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Varicella-zoster virus (VZV) results in a lifelong latent infection in human sensory and cranial nerve ganglia
after primary infection. VZV open reading frame 47 (ORF47) and ORF66 encode protein kinases that
phosphorylate several viral proteins, including VZV glycoprotein gE and ORF32, ORF62, and ORF63 proteins.
Here we show that the ORF47 protein kinase also phosphorylates gl. While ORF47 is essential for virus
replication in human T cells and skin, we found the gene to be dispensable for establishment of latent infection
in dorsal root ganglia of rodents. ORF66 protein is expressed during latency. Rodents infected with VZV unable
to express ORF66 developed latent infection at a rate similar to that for the parental virus. ORF63 transcripts,
a hallmark of VZV latency, were also detected in similar numbers of animals infected with the ORF47 and
ORF66 mutants and with the parental virus. VZV mutants unable to express four of the six genes that do not
have herpes simplex virus (HSV) homologs (ORFs 1, 13, 32, 57) were also unimpaired for establishment of
latency. While a truncated HSV VP16 mutant was previously reported to be unable to establish latency in a
mouse model, we found that VZV with a deletion of ORF10, the homolog of HSV VP16, was dispensable for
establishment of latency. Thus, seven genes, including one expressed during latency, are dispensable for

establishing latent VZV infection.

Primary infection with varicella-zoster virus (VZV) causes
chicken pox, and the virus disseminates throughout the body.
Infection of the nervous system during primary infection re-
sults in establishment of virus latency in sensory ganglia. The
same virus can reactivate years later to cause herpes zoster.
Although both VZV and herpes simplex virus (HSV) establish
latency in sensory neurons, several aspects of latent infection
differ for each virus. VZV usually reactivates once, if at all,
during the lifetime of immunocompetent persons, whereas
HSV often reactivates multiple times. The latency-associated
transcripts are the only viral mRNAs abundantly expressed
during latency of HSV, and no viral proteins are expressed. In
contrast, during VZV latency, multiple genes are expressed.
Transcripts from open reading frames (ORFs) 4, 21, 29, 62, 63,
and 66 have been demonstrated in trigeminal or dorsal root
ganglia latently infected with VZV from humans (9-13, 15, 22,
31) and from rats (2, 21, 37). ORF63 transcripts are the most
abundant VZV mRNAs expressed during latency (12). ORF63
protein has also been detected during latency by several labo-
ratories (16, 27, 29), and other proteins, including the ORF21,
ORF29, ORF62, and ORF66 proteins, have been reported in
single studies to be expressed during latency (11, 27).

A number of VZV genes are dispensable in cell culture (8).
Several of these genes have important roles in viral pathogen-
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esis. VZV encodes two protein kinases, ORF47 and ORF66
proteins, that are dispensable for virus replication in mela-
noma cells and fibroblasts (18, 19, 33). ORF47 protein phos-
phorylates the VZV ORF62 and ORF63 immediate-early pro-
teins, gE, and ORF47 and ORF32 proteins (18, 23, 24, 35).
ORF47 is required for infection of human lymphocytes and
skin (33, 41). ORF66 is important for VZV replication in
lymphocytes but is dispensable for growth in skin (33, 41).

Other nonessential genes may be important in the patho-
genesis of VZV infection. ORF10 encodes a virion-associated
transactivator, the homolog of HSV VP16, which is essential
for replication of HSV. Although ORF10 shares functions
similar to those of VP16 as a transactivator, it is dispensable in
cell culture (6, 34). VZV has six genes, ORFs 1, 2, 13, 32, 57,
and S/L, which do not have homologs in HSV and which are
dispensable for growth of the virus in cell culture (5, 7, 14, 20,
35, 39).

We have found that inoculation of cotton rats intramuscu-
larly with VZV results in establishment of latent infection in
the dorsal root ganglia. These latently infected ganglia usually
express ORF63 transcripts but rarely express ORF40 tran-
scripts, the latter of which are usually not associated with
latency (39). These results are similar to what has been ob-
served with latently VZV-infected human and rat ganglia (21,
22). Reactivation, with recovery of infectious VZV, has not
been documented with the rat or cotton rat model.

Using the cotton rat model, we showed that VZV ORF2
(39), ORF17 (38), ORF21 (45), and ORF61 (40) are dispens-
able for latency. Here we show that the VZV protein kinases
(ORF47 and ORF66), the VZV homolog of HSV VP16
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(ORF10), and most of the VZV genes not conserved with HSV
(ORF1, 13, 32, and 57) are dispensable for latent infection. We
also show that ORF47 protein phosphorylates VZV gl.

