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ABSTRACT Although a varicella-zoster virus (VZV) vaccine has been used for many
years, the neuropathy caused by VZV infection is still a major health concern. Open
reading frame 7 (ORF7) of VZV has been recognized as a neurotropic gene in vivo,
but its neurovirulent role remains unclear. In the present study, we investigated the
effect of ORF7 deletion on VZV replication cycle at virus entry, genome replication,
gene expression, capsid assembly and cytoplasmic envelopment, and transcellular
transmission in differentiated neural progenitor cells (dNPCs) and neuroblastoma SH-
SY5Y (dSY5Y) cells. Our results demonstrate that the ORF7 protein is a component of
the tegument layer of VZV virions. Deleting ORF7 did not affect viral entry, viral ge-
nome replication, or the expression of typical viral genes but clearly impacted cyto-
plasmic envelopment of VZV capsids, resulting in a dramatic increase of envelope-
defective particles and a decrease in intact virions. The defect was more severe in
differentiated neuronal cells of dNPCs and dSY5Y. ORF7 deletion also impaired trans-
mission of ORF7-deficient virus among the neuronal cells. These results indicate that
ORF7 is required for cytoplasmic envelopment of VZV capsids, virus transmission
among neuronal cells, and probably the neuropathy induced by VZV infection.

IMPORTANCE The neurological damage caused by varicella-zoster virus (VZV) reacti-
vation is commonly manifested as clinical problems. Thus, identifying viral neuro-
virulent genes and characterizing their functions are important for relieving VZV re-
lated neurological complications. ORF7 has been previously identified as a potential
neurotropic gene, but its involvement in VZV replication is unclear. In this study, we
found that ORF7 is required for VZV cytoplasmic envelopment in differentiated neu-
ronal cells, and the envelopment deficiency caused by ORF7 deletion results in poor
dissemination of VZV among neuronal cells. These findings imply that ORF7 plays a
role in neuropathy, highlighting a potential strategy to develop a neurovirulence-
attenuated vaccine against chickenpox and herpes zoster and providing a new tar-
get for intervention of neuropathy induced by VZV.
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Varicella-zoster virus (VZV) has the smallest double-stranded DNA genome among
the members of human herpesvirus family and encodes at least 70 open reading

frames (ORFs) (1). This highly cell-associated virus follows various infection processes
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and induces differential pathological reactions in distinct tissues (2). During primary
infection, VZV progenies are released into the blood circulation system, where T cells
serve as the vector, causing chickenpox (3). The viral particles are then retrogradely
transported from the sensory nerve terminus to cell bodies in the sensory ganglia,
where VZV establishes lifelong persistence/latency (4). Conditionally, the latent VZV
reactivates in ganglia, anterogradely spreads to the innervated skin, causing herpes
zoster (4). Although productive infection of VZV in skin and circulation system can be
controlled by antiviral medications, no effective therapy has been developed to treat
complications related to VZV neuronal infection, particularly postherpetic neuralgia
(4–6). Understanding the functions of VZV neurotropic gene(s) can facilitate an under-
standing of the mechanisms of VZV-induced neuropathy, leading to the development
of interventional strategies. A previous study identified VZV ORF7 as a neurotropic
factor required for neuronal infection in human dorsal root ganglia (DRG), the most
common site for VZV latency and reactivation (7). However, the role of the ORF7 protein
(pORF7) in VZV replication remains unknown.

A typical VZV replication cycle consists of the following steps: virus entry and
uncoating, viral gene expression and genome replication, nucleocapsid assembly and
egress from nucleus to cytoplasm, virion assembly in the Golgi apparatus, and virion
release and transcellular transmission from host cell to neighboring cells (8–10). The
VZV genome encodes at least 20 tegument proteins with regulatory function or
tegumentation (11). The functions of these tegument proteins are normally relevant to
their subcellular localization. For instance, pORF62, pORF63, and pORF10 are immediate
early regulatory proteins locating within nuclei (12, 13); pORF11 presents in both the
nuclei and cytoplasm, defined as an RNA binding protein, and deletion of ORF11 causes
lower expression of several immediate early proteins (14); pORF12 localizes in the
cytoplasm and indirectly affects cell cycle through the phosphatidylinositol 3-kinase/
Akt pathway (15); and phosphorylation of pORF9 is critical for the egress and matura-
tion of VZV particles (16, 17). pORF7 is a putative tegument protein localizing in the
Golgi apparatus (7). Homologues of pORF7 include the herpes simplex virus 1 (HSV-1)
protein UL51 (pUL51) and pseudorabies virus (PRV) pUL51. HSV-1 pUL51 is a phospho-
protein with a molecular mass of �30 kDa and presents N-terminal palmitoylation-
dependent Golgi localization (18). The UL51 deletion HSV-1 mutant shows defective
nucleocapsid egress and cytoplasmic envelopment (19). Defective cytoplasmic envel-
opment is also observed in UL51 deficient PRV-infected kidney cells (20).

In this study, we used distinct cells—including epithelium ARPE-19 cells, neural
progenitor cells (NPCs), differentiated NPCs (dNPCs), neuroblastoma SH-SY5Y cells
(SY5Y), and differentiated SH-SY5Y cells (dSY5Y)—to decode the function of pORF7. We
analyzed the effect of ORF7 deletion on viral replication processes, including viral entry,
viral gene expression and genome replication, viral particle assembly and envelopment,
and intercellular viral spread. The results showed that pORF7 participates in VZV
cytoplasmic envelopment in neuronal cells which could be a target for the attenuation
of VZV neurovirulence.

