWo cells and their growth kinetics were
similar to those of WT (60). Among the latter group, four ORFs
encoded skin-tropic factors, including the newly identified ORF7
(60). In order to determine whether any of the 18 dispensable
OREFs encodes neurotropic factors, we transfected differentiated
SH-SY5Y neuroblastoma cells with each of these deletion BAC
DNA mutants. As a control, human retinal pigment epithelial
(ARPE-19) cells were transfected in parallel. Every experiment
was performed in triplicate. The ORF7 deletion mutant (7D) was
the only one unable to form viral plaques in differentiated neuro-
blastoma cells, while the virus grew and spread in MeWo and
ARPE-19 cells (60) (Fig. 1A; Table 1).

In a previous report, we determined that the 7D phenotype was
reversible by rescuing the wild-type ORF7 sequence back into the
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7D mutant genome (rescuant 7R). Construction of 7R was de-
scribed in detail in the work of Zhang et al. (60). In this study, we
used the same 7D and 7R mutant viruses characterized before and
found that 7D had a null phenotype in neuronal cells whereas 7R
grew as well as did the WT (Fig. 1A).

To confirm that ORF7 is required for efficient viral production
in neuronal cells, we infected human embryonic stem cell (hESC)-
derived neurons (37) with WT and 7D cell-free viral particles (Fig.
1B). Two days postinfection, live cultures were microscopically
examined and numbers of EGFP-positive cells were counted and
averaged from 10 fields. Isolated green-fluorescing cells were seen
in both WT (7 EGFP-positive cells per field) and 7D (3 EGFP-
positive cells per field) infections (Fig. 1B, upper panels). After 7
days, however, WT formed large green-fluorescing plaques, while
7D showed only isolated green-fluorescing cells in numbers sim-
ilar to those on day 2 (>5 EGFP-positive cells per field), indicating
that the spread efficiency of 7D was dramatically diminished (Fig.
1B, lower panels). To conclude, no evidence of plaque formation
was detected in the case of 7D at any point postinfection either in
differentiated human neuroblastoma or in genetically normal hu-
man neurons derived from hESC, in contrast to the robust prolif-
eration of WT virus in these cells.

In order to determine whether 7D would be a safer vaccine
candidate against VZV than v-Oka, it was of interest to compare
the phenotype of 7D with that of v-Oka and WT in neurons. To
this end, we performed an immunofluorescence assay of WT-,
v-Oka-, 7D-, and 7R-infected ARPE-19 and SH-SY5Y cells using
antibodies against the most abundant viral envelope glycoprotein,
gE (Fig. 1C). Cells seeded to confluence in 6-well plates were in-
fected with 100 PFU (MOI, 8.3e—5) of each virus and visualized 7
days postinfection. The results indicate that efficient virion pro-
duction is achieved only by v-Oka and WT in differentiated neu-
roblastoma, but not by 7D, and that the defect was rescued in the
7R infection. Although a very few, isolated cells expressing EGFP
or gE were observed in the 7D-infected neuronal cells 7 days
postinfection (Fig. 1A to C), they did not evolve into viral plaques
even 14 days after infection (data not shown). ARPE-19 infection
was performed as a control to verify that 7D does not harbor a
defect in gE expression. These results were confirmed by Western
blotting and PCR (data not shown).

Characterization of ORF7. We used bioinformatic and ho-
mology-based predictions as starting points in an effort to deter-
mine the function of VZV ORF?7. Since 7D is severely impaired in
neurons, it was impractical to study it in this system. We had
noticed that 7D had a phenotype distinct from that of WT in
epithelial cells, so we sought to acquire clues about the role of
ORF?7 by observing infection characteristics in ARPE-19 cells and
extrapolating our findings to neurons.