MATERIALS AND METHODS

Cells and viruses. Human melanoma cells, a gift from Charles Grose, were
used for preparation of virus stocks. Recombinant viruses were derived from
cosmids corresponding to the vaccine Oka strain of VZV (5). VZV mutants
unable to express ORFs 1, 10, 13, 32, 47, 57, and 66 have been described
previously (5, 6, 7, 14, 18, 19, 35).

Immunoprecipitations. VZV-infected or uninfected cells were radiolabeled
with [**S]methionine or [**P]- or [**P]orthophosphate acid and lysed, and su-
pernatants were incubated with murine monoclonal antibody to VZV gI (Biode-
sign International, Saco, Maine) or gE (Chemicon, Temecula, Calif.). Immune
complexes were precipitated with protein G-Sepharose, washed, and fraction-
ated on sodium dodecyl sulfate-polyacrylamide gels, and autoradiography was
performed.

Animal experiments. Animal experiments were performed as described pre-
viously (39). Seven-week-old male or female cotton rats were anesthetized and
inoculated intramuscularly with 3 X 10° PFU of VZV-infected melanoma cells at
six sites on each side of the thoracic and lumber spine. Some animals were
inoculated with uninfected melanoma cells, while other animals received VZV
recombinant Oka (ROka)-infected melanoma cells that had been heat inacti-
vated. The animals were sacrificed one month after inoculation, and thoracic and
lumbar dorsal root ganglia were removed. DNA was obtained from pooled left
dorsal root ganglia of mock- or VZV-infected animals by using a Puregene DNA
isolation kit (Gentra Systems, Minneapolis, Minn.). RNA was obtained from
pooled right dorsal root ganglia by using Trizol (Invitrogen, Carlsbad, Calif.).
The RNA was treated with RNase-free DNase I at 37°C, followed by incubation
at 65°C to inactivate the DNase I. cDNA was obtained by incubating RNA with
Superscript II reverse transcriptase (Invitrogen) and oligo(dT),,.,s (Invitrogen)
at 42°C.

Dorsal root ganglia DNA (500 ng), cDNA, or serial dilutions of cosmid NotIA
or MstITA in 500 ng of DNA from ganglia of uninfected animals was amplified by
PCR with ORF21 or ORF63 primers as described previously (39).

Southern blots. PCR products from ganglia were fractionated on agarose gels,
transferred to nylon membranes, and hybridized to [*’P]dCTP radiolabeled
probes. ORF21 and ORF63 probes were prepared as reported previously (39).
The radioactive signal on the blot was quantified by using a phosphorimager. The
copy numbers of VZV DNA in 500 ng of genomic DNA of cotton rats were
estimated with standard curves, which were constructed based on the amount of
PCR products obtained from serial dilutions of cosmids NofIA and MstIIA for
VZV ORF21 and ORF63, respectively, mixed with 500 ng of ganglion DNA from
uninfected animals (39, 45).

Statistical analyses. Student’s ¢ tests and nonparametric analyses (Mann-
Whitney U test and chi-square test) were performed to determine if differences
in the frequencies of positive samples and mean copy numbers of VZV DNA
among the groups were significant.

RESULTS

ORF47 protein phosphorylates gl. VZV encodes two pro-
tein kinases, ORF47 and ORF66 proteins. ORF47 protein
phosphorylates gE, ORF32, ORF47, ORF62, and ORF63 pro-
teins (23, 24, 35), while ORF66 protein phosphorylates ORF62
protein (18). To determine if either ORF47 or ORF66 protein
could phosphorylate gI, melanoma cells were infected with
parental ROka VZV or recombinant VZV unable to express
either or both of the protein kinases (ROka47S, ROka66S, or
ROka47S/66S). The infected cells were radiolabeled with
[**S]methionine or [*?PJorthophosphate and immunoprecipi-
tated with antibody to gE.

¢E was detected as bands of 67 to 98 kDa in cells infected
with parental VZV and each of the mutants (Fig. 1). Since gE
forms a complex with gl, antibody to gE coimmunoprecipitated
a band corresponding to mature gl (58 kDa) in cells infected
with parental VZV (ROka) that were radiolabeled with
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FIG. 1. Immunoprecipitation of gE and gl from VZV-infected
cells. Cells infected with parental VZV (ROka) or with ORF47 or
ORF66 mutant viruses (ROka47S, ROka66S, or ROka47S/66S) were
radiolabeled with [**PJorthophosphate (A), [**S]methionine (B), or
[**P]orthophosphate (C and D). Cells were immunoprecipitated with
monoclonal antibody to gE (A, B, and D) or gI (C). The numbers to
the right of the blots indicate molecular masses (in kilodaltons). gE is
67 to 98 kDa, and gl is 58 kDa (indicated by arrowheads).