RESULTS
ORF7 deletion attenuates VZV replication. To comprehensively evaluate the role

of ORF7 in VZV replication, the growth curves of VZV-rOka (rOka), VZV-7D (7D), and
VZV-7R (7R) in ARPE-19 cells, NPCs, dNPCs, SY5Y cells, and dSY5Y cells were determined
based on luciferase activity (Fig. 1). In the infected ARPE-19 cells, rOka and 7R displayed
identical growth kinetics with the same peak value, whereas 7D showed a significantly
lower peak level after a 24-h delay (Fig. 1A). NPCs and dNPCs were fully permissive for
VZV infection, and the replication levels of rOka and 7R in both cells were similar. 7D
replicated in NPCs, reaching a lower peak with a 48-h delay (Fig. 1B), but 7D replication
was significantly impaired in dNPCs (Fig. 1C). SY5Y and dSY5Y cells fully supported rOka
and 7R infection, but 7D presented a significantly lower and lagged replication without
a clear peak (Fig. 1D), and the replication deficiency was more severe in dSY5Y than in
SY5Y (Fig. 1E). Taken together, rOka and 7R presented almost identical growth kinetics
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in all of the cells tested, replication of 7D was delayed or attenuated, and more
significant effects were observed in dNPCs and dSY5Y. These data confirmed a neu-
rotropic character of ORF7 and indicated that certain steps in the VZV replication cycle
are influenced by ORF7 deletion, especially in differentiated neuronal cells.

FIG 1 Growth of rOka, 7D, and 7R in different cell types. (A to E) Growth curves in ARPE-19 cells (A), NPCs (B), dNPCs (C), SY5Y cells (D), and differentiated
SH-SY5Y (dSY5Y) cells (E). Cultured cells (3.5 � 105 cells per 35-mm dish) were infected with cell-free rOka, 7D, and 7R, respectively, at an MOI of 0.001. Images
of infected cells were captured at 3 dpi are shown (left panel). Scale bar, 50 �m. Growth curves of rOka, 7D, and 7R were generated based on the total photon
counts of luciferase bioluminescence. The virus replication levels were measured every 24 h by adding D-luciferin into the dishes and recording the
bioluminescence signal with an in vivo fluorescence imaging system (IVIS) system. The total photon count values (photons/s/cm2/steradian) for each group at
the indicated time points were collected, and the average was obtained from three independent experiments. The results are represented as averages � the
SD. Significant differences in the replication peak levels between rOka and 7D were observed in all cell groups (**, P � 0.01).
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VZV is a highly cell-associated virus, and its spread mainly depends on cell-cell
transmission (8). At 3 days postinfection (dpi), the plaques and cytopathic effects (CPEs)
were similar for rOka and 7R, but 7D formed smaller plaques with fewer green
fluorescent protein (GFP)-positive cells in ARPE-19 cells, NPCs, and SY5Y cells compared
to rOka. Since the cell morphologies of ARPE-19 cells, NPCs, and SY5Y cells are different,
and the virus growth is also various, distinct plaques and CPEs induced by rOka, 7R, and
7D were therefore observed (Fig. 1A, B, and D). More interestingly, there were no
distinct plaques and CPEs appearing in 7D-infected dNPCs and dSY5Y cells compared
to the rOka infection (Fig. 1 C and E). These data indicated that ORF7 deletion clearly
affects virus transmission in differentiated neuronal cells.

ORF7 deletion impairs VZV transportation in differentiated neuronal cells. To
visualize the transportation of viral particles and identify the effect of ORF7 deletion on
VZV transmission, viruses with small capsid protein ORF23 fused with GFP were applied.
7D-GFP23 (an ORF7 deletion mutant) was generated from VZV GFP-ORF23 (designated
rOka-GFP23) (Fig. 2A, left upper panel), and the absence of pORF7 in 7D-GFP23 was
verified by Western blotting (Fig. 2A, left lower panels). The growth of rOka, rOka-GFP23,
7D, and 7D-GFP23 was determined by plaque-forming assay, but no significant differ-
ences in growth kinetics were observed between rOka-GFP23 and rOka or between
7D-GFP23 and 7D (Fig. 2A, right panel).

rOka-GFP23 and 7D-GFP23 were further used to investigate the differences in viral
transmission between ARPE-19 and dSY5Y cells within the microfluidic devices (21, 22).
SY5Y and ARPE-19 cells were sequentially seeded into the microfluidic chambers (23)
and infected with rOka-GFP23 or 7D-GFP23 at the indicated times. The results at 7 dpi
are shown in Fig. 2B. Prior to virus inoculation, the neuronal terminals of dSY5Y cells
already passed through the microchannel (450-�m length, 10-�m width, and 4-�m
depth), reaching the right chamber, where ARPE-19 cells were cultured. During viral
transmission from ARPE-19 to dSY5Y, the offspring viral particles of rOka-GFP23 and
7D-GFP23 produced in ARPE-19 cells were transported retrogradely to dSY5Y cells. The
invasive rOka-GFP23 particles further replicated in dSY5Y, transmitted to and labeled
adjacent dSY5Y cells with GFP (GFP-positive cells). 7D-GFP23 infection resulted in a
slightly smaller number of GFP-positive ARPE-19 cells compared to rOka-GFP23 infec-
tion at 7 dpi (163 � 12 versus 221 � 18); however, significantly fewer GFP-positive cells
were observed among dSY5Y cells (2 � 1 versus 32 � 7) (Fig. 2B). During viral
transmission from dSY5Y to ARPE-19, rOka-GFP23 infection resulted in more GFP-
positive dSY5Y cells (187 � 31) and more anterogradely labeled GFP-positive ARPE-19
cells (7 � 3). 7D-GFP23 infection resulted in significantly fewer GFP-positive dSY5Y cells
(21 � 2), and no 7D-GFP23 particles transported from infected dSY5Y to ARPE-19; thus,
no GFP-positive ARPE-19 cells were observed. In addition, the damage to dSY5Y cells
caused by 7D-GFP23 infection was milder than that observed for rOka-GFP23 infection
(Fig. 2C). These data demonstrated that ORF7 deletion resulted in attenuated viral
replication and deficient virus transportation in dSY5Y cells, indicating that ORF7 plays
an important role in VZV replication, transportation, and pathogenesis in neuronal cells.