To date, no information is available on VZV ORF?7 other than
the homology-based prediction that it encodes a nonessential teg-
ument protein possibly involved in viral packaging and/or egress.
VZV ORF7 is homologous to UL51 of the other human alphaher-
pesviruses, herpes simplex virus 1 (HSV-1) and HSV-2, and or-
thologous to several animal herpesviruses, including the suidher-
pesvirus 1 (PrV-1 or SHV-1). The gene is 780 bp long with a
predicted size of 29 kDa (14). Bioinformatic analysis of VZV
OREF?7 resulted in the following predictions: (a) globular protein
with a structured N terminus consisting of random coil/alpha-
helix-rich regions interspaced by extended sheets and a flexible,
disordered proline-rich C terminus (12, 35); (b) globular, soluble
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protein with no predicted transmembrane motifs (18, 28, 38); (c)
four predicted phosphorylation sites but none conserved in the
other human alphaherpesviruses or in PrV-1, suggesting a poten-
tially different pattern or functional significance of ORF7 phos-
phorylation, if it indeed occurs (6, 7); (d) conserved cysteine at
position 9, possible palmitoylation site (47) but no predicted my-
ristoylation or prenylation (farnesyl/geranyl) sites (39). The HSV
homolog UL51 is a tegument phosphoprotein associated with the
trans-Golgi network (TGN) and whose deletion caused a decrease
in titer and in plaque size (13, 42,43). UL51 of PrV-1 is also a TGN
phosphoprotein, suspected to be required for efficient viral sec-
ondary envelopment and egress and whose truncation results in a
small-plaque-size phenotype (31).

As previously reported for UL51 deletion mutants, 7D also
showed a drastic decrease in plaque size in infected ARPE-19 cells,
to approximately 16% of that of the WT, based on averaged mea-
surements of over 40 plaques (Fig. 2A). We also performed a
growth curve assay by infecting ARPE-19 cells with 200 PFU of
cell-free WT, 7R, 7D, and mock, respectively (Fig. 2B). Our results
showed that 7D has a significant growth delay compared to the
WT and 7R viruses, correlating with the observed decrease in
plaque size. In contrast, WT and 7R have comparable plaque sizes
(Fig. 2A) and similar growth kinetics (Fig. 2B, P < 3.95¢—09,
ANOVA).

Live epithelial cells infected with cell-free viruses were visual-
ized at day 7 postinfection (Fig. 2C). After staining for visualiza-
tion of plasma membrane (red) and nuclei (blue) (detailed in
Materials and Methods), syncytium formation, a hallmark of VZV
infection, was readily evident in WT infection (indicated by white
arrows), demonstrating that WT induced cell-to-cell fusion and
formation of multinucleated cellular aggregates. 7D infection
caused discrete changes in morphology (cell rounding); however,
no evidence of polykarya was observed, suggesting that ORF7 may
be involved in the yet-obscure mechanism of plasma membrane
fusion by VZV virions (11). The results shown here were from
experiments performed with cell-free viruses; comparable results
were obtained from cell-associated infections (data not shown).

OREF7 is predicted to be incorporated into the virion as a puta-
tive tegument protein (14). To test this prediction, we generated a
mouse monoclonal antibody (8H3) against ORF7 protein, whose
size is 29 kDa (Fig. 3A), and compared purified virions with in-
fected cell lysates on a Western blot (Fig. 3B). Mouse monoclonal
antibody against the VZV envelope glycoprotein gE (82 to 95 kDa)
was used as virion component positive control. Interestingly, cell-
free virion gE was consistently a faster-migrating species than was
its cell-associated virion counterpart, possibly due to partial diges-
tion of envelope components during purification, although infec-
tivity was not hindered. Anti-EGFP (27-kDa) antibody served as a
negative control because EGFP, although present in the recombi-
nant viral genome, is a self-standing gene under the control of the
simian virus 40 (SV40) promoter; therefore, it only is expressed in
infected cells but is not packaged into the viral particle (58, 60).
Actin served as an additional control to show that cell-free VZV
was free of cellular products. The results indicate that ORF7 pro-
tein is indeed a virion component.

We sought to determine which cellular compartment is popu-
lated by ORF7 protein in infected cells. Figure 3C shows that
OREF7 colocalizes with the Golgi network and not with mitochon-
dria in an immunofluorescence assay using anti-ORF7 (green)
and anti-Golgi antibodies (red, left) or antimitochondrial anti-
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FIG 2 OREF?7 is required for syncytium formation. (A) ARPE-19 cells were infected with 100 PFU of cell-free WT, 7R, or 7D (MO], 8.3e—5) and visualized at 7
dpi. Plaque sizes were averaged from a minimum of 40 plaques per virus. Error bars represent standard errors. Notably, the 7D mean plaque size was about 16%
of that of WT, while WT and 7R plaque sizes were similar. (B) ARPE-19 cells were seeded in 6-well plates and infected with 200 PFU of WT, 7D, or 7R cell-free
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growth kinetic difference between 7D and WT was statistically significant (P < 3.95e—09, ANOVA); however, the presence of 7D plaques suggests that ARPE-19
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arrows indicate multinucleated cells (syncytia) in the WT infection, but no indication of syncytia is seen in 7D. Similar results were obtained using cell-associated

viruses.