[**PJorthophosphate (Fig. 1A) or [**S]methionine (Fig. 1B). gl
was immunoprecipitated from radiolabeled ROka66S-infected
cells with antibody to gE. In contrast, while gl was detected in
ROka47S- or ROka47S/66S-infected cells that were radiola-
beled with [**S]methionine, gl was not detected in ROka47S-
or ROka47S/66S-infected cells that were radiolabeled with
[**P]orthophosphate and immunoprecipitated with antibody to
gE.

To confirm these results, immunoprecipitation was per-
formed in VZV-infected cells radiolabeled with [**P]ortho-
phosphate by using monoclonal antibody to gI. While gI was
readily detected in cells infected with ROka or ROka66S, gl
was barely detectable in cells infected with ROka47S or
ROka475/66S (Fig. 1C). As a control, immunoprecipitation
was performed from another aliquot of the [**PJorthophos-
phate-labeled lysate by using antibody to gE. gE was immuno-
precipitated from lysates of cells infected with the parental and
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FIG. 2. Infection of cotton rats with cells containing VZV unable
to express ORF47 or with parental virus results in similar VZV DNA
copy numbers in dorsal root ganglia. Geometric mean copy numbers
for animals considered positive (@) are shown. Results for animals
with copy numbers below the threshold (10 copies of VZV DNA per
500 ng of ganglia DNA) for reliable detection are indicated by open
circles (O). The horizontal bars indicate the geometric mean copy
numbers per 500 ng of ganglion DNA for animals who tested positive
by PCR. Animals inoculated with cells containing heat-inactivated
ROka (HI-ROka) and those receiving either uninfected cells or those
not inoculated (Uninfected) had no detectable viral DNA in their
ganglia.

each of the mutant viruses (Fig. 1D). Thus, ORF47 is primarily
responsible for phosphorylation of gl in VZV-infected cells.

VZV mutants unable to express ORF47 or ORF66 are not
required for establishment of latency. VZV ORF47 protein
kinase is essential for replication of VZV in human lympho-
cytes and skin (33, 41). To determine whether VZV unable to
express ORF47 might also be impaired in establishing latent
infection, cotton rats were inoculated with cells containing
VZV ROka or ROka47S and one month later DNA was iso-
lated from pooled thoracic and lumbar dorsal root ganglia.
PCR assay followed by Southern blotting showed positive sig-
nals (=10 copies of VZV DNA/500 ng of ganglion DNA) in
ganglia from 17 of 24 ROka-infected and 18 of 23 ROka47S-
infected cotton rats (Fig. 2). As a control, DNA extracted from
ganglia of uninoculated cotton rats or from animals inoculated
with uninfected cells or heat-inactivated ROka-infected cells
showed no detectable VZV DNA. The geometric mean num-
ber of VZV copies from PCR-positive ganglia of animals in-
fected with ROka47S (39 copies) was similar to that for ani-
mals infected with ROka (36 copies).

To verify that animals with latent VZV DNA also expressed
VZV transcripts, RNA was isolated from dorsal root ganglia of
cotton rats and reverse transcription was performed, followed
by amplification of the cDNA by PCR by using ORF63 primers
and Southern blotting. ORF63 transcripts were present in gan-
glia from 9 of 12 VZV ROka47S-infected and 6 of 11 ROka-
infected cotton rats, a difference that was not significant (Fig.
3).

To further confirm that the animals were latently infected
with VZV and not undergoing a persistent infection involving
other organs, DNA was isolated from the brains and lungs of
cotton rats that had been infected with VZV ROka for
1 month. PCR assays followed by Southern blotting showed no
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FIG. 3. Infection of cotton rats with cells containing ROka or
ROka47S results in similar numbers of animals with ORF63 transcripts
in dorsal root ganglia. RNA was isolated from dorsal root ganglia,
cDNA was amplified, and PCR was performed, followed by Southern
blotting for ORF63. cDNA was prepared in the presence (+) or
absence (—) of reverse transcriptase (RT). ORF63 transcripts were
detected in animals 1, 3, 4, 5, 6, 7, 9, 10, and 12 infected with VZV
ROka47S and animals 4, 6, 7, 8, 9, and 11 infected with ROka. ORF63
RNA was present in VZV-infected cells. Animals inoculated with
uninfected cells or cells containing heat-inactivated ROka (HI-ROka)
have no detectable ORF63 transcripts.