pORF7 resides in the tegument layer of virion. We have previously identified
pORF7 as a virion component (7). ORF7 of VZV, a homologue of UL51 from HSV-1,
potentially encodes a tegument protein (24). However, whether pORF7 resides in the
tegument layer of the virion is unclear. To investigate the localization of ORF7, cell-free
rOka virions were purified and then treated with trypsin with or without detergent.
Samples were analyzed by Western blotting. As expected, the major capsid protein
pORF40 was resistant to trypsin even in the presence of detergent, which is consistent
with the features of a HSV-1 capsid protein (25, 26). Envelope protein gE, which is
located in the exterior of virion, was sensitive to trypsin in the presence or absence of
detergent. Conversely, pORF62, a known tegument protein, was resistant to trypsin
only in the absence of detergent but sensitive to trypsin in the presence of detergent.
pORF7 had a profile similar to that of pORF62 (Fig. 3A), which is more resistant to
trypsin than envelope protein gE but less than capsid protein pORF40. These data
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indicate that location of pORF7 is similar to pORF62 in the tegument layer, between the
envelope and capsid.

The location of pORF7 in virion was also analyzed by immuno-electron microscopy
(immuno-EM). As shown in Fig. 3B, pORF7 appeared in the tegument layer of rOka

FIG 2 Transcellular transmission of VZV. (A) Construction and growth evaluation of 7D-GFP23. The entire ORF7 of rOka-GFP23 was replaced by kanamycin-resistant (Kanr)
gene via homologous recombination in E. coli DY380. The absence of pORF7 in 7D-GFP23 was confirmed by Western blotting (left lower panel). The growth curves
suggest that the growth profiles of rOka-GFP23 and rOka were identical, as well as the growth curves of 7D-GFP23 and 7D. (B) Virus transmission from ARPE-19 cells
to dSY5Y. A diagram of the cell-seeding and virus-inoculating schema is shown (left upper panel); hydrostatic pressure was generated from the difference in medium
height (higher in the left chamber). ARPE-19 cells (5 � 104 cells seeded, right chamber) were infected with 5,000 PFU of rOka-GFP23 (right upper panel) or 7D-GFP23

(right lower panel), and virus transmission and infection signals in dSY5Y cells (2 � 105 cells seeded, left chamber) were examined at 7 dpi. The green viral particles
within the microchannels are indicated by dashed squares and are displayed at higher magnifications (b1 for the rOka-GFP23 particle and b2 for the 7D-GFP23 particle).
The virus particles are indicated by the white arrows. The GFP-positive cells in both chambers were counted and are shown (left lower panel). (C) Virus transmission
from dSY5Y to ARPE-19 cells. The cells were similarly seeded, the rOka-GFP23 and 7D-GFP23 viruses were inoculated into the left chamber, and transmissions from dSY5Y
to ARPE-19 cells were examined at 7 dpi. The GFP-positive cells in both chambers were quantified and are shown.
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virions (black arrows) and in the cytoplasm of rOka-infected cells. In contrast, no pORF7
was observed in 7D viral particles and in the cytoplasm of 7D-infected cells. The capsid
protein ORF40 is a reference for the capsid location, which is closer to the center of
virion than pORF7. These data further confirmed that pORF7 resides in the tegument
layer of VZV virion.

ORF7 deletion does not affect viral entry, genome replication, or expression of
typical viral genes. ARPE-19 cells, dNPCs, and dSY5Y cells were infected with cell-free
rOka, 7D, and 7R viruses, respectively, at a multiplicity of infection (MOI) of 0.001. To
synchronize viral entry, the cells were placed at 4°C, infected with virus, and incubated
for 30 min. After being washed with phosphate-buffered saline (PBS), the cells were
incubated at 37°C and harvested at 10 h postinfection (hpi). The determinations of viral
entry, genome replication, and expression of typical viral genes were conducted by
using immunofluorescence assay (IFA), quantitative PCR (qPCR), quantitative reverse
transcription-PCR (qRT-PCR), and Western blotting. First, gE staining by IFA was used to
indicate viral entry, and the gE-positive cells were counted. No significant differences in
viral entry were observed among the infections of rOka, 7D, and 7R viruses, indicating
that ORF7 deletion has no influence on viral entry (Fig. 4A). Next, the viral genome
replication levels were investigated and found to be indistinguishable among rOka, 7D,
and 7R infections within the first viral replication cycle (Fig. 4B). Similarly, no significant
differences in the transcription levels of the 17 investigated viral genes were observed
among the different infections. The 17 viral genes examined were immediate early
genes (ORF62, ORF63, and ORF61), early genes encoding viral DNA replication associ-
ated proteins (ORF29, ORF6, and ORF8), late genes encoding capsid proteins (ORF23
and ORF40), and glycoproteins (ORF5, ORF9A, ORF14, ORF31, ORF37, ORF50, ORF60,
ORF67, and ORF68) (27–31) (Fig. 4C). The data from 7R were similar to the data for rOka
and 7D (not shown).