bodies (red, right). This finding is consistent with the localization
of ORF7 homologs in HSV-1 and PrV-1, both of which were re-
ported to have a distinct association with the Golgi network in
infected cells (31, 42, 43). The Golgi localization appears consis-
tent in both epithelial cells (Fig. 3D, left) and differentiated neu-
roblastoma cells (right), hinting at the possible role of ORF7 in
virion formation, sorting, or egress.

ORF7 neurotropism in human tissue. To further test ORF7
neurotropism in more physiologically relevant systems, ex vivo
and in vivo infections of dorsal root ganglia (DRG) were per-
formed. In the ex vivo experiment, human fetal DRG were infected
by coincubating DRG and cell-free WT and 7D suspensions (Fig.
4A) (48). The luminescence signal was recorded for 20 days
postinfection as an indirect measure of viral replication within the
tissue samples; 7D had a significantly impaired growth in compar-
ison to the WT. The same defect was recapitulated in the SCID-hu
DRG xenograft mouse model established by the Arvin laboratory
(3, 55, 56). Human fetal DRG xenografts were surgically exposed
and directly injected with 100 PFU of WT, 7D, and 7R live virus
(Fig. 4B). The luminescence signal was recorded for 10 days. As
observed ex vivo, no luminescent signal was detected in the 7D-
infected SCID-hu DRG xenograft. Importantly, 7R grew at the
same rate as did the WT, demonstrating that the defective pheno-
type of 7D is fully restored by rescuing ORF7.

The infected DRG grafts were harvested and fixed for histo-
chemical analysis and immunostaining (Fig. 4C). Large amounts
of viral gE antigen were detected in WT- but not in 7D-infected
neurons or surrounding satellite cells. For WT, the pervasive pres-
ence of gE antigen indicates active viral replication. Vacuolar
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structures might indicate formation of neuron-satellite cell com-
plexes or satellite cell polykarya (black arrows). In contrast, 7D
was unable to propagate within the implant as suggested by the
absence of gE antigen; therefore, the appearance of the DRG is that
of normal tissue.

As seen in Fig. 4D, fluorescence in situ hybridization (FISH) of
DRG xenografts using whole-VZV-genome fluorescently labeled
probes revealed the widespread presence of viral DNA in the nu-
clei of WT-infected neurons (red arrowheads) and satellite cells
(white arrowheads). Clustering of viral DNA in specific intranu-
clear replication centers is an indication of productive replication
(bright green fluorescence). In contrast, no viral DNA was de-
tected in the 7D-infected sample, indicating that deletion of ORF7
halted viral spread in the DRG tissue. This also correlates with the
immunohistochemistry analysis (Fig. 4C). These results confirm
that the absence of ORF7 from the viral genome causes VZV to
lose its ability to spread in human DRG tissue.

TEM analysis of the WT- and 7D-infected samples further con-
firmed the mutant’s inability to replicate in DRG as indicated by
the complete absence of virions or viral capsids (Fig. 5A to C).
Active replication of WT VZV (Fig. 5D) was indicated by the de-
tection of clusters of typical VZV polymorphic virions within the
cytoplasm of neurons and intercellular regions (Fig. 5E) and the
presence of intranuclear capsids (Fig. 5F).