ROka

positive signals in the lungs of 9 of 9 animals (<10 copies of
VZV DNA/500 ng of lung DNA) and a positive signal in the
brain of only 1 of 9 animals (79 copies of VZV DNA/500 ng of
brain DNA for the positive animal). These results indicate that
the animals were latently infected with VZV rather than hav-
ing a persistent systemic infection with the virus.

VZV ORF66 transcripts and protein have been detected
during latency in human ganglia, suggesting that they are im-
portant for latency (11). To determine if ORF66 is required for
establishment of latency, cotton rats were inoculated with
VZV unable to express ORF66, and VZV DNA was amplified
from dorsal root ganglia 1 month later. Similar numbers of
animals from both groups had latent viral DNA (Fig. 3), and
the geometric mean VZV copy number from ganglia contain-
ing VZV DNA was similar for animals infected with VZV
ROKka (46 copies) and for those infected with VZV ROka66S
(29 copies). ORF63 transcripts were detected in ganglia from
five of five animals infected with VZV ROka and four of five
animals infected with ROka66S (Table 1).

VZVs unable to express ORFs 1, 10, 13, 32, or 57 are not
impaired in their ability to establish latent infection. VZV
OREFs 1, 13, 32, and 57 do not have homologs in HSV. Since
herpesvirus mutants unable to express these proteins have not
been tested for establishment of latency in animals, we inocu-
lated cotton rats with each of the VZV mutants and deter-
mined if they were impaired for establishment of latency.
While ORF10 has a homolog in HSV (VP16), these two pro-
teins have different activities, since the HSV protein is essen-
tial for virus replication while the VZV protein is dispensable
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TABLE 1. Frequency of ORF63 transcripts in VZV-infected
cotton rats

No. of animals with VZV ORF63 transcripts

Virus Expt
1 2 3 4 5

ROka 6/11 5/5 4/5 5/5 3/5
ROkalS 4/5
ROkalOD 3/5
ROkal3S 5/5
ROka32D 4/5
ROka47S 9/12
ROka57D 4/5
ROka66S 4/5

(6). Therefore, we also tested a VZV mutant with ORF10
deleted for latency.

The frequency and the mean geometric copy numbers of
positive ganglia from animals infected with mutants unable to
express ORFs 1, 10, 13, 32, or 57 were not significantly differ-
ent from those for the parental virus (P > 0.05 for each mutant
tested versus ROka) (Fig. 4). In addition, ORF63 RNA tran-
scripts were detected in similar numbers of animals inoculated
with the mutants as those for animals infected with the paren-
tal virus (Table 1) (P > 0.05). No VZV transcripts were de-
tected in animals inoculated with uninfected cells or heat-
inactivated ROka-infected cells.

DISCUSSION

We explored the role of VZV genes that are critical for
replication in certain cell types or that lack homologs in other
human herpesviruses and found that none of them altered the
ability of the virus to establish latency. The VZV ORF47 pro-
tein kinase is dispensable for establishment of latent infection.
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FIG. 4. Infection of animals with cells containing VZV mutants or
with parental VZV. Geometric mean copy numbers for animals con-
sidered positive (@) or below the threshold for reliable detection (O)
for VZV DNA are shown. The horizontal bars indicate the geometric
mean copy numbers for animals who tested positive by PCR. Each
panel represents a separate experiment. HI-ROka indicates animals
inoculated with heat-inactived ROka-infected cells. Uninfected indi-
cates animals that were either inoculated with uninfected cells or not
inoculated.
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Human T cells infected with VZV unable to express ORF47
showed production of an immediate-early protein (ORF62)
but rarely expressed a late protein (gE) (41). Thus, while
ORF47 protein is not required for viral entry into lymphocytes,
it is critical for replication. Furthermore, VZV unable to ex-
press ORF47 is impaired by approximately 1,000-fold for
spread from lymphocytes to melanoma cells. In addition, the
ORF47 mutant cannot replicate in human fetal skin cells (33).
During primary infection, VZV is postulated to infect cells in
the mucosa of the respiratory tract and produce a viremia by
infecting lymphocytes. Virus is then transferred from lympho-
cytes to other tissues in the body, including sensory nerve and
cranial nerve ganglia, to establish a latent infection. Thus,
while we detected latency in animals inoculated intramuscu-
larly along the spine with the ORF47 mutant, it is likely that
latency could not occur during natural infection with the
ORF47 mutant, since the virus is blocked for replication in T
cells and for transfer of virus from T cells to other cells.