FIG 3 Localization of ORF7 in VZV virions. (A) Localization analysis of pORF7 in purified VZV virions.
Purified rOka virions were treated with trypsin in either the presence (�) or the absence (�) of Triton
X-100. Equivalent amounts of cell lysates and virion samples were analyzed by Western blotting for the
indicated viral proteins. (B) Localization of pORF7 in virions examined by immuno-EM. rOka- and
7D-infected ARPE-19 cells were fixed and subjected to a standard immuno-EM procedure. Images were
obtained using a Hitachi H-7000FA transmission electron microscope. The colloidal gold signals of pORF7
in viral particles in the cytoplasm of infected cells are indicated by black arrows. No colloidal gold signal
was observed in 7D-infected cells. The capsid protein ORF40 was also stained to clarify the location.
Colloidal gold is indicated by black arrows. Scale bar, 200 nm.
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Finally, certain tegument proteins can conjugate with glycoproteins and be packed
into viral particles in the Golgi apparatus (32–34). The levels of glycoproteins (gE, gI, gB,
and gN) in rOka-, 7D-, and 7R-infected cells were determined by Western blotting.
pORF7 was absent in 7D-infected cells, and no significant change of the examined
glycoproteins was observed (Fig. 4D). These data demonstrated that ORF7 deletion
does not affect viral entry, the first round of viral genome replication, and the tran-
scription and expression of typical viral genes.

ORF7 deletion impairs cytoplasmic envelopment in dNPCs. Deletion of ORF7
does not affect viral entry, viral genome replication, and gene expression, but typical

FIG 4 Role of ORF7 in viral entry, genome replication, and expression of typical viral genes. ARPE-19 cells, dNPCs, and dSY5Y cells were infected with cell-free
rOka, 7D, and 7R viruses, respectively, at an MOI of 0.001. The cells were harvested at 10 hpi. (A) Entry of the viruses. The harvested cells were fixed and subjected
to gE IFA staining. The gE-positive cells are counted as infected cells with viral entry. (B) Viral genome replication. DNA was extracted from the cells infected
with VZV and the mutants, and viral genome copy numbers were determined by qPCR. (C) Transcription of typical viral genes. Harvested cells were subjected
to RNA extraction, followed by quantitation of the mRNA level of viral genes by qRT-PCR. (D) Expression of typical glycoproteins. Cell lysates were prepared
from the harvested cells. Four representative glycoproteins and pORF7 were detected by Western blotting. All of the results were obtained from three
independent experiments and are represented as averages � the SD or else representative images are shown.
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plaque and CPEs are absent in the 7D-infected dNPCs and dSY5Y cells (Fig. 1). This
prompted us to consider whether deletion of ORF7 impacts the late stage of viral
replication, including nucleocapsid formation, nucleocapsid egress, and cytoplasmic
envelopment, which may in turn result in defective viral particles and affect virus
spread. To address this question, viral particles in rOka- and 7D-infected ARPE-19 cells,
NPCs, dNPCs, and dSY5Y cells were observed by electron microscopy (EM), and the viral
particles were classified and counted.

In the nuclei of rOka-infected dNPCs (Fig. 5A), intact nucleocapsids (Fig. 5A, a1,
green arrow) and empty nucleocapsids (without viral genome) (Fig. 5A, a1, blue arrow)
were observed; in the cytoplasm and cell surface, mature virions (Fig. 5A, a2, green
arrow) and hollow particles without nucleocapsids (Fig. 5A, a2, blue arrow) were
observed. Similarly, in the nuclei of 7D-infected dNPCs (Fig. 5B), intact (green arrow)
and empty nucleocapsids (blue arrow) were observed, and the ratio of intact to empty
nucleocapsids was consistent with that in nuclei of rOka-infected dNPCs (Fig. 5B, b1 and
b2), indicating that nucleocapsid assembly in nuclei was not affected by ORF7 deletion.
However, no mature virion was definitely observed in the cytoplasm, and almost all the

FIG 5 Viral particles in rOka- and 7D-infected dNPCs. (A) rOka-infected dNPCs. Normal VZV particles were observed in the
nucleus (a1, capsids with genome, green arrow; capsids without genome, blue arrow) and in the cytoplasm and on the cell
surface (a2, intact virion, green arrow; hollow particle, blue arrow), respectively. (B) 7D-infected dNPCs. 7D nucleocapsids
were observed in the nucleus (b1 and b2, capsids with genome, green arrow; capsids without genome, blue arrow).
Envelope-defective particles (red arrows) were captured in the cytoplasm (b3-b5). “Nu” and “Cy” indicate the nucleus and
cytoplasm, respectively.
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viral particles were envelope defective (red arrows) (Fig. 5B, b3, b4, and b5). These data
indicated that pORF7 involves in cytoplasmic envelopment in dNPCs.

ORF7 deletion impairs cytoplasmic envelopment in dSY5Y. Consistent with the
observations for the rOka-infected dNPCs, intact and empty nucleocapsids in nuclei,
mature virions, and hollow particles in the cytoplasm were observed in rOka-infected
dSY5Y cells (Fig. 6A, a1 and a2). In 7D-infected dSY5Y cells, nucleocapsids in the nuclei
were similar to those in rOka-infected dSY5Y cells and dNPCs, and no nucleocapsid
accumulation in nuclei and around the nuclear membrane was observed (Fig. 6B, b1
and b2). However, cytoplasmic envelopment of nucleocapsids in 7D-infected dSY5Y
cells was severely impaired, and no intact virion was observed, whereas an increased
number of envelope-defective particles was clearly observed (Fig. 6B, b3, b4, and b5,
red arrows). These results suggested that cytoplasmic envelopment is impaired by
ORF7 deletion in dSY5Y cells.