DISCUSSION

VZV is fundamentally different from the simplex viruses and
unique in the herpes paradigm. For instance, VZV has a strict
cellular association in cultured cells and is almost entirely human
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FIG 3 ORF7 is a viral component that localizes to the Golgi network in in-
fected cells. (A) Cell lysates from WT- and 7D-infected cells were subjected to
a Western blot assay and probed with mouse monoclonal antibody against
ORF7 and HRP-conjugated goat anti-mouse secondary antibodies. Probing
with anti-gE antibody (left) served as a positive control. One distinct band of
the anticipated size (29 kDa) corresponding to ORF7 product was detected in
the WT sample (right). (B) WT cell-free purified particles (V) and WT-in-
fected cell lysates (C) were subjected to a Western blot assay using anti-ORF7
(panel 1), anti-gE (panel 2), anti-EGFP (panel 3), and antiactin (panel 4)
mouse monoclonal antibodies. As expected, gE, being a viral envelope constit-
uent, was present in both samples, whereas EGFP and actin were present only
in the cell lysates, since they are not packaged into the virion. ORF7 was de-
tected in the cell-free purified VZV, indicating that it is likely an integral com-
ponent of the virion, as predicted. (C) In order to determine subcellular local-
ization, GFP-negative WT-infected ARPE-19 cells were stained with mouse
anti-ORF7 (green). ORF7 was detected in a discrete punctate pattern in the
perinuclear region. The Golgi network was labeled with rabbit antigiantin
antibodies (red, left), and mitochondria were labeled with human antimito-
chondrial antibodies (red, right). Examples of infected (I) and uninfected (U)
cells are shown with white arrows. Nuclei were visualized using Hoechst 33258
(blue). These images indicate that ORF7 colocalizes with the Golgi network
but not with the mitochondria within infected cells. (D) Mock infected
ARPE-19 cells (left), as well as WT-infected ARPE-19 cells (middle) and SH-
SYS5Y cells (right), were fixed and stained with anti-ORF7 antibodies (red).
ORF?7 has similar distributions in the two cell types.

host restricted. These qualities posed many challenges in the ef-
forts to characterize its genes and set it apart from the other alpha-
herpesviruses, whose host promiscuity and capacity to generate
sufficient amounts of cell-free particles allowed for a much earlier
understanding of their replication and pathogenesis. In order to
circumvent some of the problems in the study of VZV, we utilized
a VZV carrying a bacterial artificial chromosome sequence and a
luciferase marker to generate a library of full and partial gene
deletion mutants, which we screened in melanoma cells and skin
organ cultures (60), in an effort to reveal all the genes involved in
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skin tropism. Here, we addressed the question whether VZV en-
codes factors which render neuronal specificity. To this end, we
selected all 18 VZV genes which were dispensable in MeWo cells
and screened them in differentiated neuron cultures. We found
OREF7 to be the only gene whose absence completely halted viral
spread not only in culture but also in ex vivo DRG and in the
SCID-hu DRG xenograft model.

The SCID-hu DRG xenograft model has been established and
characterized by Arvin’s group (3, 56). The model has proven an
excellent tool for the study of VZV pathogenesis and latency in
human neurons. Moreover, factors implicated in neuropathogen-
esis are being brought to light by employing this model. Zerboni et
al. have also demonstrated that the live-attenuated VZV vaccine
strain has replication properties similar to those of the clinical
VZV isolates, which correlates with our results in differentiated
neuroblastoma cells (54, 56).

All alphaherpesviruses are known for their ability to infect,
remain latent, and reactivate from sensory ganglion neurons.
However, the mechanisms involved in these processes are largely
unknown. While some studies found no evidence of cell-free in-
fectious particles being released from these neurons (10), others
suggest that VZV can be shed from neurons during productive
infection (24, 37). Gowrishankar et al. (24) demonstrated a ratio
of extracellular to intracellular infectious units in intact DRG of
1:16,000 or less, possibly indicating that both cell-to-cell and vi-
rus-to-cell spread mechanisms are in effect. Although seemingly
intact extracellular virions have been observed not only in neu-
rons (37) but also in skin cell culture by electron microscopy (26),
it is unclear why these particles are so rarely infectious in culture,
whereas it is known that cell-free virus is produced and shed for
efficient transmission in the vesicular rashes associated with the
natural infection. In contrast, herpes simplex viruses produce co-
pious amounts of cell-free infectious particles in most cultured
cell types tested, including nonhuman lines.