During vaccination, VZV is inoculated subcutaneously and
may spread to the nervous system directly in the absence of
viremia or infection of skin cells. The observation that zoster
occurs at the site of inoculation (17) suggests that the virus can
migrate directly to the ganglia and back and implies that vire-
mia is not required for infection of the nervous system. The
finding that VZV unable to express ORF47 is able to establish
a latent infection similar to that for parental virus after intra-
muscular inoculation of rodents implies that this virus might be
able to establish latency if administered subcutaneously, as
with vaccination. However, its inability to replicate in skin and
lymphocytes would likely reduce its ability to subsequently
cause disease.

We found that the ORF47 protein phosphorylates gl. gl is
also phosphorylated by a cyclin-dependent kinase (46). While
gl is not required for growth in most cell lines in vitro (4, 30),
it is essential for virus replication in human fetal lymphocytes
and skin (32). Since ORF47 phosphorylates gl, the phosphor-
ylation of the glycoprotein may be critical for its role in growth
in lymphocytes and skin. Phosphorylation of gl may enhance
its interactions with gE. gE and gl form heterodimers, and gl
is required for the normal trafficking of gE in the cell. Since gE
is likely required for VZV replication (30; J. Cohen, unpub-
lished data), phosphorylation of gl by ORF47 may play a role
in efficient replication for certain cell types.

We have shown that the VZV ORF66 protein kinase is
dispensable for establishment of latent infection. ORF66 tran-
scripts and protein are expressed during latency in human
ganglia (11). ORF66 phosphorylates ORF62 protein and in-
hibits its nuclear localization (26). Lungu et al. (27) showed
that ORF62 protein was present in neurons during latency but
was sequestered in the cytoplasm. They postulated that the
exclusion of immediate-early ORF62 protein and other viral
proteins from the nucleus might prevent additional virus gene
expression and replication, thereby allowing the virus to main-
tain a latent infection. Therefore, the presence of ORF66 pro-
tein in latently infected neurons might maintain ORF62 pro-
tein in a phosphorylated form and prevent its nuclear
localization in neurons. However, the ability of VZV unable to
express ORF66 to establish latency implies that phosphoryla-
tion of ORF62 and its exclusion from the nucleus might not be
required for latency. ORF66 is also important for packaging
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ORF62 protein into virions (25). The observation that ORF66
is not required for latency suggests that the presence of ORF62
in virions may also be dispensable for establishing a latent
infection.

VZV ORF10 was not required for establishment of latency.
ORF10 is the homolog of HSV VP16, and both proteins func-
tion as virion-associated transactivators (34). While VP16 is
essential for replication of HSV, ORF10 is dispensable for
replication of VZV (6). Similarly, while HSV with a carboxy-
terminal-truncated VP16 mutant was unable to establish a
latent infection in mice after corneal inoculation (42), ORF10
was dispensable for establishment of latency. Therefore, VZV
ORF10 and HSV VP16 have different activities during both
replication and establishment of latency.

VZV OREFs 1, 13, 32, and 57 were dispensable for establish-
ment of latency. ORFs 1, 13, 32, and 57 do not have homologs
in HSV and are dispensable for replication of VZV in vitro and
for infection of human T cells (41). ORFs 1, 32, and 57 have
homologs in equine herpesvirus (43, 44), and ORF13, the viral
thymidylate synthetase, has a homolog in human herpesvirus 8
(36) and herpesvirus saimiri (1). Equine and gammaherpesvi-
ruses with mutations in these genes have not been tested for
impairment of latency.

Our results indicate that a number of VZV genes are dis-
pensable for establishment of latency in the rodent, including
one gene, ORF66, which is expressed during latency. It is likely
that some of these genes would be required for VZV to dis-
seminate to the ganglia if infection had been tested by the
natural, respiratory route, rather than by intramuscular injec-
tion. Several of these genes may also be necessary for other
aspects of latency, such as maintenance or reactivation. Addi-
tional models will be needed to study VZV reactivation. Re-
cent developments using in vitro models of VZV latency and
reactivation (3) or using the simian varicella virus animal
model (28) may be helpful in determining the roles of these
proteins in other aspects of latent infection.
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