Viral particles in rOka- and 7D-infected ARPE-19 cells (Fig. 7) and NPCs (Fig. 8) were
also analyzed. The results from rOka- and 7D-infected ARPE-19 cells were similar to that
from rOka- and 7D-infected NPCs. ORF7 deletion also results in cytoplasmic envelop-
ment deficiency in ARPE-19 cells and NPCs, but it is not as severe as that in dNPCs and

FIG 6 Viral particles in rOka- and 7D-infected dSY5Y cells. (A) rOka-infected dSY5Y cells. Normal VZV particles were
observed in the nucleus (a1, capsids with genome, green arrow; capsids without genome, blue arrow), and in the
cytoplasm (a2, intact virion, green arrow; hollow particle, blue arrow), respectively. (B) 7D-infected dSY5Y cells. 7D
nucleocapsids were observed in the nucleus (b1 and b2, capsids with genome, green arrow; capsids without genome, blue
arrow). Envelope-defective particles (red arrows) were captured in the cytoplasm (b3 to b5). “Nu” and “Cy” indicate the
nucleus and the cytoplasm, respectively.
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dSY5Y cells, since mature virions appeared in the cytoplasm of 7D-infected ARPE-19
cells (Fig. 7B, b3 and b4) and NPCs (Fig. 8B, b4 to b6).

To further demonstrate the cytoplasmic envelopment deficiency induced by ORF7
deletion, viral particles in cytoplasm were analyzed according to composition of viral
particles. There were three major types of viral particles observed in the cytoplasm:
hollow particles, envelopes without nucleocapsid particles (blue column), and
envelope-defective particles with nucleocapsids (red column) and virions (green col-
umn). Particles were counted in five cells randomly selected from the three indepen-
dent experiments, and the results from rOka- or 7D-infected ARPE-19 cells, NPCs,
dNPCs, and dSY5Y cells are shown in Fig. 9A, B, C, and D, respectively. A dramatic
increase in the number of envelope-defective particles and decrease in virion number
were clearly observed in 7D-infected cells compared to rOka-infected cells; notably, no
virions were observed in 7D-infected dNPCs and dSY5Y cells. The severity of cytoplas-
mic envelopment deficiency in 7D-infected dSY5Y cells and in dNPCs was similar. These
results indicate that ORF7 plays an important role in cytoplasmic envelopment in
neuronal cells, clarifying the underlying mechanisms associated with the in vivo neu-
rotropic characteristics of ORF7.

DISCUSSION

VZV infection-associated neuropathy is an important clinical complication. Shingles
is the most common clinical manifestation, resulting from reactivation of latent/
persistent VZV in neuronal cells, and relies on viral replication within neurons spreading
to neighboring neurons or innervated nonneuronal cells (e.g., epithelial cells). Vacci-
nation in childhood cannot prevent shingles, since the vaccinated virus still can
potentially establish latency in DRG (2). Therefore, intervention by selectively impairing
VZV replication in neuronal cells and the ability to spread to adjacent neurons can be
a novel strategy for the treatment of VZV-associated neuropathy.

ORF7 of VZV has been identified as an in vivo neurotropic factor whose mutation has
the potential to limit the neurological damage (7), but its function is unclear. In the
present study, the role of pORF7 in the VZV replication cycle has been comprehensively

FIG 7 Viral particles in rOka- and 7D-infected ARPE-19 cells. (A) rOka-infected ARPE-19 cells. Normal VZV particles were
observed in the nucleus (a1 and a2, capsids with genome, green arrow; capsids without genome, blue arrow) and in the
cytoplasm and on the cell surface (a3 and a4, intact virion, green arrow; hollow particle, blue arrow), respectively. (B)
7D-infected ARPE-19 cells. 7D nucleocapsids were observed in the nucleus (b1 and b2, capsids with genome, green arrow;
capsids without genome, blue arrow). Envelope-defective particles (red arrows) were captured in the cytoplasm and on the
cell surface (b3 and b4). “Nu” and “Cy” indicate the nucleus and the cytoplasm, respectively.
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characterized in ARPE-19 cells, NPCs, and SY5Y cells and in differentiated neuronal
dNPCs and dSY5Y cells. A delayed or attenuated growth of 7D was observed in all the
cells examined, and a severe impairment in transcellular spread of 7D in differentiated
neuronal cells was found. Moreover, we demonstrated that ORF7 deletion does not
affect viral entry, genome replication, and the expression of typical viral genes, indi-
cating that, as an identified in vivo neurotropic factor, ORF7 is not a ligand that is used
for viral entry to neuronal cells and thus is not associated with in vitro cell tropism.

If ORF7 does not play a vital role in regulating viral genome replication and gene
expression, could ORF7 affect the late stage of replication and VZV-induced neuropa-
thy? We found that pORF7 is located in the tegument layer, indicating that it is a
structural protein similar to pUL51 of HSV-1 and PRV (18–20, 35, 36). Normally, when
viral particles within vesicles have completed the secondary envelopment in the Golgi
apparatus, they are transported to the cell surface and neuronal terminals to invade
neighboring cells (8, 37, 38). 7D virus infection causes smaller plaques in ARPE-19 cells,
NPCs, and SY5Y cells; no distinct plaque was observed in differentiated neuronal cells
of dNPCs and dSY5Y compared to the rOka virus infection, and 7D transmission from
dSY5Y cells to ARPE-19 cells was severely impaired. All of these data indicate that the
deletion of ORF7 affects virus trafficking and spread, which is consistent with the

FIG 8 Viral particles in rOka- and 7D-infected NPCs. (A) rOka-infected NPCs. Normal VZV particles were observed in the
nucleus (a1 and a2, capsids with genome, green arrow; capsids without genome, blue arrow) and in the cytoplasm and
on the cell surface (a3 to a5, intact virion, green arrow; hollow particle, blue arrow), respectively. (B) 7D-infected NPCs. 7D
nucleocapsids were observed in the nucleus (b1 and b2, capsids with genome, green arrow). Envelope-defective particles
(red arrows) were captured in the cytoplasm (b3 to b6). “Nu” and “Cy” indicate the nucleus and the cytoplasm, respectively.
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tegument proteins of other herpesviruses. For example, PRV-UL37 and HSV-1 UL37 play
an important role in virus trafficking to cell junctions for cell-to-cell spread (39, 40).
UL37 interacts with UL36 to recruit capsids (41), associating with the host protein
dystonin/BPAG1 (42) for microtubule-based transportation (43). How ORF7 affects
trafficking of viral particles needs to be further studied.