Another striking VZV feature is its divergent requirement for
certain glycoproteins compared to homologs in herpes simplex
viruses (15). Itis, therefore, not surprising that the VZV homologs
do not necessarily have conserved function across the alphaher-
pesviruses, as we see here in the case of ORF7. The VZV ORF7
gene product has the following characteristics in common with its
homologs: (a) perinuclear/cytoplasmic/Golgi localization, (b)
smaller plaques than WT and altered plaque morphology, (c) dis-
pensability for replication in certain cell lines, (d) similar protein
size (~29 kDa), and (e) a conserved cysteine at position 9—a
potential palmitoylation site for Golgi targeting. However, VZV
OREF7 is only 65% similar and 47% identical in sequence to HSV-1
UL51 and 78% similar and 63% identical to PrV-1 UL51, which
may account for two major differences observed. First, the HSV-1
UL51 deletion mutant showed drastically decreased titers in Vero
kidney epithelial cells, whereas 7D was found to have growth
properties similar to those of WT in MeWo cells (60) but de-
creased replication activity in ARPE-19 cells (this study). Second,
the PrV UL51 deletion mutant is not essential for neuroinvasion,
displaying the same growth curve and killing effect as those of WT
in a mouse model (31), while 7D is unable to grow in differenti-
ated neuronal cells in culture or in DRG ex vivo and in vivo.

Observations on the 7D phenotype in cultured ARPE-19 cells
lead to the conclusion that the ORF7 gene product is involved in
syncytium formation, which might explain its requirement for
efficient VZV replication in skin (60). Moreover, ORF7 protein is

Journal of Virology


http://jvi.asm.org

A B 1E+08
T
1.E+07 r +— WT
—o—WT 7:?,/ \:,‘r B ) T_—4

2 —iD 4 \ 2 " —— TR A1 L
S 1.E+06 / \ 5 ¥
2 D A o
= T % S 1.E+06 Zal
15 » 3 I j/
2 54 1 2 A
o 1.E+05 13z o Y

1.E+04 ; . : .

e 7~
N
$ o~
([

o Kol RS
b ; ’A‘z%

ORF7 of VZV Is a Neurotropic Factor

.

FIG 4 ORF7 is essential for viral replication in human neurons ex vivo and in vivo. (A) Human fetal DRG cultured on NetWell inserts were infected with cell-free
WT and 7D viruses at 100 PFU/well. Over a period of 20 days, the bioluminescence signal was recorded every 48 h with the IVIS system after adding p-luciferin
to the culture medium. The growth curve generated represents total photon counts (photons/s/cm?/steradian) averaged from 4 samples per virus, and the error
bars represent the standard deviations. (B) Human fetal DRG implanted under the kidney capsule of SCID mice were infected by surgical exposure and direct
injection of DRG with 100 PFU of cell-free WT, 7R, and 7D VZV, respectively. Luciferase activity in the infected tissue was detected every other day after
administration of b-luciferin intraperitoneally for 10 dpi. The growth curve was generated from 5 mice per virus as described for panel A. (C) At 10 dpi, WT- and
7D-infected DRG were harvested from SCID mice and fixed. Sections were stained for gE (brown) and counterstained with hematoxylin (blue). Lower panels
represent higher-magnification pictures of selected areas of the upper panels. Red arrowheads indicate neurons. Vacuolization and possible neuron-satellite cell
aggregates (black arrows) were observed in the WT-infected sample, correlating with productive replication and widespread presence of viral gE antigen (brown),
while 7D samples retained normal DRG morphology and no gE was detected. (D) FISH staining of the samples described in panel A was performed using VZV
genomic DNA probes (green). In WT-infected tissue (left panels), intranuclear signal was detected from nuclei of both neurons (red arrowheads) and adjacent
satellite cells (white arrowheads), indicative of active viral DNA replication within intranuclear replication centers. In contrast, 7D DNA was not detected in any

of the samples tested at the experimental endpoint.

a virion component that localizes to the Golgi compartment
within infected cells, suggesting a possible role in efficient viral
packaging and egress.

