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Varicella-zoster virus (VZV) open reading frame 66 (ORF66) encodes a serine/threonine protein kinase that
is not required for VZV growth in most cell types but is needed for efficient growth in T cells. The ORF66 kinase
affects nuclear import and virion packaging of IE62, the major regulatory protein, and is known to regulate
apoptosis in T cells. Here, we further examined the importance of ORF66 using VZV recombinants expressing
green fluorescent protein (GFP)-tagged functional and kinase-negative ORF66 proteins. VZV virions with
truncated or kinase-inactivated ORF66 protein were marginally reduced for growth and progeny yields in
MRC-5 fibroblasts but were severely growth and replication impaired in low-passage primary human corneal
stromal fibroblasts (PCF). To determine if the growth impairment was due to ORF66 kinase regulation of IE62
nuclear import, recombinant VZVs that expressed IE62 with alanine residues at S686, the suspected target by
which ORF66 kinase blocks IE62 nuclear import, were made. IE62 S686A expressed by the VZV recombinant
remained nuclear throughout infection and was not packaged into virions. However, the mutant virus still
replicated efficiently in PCF cells. We also show that inactivation of the ORF66 kinase resulted in only
marginally increased levels of apoptosis in PCF cells, which could not fully account for the cell-specific growth
requirement of ORF66 kinase. Thus, the unique short region VZV kinase has important cell-type-specific
functions that are separate from those affecting IE62 and apoptosis.

Varicella-zoster virus (VZV) is a highly communicable hu-
man alphaherpesvirus that causes chickenpox following a pri-
mary infection and herpes zoster (shingles) following reactiva-
tion from neuronal latency. Current models (28–30) predict
that VZV infects many cell types in the course of primary
pathogenesis, including epithelial cells, fibroblasts, keratino-
cytes, T lymphocytes, dendritic cells, monocytes, and sensory
neurons (11, 40). Furthermore, VZV reactivation from latency
leads to viral replication in neuronal and nonneuronal cells in
the sensory ganglion and in skin tissues at multiple locations
belonging to the reactivating dermatome. Reactivation may
also lead to VZV replication in ocular tissues. Reactivation
involving the ophthalmic division (division V1) of the trigem-
inal nerve occurs in approximately 10 to 25% of zoster cases, a
condition second only in frequency to thoracic zoster (46). It
causes herpes zoster ophthalmicus (HZO), a condition that
leads to severe ocular diseases in both anterior and poste-
rior compartments, which may ultimately threaten vision
(46). Two-thirds of HZO patients report serious ocular com-
plications, most commonly involving the cornea (46). VZV
DNA, antigen, and replication have been found in the cor-
neal epithelium at the ocular cell surface, as well as in
stromal keratocytes, which sparsely populate the stroma to

form an interconnected network in the clear extracellular
matrix (42, 65). VZV has also been found in the vitreous
fluids and the retinal layers (46, 65). As such, VZV genes
affecting viral replication in ocular cell types have important
implications for ocular disease.

VZV encodes two serine/threonine (S/T)-specific protein
kinases, from open reading frame 66 (ORF66) and ORF47,
which have been shown to be dispensable for replication in
many cultured cells used for VZV growth (18, 19). Both ki-
nases, however, have important roles that are needed for viral
growth in specific cell types (5, 20). Disruption or inactivation
of the ORF66 protein kinase leads to minimal impairment of
VZV growth in MeWo cells but significant growth defects in T
cells, both in culture (60) and in human thymus/liver xenografts
in severe combined immunodeficiency (SCID-hu) mice (38, 57,
58). The functional roles directing the growth requirement of
ORF66 in T cells are not yet clear. ORF66 affects several host
cell processes, including pathways that lead to the downregu-
lation of surface class I major histocompatibility complex-as-
sociated antigen presentation (1, 15). In T cells, ORF66 mod-
ulates the gamma interferon (IFN-�)-induced activation of the
IFN signaling pathway (58) and inhibits virus-induced apopto-
sis (57, 58). Apoptosis is also inhibited by ORF66 orthologues
(US3 kinases) in several alphaherpesviruses, including herpes
simplex virus type 1 (HSV-1), HSV-2, and pseudorabiesvirus
(PRV) (3, 4, 12, 43, 45, 49). Loss of ORF66 reduced VZV
nucleocapsid production in T cells (58) but did not lead to the
accumulation of virions in the nuclear membrane seen in HSV
and PRV lacking US3. HSV US3 is thought to be involved in
the breakdown of the nuclear lamina to facilitate primary en-
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velopment and egress of the nucleocapsid across the nuclear
membrane (31, 39, 41). Several additional functions have been
attributed to specific US3 kinases, but it is not known if ORF66
shares these functions. These include modulation of the cy-
toskeletal actin structure (16) and in HSV-1, modification of
histone deacetylase function (50).