Tegument proteins also affect morphogenesis at the late stage of infection, which
in turn impacts the integrity of viral particle structure and the stability of viral particles
(18–20, 35, 36). In the nuclei of 7D-infected cells nucleocapsids were not affected, but
in the cytoplasm of 7D-infected cells the number of defective viral particles, namely,
envelope-defective particles, increased dramatically. This indicates that pORF7 is in-
volved in secondary envelopment, probably by conjugating with other tegument
proteins or glycoproteins to facilitate the formation of a tegument-glycoprotein com-
plex to aid in anchoring the envelope layer to the capsid outer surface (35, 36).
Interestingly, the severity of envelopment deficiency caused by ORF7 deletion is
different among the various cells used. Envelopment deficiency was more severe in
dNPCs and dSY5Y cells than in ARPE-19 cells and NPCs. In the absence of pORF7, 7D
might hijack other cellular machinery in certain cells to compensate for the loss of this
tegument protein, as observed in other herpesviruses. For instance, in the absence of

FIG 9 Particles in cytoplasm of rOka- and 7D-infected cells. ARPE-19 cells (A), NPCs (B), dNPCs (C), and dSY5Y cells
(D) were infected with rOka and 7D. Cytoplasmic viral particles were counted from five random infected cells from
three independent experiments. Hollow particles, particles with a viral envelope but no capsid core (blue column);
envelope-defective particles, particles with a capsid core but without complete envelope (red column); intact
virions, particles with complete envelope, tegument layer, and capsid core (green column). No intact virions were
observed in 7D-infected dNPCs and dSY5Y cells.
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tegument proteins US3, UL47, or UL49, cellular F-actin is incorporated into the recom-
binant PRV particles to produce mature virions (44, 45). HSV-1 pUL37 recruits pUL36 (41,
46, 47) and interacts with glycoprotein K and membrane protein UL20 for efficient
cytoplasmic envelopment (48). Intact virions were produced in 7D-infected ARPE-19
cells and NPCs, but not in the differentiated neuronal cells of dNPCs and dSY5Y. The
difference in the production of virions between 7D-infected ARPE-19 cells/NPCs and
differentiated neuronal cells may be related to the cellular environment. Certain cellular
factor(s) may also be involved in the envelopment of VZV, but how ORF7 mediates VZV
cytoplasmic envelopment and the interaction with cellular factor(s) needs to be spec-
ified.

In summary, ORF7 deletion attenuates the VZV replication in ARPE-19 cells and NPCs
and severely impairs viral replication and neurovirulence in differentiated neuronal
cells. 7D shows impaired transneuronal transmission and an impaired capacity for
producing intact virions in neurons and for spreading to neighboring neurons or
innervated nonneuronal cells. These results suggest that 7D could be a basis for a safer
vaccine.

MATERIALS AND METHODS
Ethics statement. The Wuhan Institute of Virology Institutional Review Board approved

(WIVH10201202) the isolation of primary human NPCs from postmortem fetal embryonic tissue and
waived the need for consent. The isolated NPCs are maintained in our laboratory and complied with the
rule that NPCs must be less than nine passages (49).

Cells and cell culture. ARPE-19 cells (ATCC, CRL-2302) were grown in Dulbecco modified Eagle
medium (DMEM) with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100 U/ml and 100
�g/ml), all from Gibco/Life Technology. NPCs were isolated from the postmortem neonate brain tissue
and cultured as described previously (21). To differentiate NPCs toward neurons, monolayer NPCs were
cultured in the presence of 25 ng/ml human basic fibroblast growth factor 2 (FGF-2), 20 ng/ml nerve
growth factor (NGF), and 10 ng/ml brain-derived neurotrophic factor (BDNF), all from Prospec; 100 �M
dibutryl cyclic AMP (Selleck); and 1 �M retinoic acid (Sigma) for 10 days as described previously (50). The
differentiated NPCs were designated dNPCs. SH-SY5Y (designated SY5Y, ATCC, CRL-2266) cells were
maintained in DMEM-F12 containing 10% FBS. To differentiate SY5Y cells toward neurons, cells were
treated with 50 �M retinoic acid for 5 days, followed by treatment with neurotropic growth factors (100
nM NGF and 50 nM BDNF) for 7 days (23). The differentiated SY5Y cells were designated dSY5Y.

Viruses and infection. rOka, 7D, and 7R were all derived from the parental wild-type Oka strain (7).
rOka contains a GFP coding gene and a luciferase gene in the genome and has been shown to have
growth kinetics similar to those of the parental Oka strain (51). 7D is constructed by deleting the ORF7
gene from the rOka genome, and 7R is a revertant virus of 7D (7).

Generation of 7D-GFP23. VZV GFP-ORF23 (rOka-GFP23), a gift from Paul Kinchington (University of
Pittsburgh), is a recombinant virus with GFP fused to the N-terminal end of the small capsid protein
encoded by ORF23 (pORF23) (52). The entire ORF7 gene was deleted from the rOka-GFP23 genome via
homologous recombination in Escherichia coli DY380, and the corresponding recombinant virus was
obtained by transfecting the ARPE-19 cells with the generated construct using SuperFect transfection
reagent (Qiagen) as described previously (53). The resulting ORF7-deficient GFP-tagged virus was
designated 7D-GFP23.