ORF7 appears to have a determining function in cell-to-cell
fusion, and it is likely to work in conjunction with other viral or
cellular proteins to achieve this effect. Another possible role of
ORF?7 is capsid stabilization, but we believe that this is unlikely,
because 7D should have a uniform phenotype regardless of cell
type. Another possibility might be that ORF7 is important in the
process of viral entry into cells, specifically in fusing the viral en-
velope with the cell membrane. However, it has been speculated
that VZV does not favor this mechanism as a mode of entry, par-
ticularly in epithelial cells, which explains its almost exclusive cell
association in tissue culture (22). VZV, unlike all other alphaher-
pesviruses, is confined to the cell body instead of being released
into the culture medium by cell lysis, which is an indication that
VZV has evolved alternative modes of spread within the host,
favoring cell-to-cell rather than virus-to-cell spread. It was sug-
gested by Gershon et al. (22) that the cation-independent man-
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nose-6-phosphate receptor (MPRci) present on most VZV-per-
missive cells may confine VZV to a cell-associated status by
rerouting nascent virions to the late endosome. This pathway is
averted in suprabasal epidermis keratinocytes, which lose their
MPRci receptors as they mature, thus allowing cell-free particle
release for transmission from one host to another (22). It is not
inconceivable that the cell-associated spread within the host could
be a means to evade the immune system during natural infection
in order to maintain latency (11), in contrast with the cell-free
mode of transmission from host to host.

Finally, our results suggest that the most likely role for ORF7 is
efficient packaging, i.e., targeting to sites of secondary envelop-
ment and/or recruitment of other virion components at these sites
(which may differ according to cell type) and consequently facil-
itation of viral egress. As we noted earlier, we observed isolated
green-fluorescing cells (Fig. 1A and B), which also express the viral
antigen gE (Fig. 1C) in the differentiated neuronal cells infected
with 7D. Although we cannot at this time exclude the possibility
that spurious EGFP expression in the absence of effective viral
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FIG 5 TEM analysis of infected DRG xenografts shows no evidence of virion production in the 7D samples. TEM images taken from 7D (A to C)- and WT (D
to F)-infected DRG samples. The nuclei of sensory neurons (N) and surrounding satellite cells (S) are labeled. In the 7D sample, no evidence of intranuclear
capsids (B; box I'in panel A) or of cytoplasmic virions (C; box II in panel A) and no tissue damage were observed, whereas the WT-infected DRG sample shows
some vacuolization in the plasma membrane region (D), accompanied by the presence of polymorphic virions (white arrows) in the cytoplasm of the infected
neuron (E; box I in panel D), as well as intranuclear capsids (F; box I in panel D).

gene expression could occur, the alternative explanation could be
that the viral mutant entered the cells (albeit with low efficiency),
viral genome replication took place, and structural genes were
expressed (gE); however, viral egress was severely impaired. This
hypothesis is supported by the fact that both PrV-1 and HSV-1
UL51 mutants seem to be defective in secondary envelopment and
accumulate in the perinuclear space after the first envelopment
event (31, 42, 43). Further studies are needed to ascertain whether
this hypothesis is correct.

Syncytium formation may be critical for neuroinvasion; thus, a
polykaryon-defective VZV mutant, such as 7D, would be unable
to efficiently establish infection of neural tissue. It has been sug-
gested that, within human DRG, VZV infects neurons via fusion
of infected satellite cells with the neuronal soma, forming neuron-
satellite cell complexes (46, 56). Since viral spread within nervous
tissue is dramatically impaired, absence of ORF7 may trigger loss
of infectivity specifically due to the incapacity of the virus to fuse
potentially infected satellite cells with sensory neurons; however,
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further evidence is needed to validate this mechanism. An alter-
native possibility is that although in epithelial cells ORF7 works to
sort virions to the Golgi network after the first envelopment event,
the situation is different in neurons. Here, secondary envelop-
ment may occur at a different site, as is the case with HSV-1, which
acquires its secondary envelope from varicosities and growth
cones at the tip of the axons or at axonal mid-distal regions (48). In
this case, ORF7 may be essential for sorting to this secondary
envelopment site, which remains to be determined.

In summary, we report here the discovery and preliminary
characterization of VZV ORF7, the first and, for now, the only
known VZV gene required for viral spread in human neurons.
These findings could open multiple avenues for future investiga-
tions into the mechanism of VZV neuroinvasion, which will have
an important impact upon VZV prevention and therapy. 7D, un-
like the commonly used vaccine strain v-Oka, is a pure and genet-
ically defined strain lacking the ability to infect human skin and
nervous tissue in vivo, thus meeting crucial safety and genetic sta-
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bility criteria for a next-generation chickenpox and shingles vac-
cine. 7D could also be used as a safer viral vector for gene therapy
and for immunization against other viral or even bacterial anti-
gens.
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