Preparation of cell-free virus. Cell-free viruses of rOka, 7D, 7R, rOka-GFP23, and 7D-GFP23 were
prepared as described previously, with slight modifications (54). Briefly, the viruses were propagated in
ARPE-19 cells and harvested when �80% of the cells displayed severe CPEs. Supernatant (supernatant-A)
and cells were collected separately. Cells collected from five T-175 flasks were resuspended in 10 ml of
DMEM and sequentially treated by ultrasonication (Sonics Vibra-Cell; 20 kHz, 45% amplitude, 15 s) to
release viral particles and low-speed centrifugation (Eppendorf rotor F-34-6-38; 1,000 � g, 5 min, 4°C)
to remove cell debris. The obtained supernatant was combined with supernatant-A and subjected to
high-speed centrifugation (Beckman rotor SW32; 80,000 � g, 3 h, 4°C) to concentrate the viruses.
Obtained sediments were resuspended in small volume DMEM. Virus titers were determined by a
plaque-forming assay in ARPE-19 cells.

Virus infections were performed with prepared cell-free viruses at an MOI of 0.001. Virus entry was
synchronized by placing cells at 4°C for 30 min; the cells were then infected with viruses, followed by
incubation for 30 min. After being washed with PBS, the cells were switched to a 37°C incubator for
further culture.

Virus growth curve. ARPE-19 cells, NPCs, dNPCs, SY5Y cells, and dSY5Y cells were cultured in dishes
(3 � 105 cells per 35-mm dish), which were then divided into four groups, comprising infection (at an
MOI of 0.001) with rOka, 7D, or 7R or mock infection (isovolumetric culture medium). rOka, 7D, and 7R
viruses have luciferase as a reporter. The luciferase activity was measured daily by adding fresh medium
containing 150 �g/ml D-luciferin into each dish, followed by incubation for 10 min at 37°C. The
luminescent signal was recorded using a Maestro in vivo fluorescence imaging system (IVIS; CRi).
Luciferin-containing medium was replaced by fresh medium after each measurement (7).
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Similarly, to evaluate the growth features of rOka-GFP23 and 7D-GFP23 and to compare them with
rOka and 7D, ARPE-19 cells were infected with rOka, rOka-GFP23, 7D, and 7D-GFP23, respectively, at an
MOI of 0.001. Samples were collected daily. Since rOka-GFP23 and 7D-GFP23 do not have a luciferase
reporter, virus titers were determined by a plaque-forming assay, and the average titers were taken from
three independent experiments.

Immunofluorescence assay. To determine the entry of VZV particles, 35-mm coverglass-bottom
dishes (Nest Biotechnology) containing ARPE-19 cells, dNPCs, and dSY5Y cells (3 � 105 cells per dish)
were placed at 4°C and infected with rOka, 7D, or 7R, respectively, at an MOI of 0.001. To synchronize
virus entry, the cells were maintained 4°C for 30 min and then switched to 37°C for 1 h to allow virus
entry. After incubation, the cells were washed with fresh medium three times to remove free virus; the
cultures were then continued at 37°C until harvesting. At 10 hpi, the cells were fixed with 4%
paraformaldehyde (PFA), permeabilized, and subsequently incubated with mouse anti-gE antibody (9H8;
Abcam) and Alexa Fluor 594-conjugated goat anti-mouse IgG antibody (A11032; Invitrogen) as described
previously (49). Cell nuclei were counterstained with Hoechst 33342 (catalog no. 62249; Thermo Fisher
Scientific). Samples were observed under a Nikon Eclipse 80i fluorescence microscope. All of the
gE-positive cells were counted.

Virus transmission in microfluidic device. The microfluidic culture platform was fabricated accord-
ing to a previously described protocol (21). The microchannel mask is designed to generate a micro-
channel 450 �m in length, 10 �m in width, and 4 �m in depth (Nanjing Microclear Electronics
Technology, China). In addition, the photoresist products SU-8 GM 1050 and GM 1075 (Gersteltec Sarl),
propylene glycol methyl ether acetate (Sigma), a chamber mask (Nanjing Microclear Electronics Tech-
nology), and polydimethylsiloxane (Sylgard 184; Dow Corning) were used to fabricate the microfluidic
devices. SY5Y cells (2 � 105) were seeded into the left chamber and differentiated as described above,
and axonal fibers of dSY5Y cells were allowed to pass through the microchannels. Five days after the
SY5Y cells were seeded, ARPE-19 cells (5 � 104) were seeded into the right chamber. rOka-GFP23 and
7D-GFP23 viruses (5,000 PFU), whose capsid is labeled by fused GFP, were inoculated into the chamber
containing dSY5Y or ARPE-19 cells at 12 days after seeding with SY5Y cells. To generate and maintain
hydrostatic pressure, the medium was refreshed daily, and the volume in the chambers was maintained
at 200 �l in the virus inoculation chamber and at 400 �l in the opposite chamber. To prevent virus flow
from the inoculation chamber to the opposite one, the medium volume in the virus inoculation chamber
was always maintained at a lower value relative to the opposite chamber (22).

Analysis of ORF7 localization in purified VZV virions. rOka virions were purified by a procedure
modified from a previously described method (55). Briefly, cytoplasmic extract was prepared from
rOka-infected ARPE-19 cells when 90% of the cells showed CPEs. The cells were homogenized using a
rotary homogenizer. The clarified cytoplasmic extract was centrifuged through a linear 20 to 50% sucrose
gradient. The band at the 40 to 50% sucrose interface, which contains enveloped virions, was harvested.
The collected band was washed with PBS and further purified by centrifugation (Beckman rotor SW28;
71,934 � g, 24 h, 15°C) with linear 30 to 0% reverse glycerol/0 to 50% potassium tartrate gradients. The
further purified virions were treated with trypsin (0.15 mg/ml) either in the presence or in the absence
of 1% Triton X-100 for 10 min at 37°C. The proteolysis reaction was terminated by adding trypsin inhibitor
(1.5 mg/ml; T2011; Sigma). Equivalent amounts of cell lysates and virion samples were boiled in lysis
buffer containing 0.5% �-mercaptoethanol (Sigma) and processed for Western blotting (as described
below). Mouse monoclonal antibodies against gE (clone 4A2), ORF7 (clone 8H3), ORF40 (clone 10F2), or
ORF62 (clone 1B7) (all made in the lab) were used as primary antibodies (56, 57).

Western blotting. To determine the levels of viral proteins during the first round of infection in
ARPE-19 cells, dNPCs, and dSY5Y cells, cells (3 � 106 per 100-mm dish) were infected with rOka, 7D, and
7R (MOI 	 0.001), respectively, and collected at 10 hpi. To verify the absence of ORF7 in 7D-GFP23,
ARPE-19 cells were infected with rOka-GFP23 and 7D-GFP23 viruses (MOI 	 0.001) in parallel and
harvested at 72 hpi. Cell pellets were snap-frozen in liquid nitrogen and stored at �80°C. Cell lysates
were prepared, and the protein concentration was quantitated as described previously (49, 58). Equal
amounts of protein from each sample were subjected to SDS– 8% PAGE, transferred to polyvinylidene
difluoride membrane (Millipore), and blotted sequentially with primary anti-ORF7 (clone 8H3), anti-gE
(clone 4A2), anti-gI (clone 8C4), anti-gB (clone 10E10), or anti-gN (clone 12E10) (all made in the lab) or
anti-actin (sc-8432; Santa Cruz Biotechnology) antibodies and with horseradish peroxidase-conjugated
goat anti-mouse IgG secondary antibody (Santa Cruz Biotechnology).

qPCR and qRT-PCR. Infected cells were collected at 10 hpi and processed for extraction of DNA
and RNA using a TIANamp virus DNA/RNA kit (Tiangen) according to the manufacturer’s instructions.
Total RNA was extracted by using TRIzol Reagent (TaKaRa), followed by treatment with 10 U of DNase
(TaKaRa). RNA was reverse transcribed using an RT master mix Perfect-Real-Time kit (PrimeScript; TaKaRa).
qPCR was performed on a real-time thermocycler (Bio-Rad; Connect) using SYBR green PCR master mix
(Applied Biosystems) in a 20-�l reaction for 40 PCR cycles as described previously (49, 58, 59). DNA
samples were amplified, along with standard rOka genome DNA. cDNA samples were amplified, along
with GAPDH plasmid. The VZV genome copy number was calculated according to the quantity of ORF40
and ORF62. All primers used in qPCR analysis were listed in Table 1.

Electron microscopy. ARPE-19 cells, NPCs, dNPCs, SY5Y cells, and dSY5Y cells were infected with
rOka and 7D at an MOI of 0.001. rOka- and 7D-infected cells were harvested at 3 and 5 dpi, respectively,
and fixed with 2.5% glutaraldehyde, followed by postfixation with 1% osmium tetroxide, dehydration in
an ethanol series, and embedding with an Embed 812 kit (Electron Microscopy Sciences, Fort Washing-
ton, PA). The sections were sequentially stained with 3.5% aqueous uranyl acetate and 0.2% lead citrate.
To analyze pORF7 and pORF40 localization in the virion, infected cell samples were fixed with fixative
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solution containing 3% PFA and 0.1% glutaraldehyde, dehydrated, and embedded with LR White. The
sections were sequentially stained with anti-ORF7 (clone 8H3) or anti-ORF40 (clone 10F2) and 10-nm gold
colloid-labeled goat anti-mouse IgG (GA1004; Boster). Images were obtained by using a Hitachi H-7000FA
transmission electron microscope.

Statistical analysis. For growth curve, virus entry, qPCR, and qRT-PCR analyses, each experiment was
performed in triplicate, and the results are presented as means � the standard deviations (SD) from three
independent experiments. A Student t test was performed to analyze the statistical significance between
different virus infections. Differences were considered to be significant when P � 0.05.
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TABLE 1 Primers used for qPCR and qRT-PCR

Gene Orientationa Sequence (5=-3=) Product size (bp)

ORF61 F ACATCCCTGCGTTGTCTTT 172
R TTGAGGTGGTTTCTGGTCTTA

ORF62 F ATGTGGTTTCCAAGGCCAAGAG 101
R TCCGTCAAGTGGCATCGTTATT

ORF63 F CTTCAACCCACCCAGACGC 206
R GAATCCCGAAATTCAATTACATCC

ORF5 F GGGATATTAACTCACAGG 192
R AAACCGCTATTTCTACAC

ORF6 F GAGGGCTTCTAATGGAGTT 129
R CAAAGTGGTCGTACTGGTT

ORF8 F ATTTGACGGCGAGTTTGAT 215
R CCAACGGAGTTATTGATGC

ORF9A F AACTTTGCAGAACGGAATT 130
R CTAACGAAATAAGGGCTAC

ORF14 F TACCGCCGAAACATAACT 154
R GACATACGCAGCCTACTG

ORF23 F GCCGAGACTGACCCTATGACA 116
R CCCGAGATTCCCAAACTCAT

ORF29 F GGGTTACGTTTATGCGTGCCG 245
R CTCCGTGAAAGACAAAGACAGATGG

ORF31 F GCCGTGGGATTATTGGTTT 168
R AGTAGCGTTGGGTTTCTCG

ORF37 F GATTACACGAAACAAACCT 181
R AACACTTCCGCAATACAA

ORF40 F CAACGGAACATACAACCTTACA 249
R GCATCGCTTGAGCATAGTG

ORF50 F CCGTGTAGTAAGTAAATGCC 137
R TTATGCTGCCGTAGTTGA

ORF60 F GGAAAGGGCATCCAACAA 249
R GAACCGTGCGTGTCATCG

ORF67 F GTGGCATTATGGTAACTCAA 128
R TGCTATGGTCTAACCGAAC

ORF68 F CCCGCAGTAACTCCTCAAC 127
R ATGGCGCTTCATGTATCTT

aF, forward; R, reverse.
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