The only well-characterized target of the ORF66 protein
kinase is the IE62 regulatory protein, orthologous to the well-
studied HSV ICP4. IE62 is encoded by a diploid gene (ORF62
and ORF71) and is a 1,310-residue phosphoprotein with strong
transcriptional transactivator functions. It activates all VZV
genes studied to date and can positively or negatively auto-
regulate its own promoter in transfection assays, depending on
the cell type (47, 48). Functions of IE62 are predicted to be
similar to HSV-1 ICP4, because IE62 can complement HSV-1
ICP4 deletion mutants and partly replace ICP4 in the context
of the HSV-1 genome (13, 17). ICP4 facilitates the recruitment
of cellular activating and basal transcriptional factors to viral
promoters to enhance RNA polymerase II-mediated transcrip-
tion (68). In VZV infections, IE62 is at first nuclear but tran-
sitions to the cytoplasm as infection progresses and to a pre-
dominantly cytoplasmic distribution at late-stage infection.
Unlike HSV-1 ICP4, IE62 is an abundant tegument protein
incorporated at levels approximately 50% of the major capsid
protein (24). Virion packaging requires the ORF66 kinase, as
a kinase-negative mutant VZV fails to accumulate IE62 in
virions (22, 23). In coexpression studies, ORF66 kinase phos-
phorylates IE62 directly in vitro at two sites, mapped to serine
residues 686 (S686) and S722. IE62 protein containing an
S686A mutation does not accumulate in the cytoplasm in the
presence of the ORF66 kinase, strongly suggesting that the
ORF66 kinase-directed phosphorylation of S686, immediately
adjacent to the IE62 nuclear localization signal, drives IE62
exclusion from the nucleus (14, 23, 26). Recent studies have
suggested that the ORF66 kinase is not the only means by
which IE62 can accumulate in the cytoplasm, since T cells
infected with VZV lacking ORF66 kinase still show cytoplas-
mic forms of IE62 (57). This suggests that a host cell compo-
nent may be involved in the cytoplasmic accumulation of IE62
in infection.

Recently, we detailed the development of recombinant VZV
which express enhanced green fluorescent protein (GFP)
tagged to the amino terminus of either functional or truncated
ORF66 protein (15). Using these and a VZV expressing a
kinase-inactivated ORF66 protein, we show that VZV lacking
ORF66 kinase activity fails to grow in primary human corneal
stromal fibroblast (PCF) cells. The ORF66 growth require-
ment is, however, separate from its role in regulating IE62
nuclear import to enable virion packaging. Furthermore, while
cells infected with VZV expressing inactivated ORF66 show
higher levels of apoptosis in PCF cells, this does not account
for the failure of ORF66 kinase-negative VZV to replicate in
this cell type. PCF cells represent the first nonlymphocytic cell
type in which the kinase has a critical role for VZV replication.

MATERIALS AND METHODS

Cells. MRC-5 cells (human lung fibroblasts; ATCC, Manassas, VA) and
MeWo cells (human melanoma cell line; kindly provided by C. Grose, University
of Iowa, Iowa City) were maintained and used to grow VZV as described
previously (14). PCF cells were derived at the Tissue Culture and Morphology

Core Module of the Department of Ophthalmology at the University of Pitts-
burgh. All primary cells were isolated under protocols approved by the Univer-
sity of Pittsburgh Committee for Oversight on Research Involving the Dead.
Briefly, discarded donor rims of human corneas for transplantation were deliv-
ered under anonymous conditions. The scleral, endothelial, and epithelial tissues
were removed by mechanical debridement using forceps. Washed corneal stroma
was cut horizontally to expose internal stromal tissue to medium. Sections were
then treated with 1 mg/ml collagenase for 30 s and then washed with 10% fetal
bovine serum in Dulbecco’s modified Eagle medium before placement into
plastic culture dishes overlaid with a glass coverslip. Following incubation at 37°C
under medium for 2 to 3 days, cells on the coverslip and plastic support were
trypsinized and passaged twice before being mixed with other donor fibroblasts
and frozen in aliquots under liquid nitrogen. PCF cells were used in experimental
studies within five to nine passages and were maintained in Dulbecco’s modified
Eagle medium–nutrient mixture F-12 (Ham) (1:1) containing sodium bicarbon-
ate and sodium pyruvate (Invitrogen) supplemented with 10% fetal bovine serum
and antibiotic-antimycotic mixture (100 U/ml penicillin G, 100 �g/ml streptomy-
cin, and 0.25 �g/ml amphotericin B [Fungizone]; Gemini Bio-Products).

VZV and derivation of rVZV. The VZV used here is based on the parent of the
Oka vaccine strain (pOka). The construction and derivation of VZV.GFP-66 and
VZV.GFP-66s from pOka-based cosmids have been detailed previously (15).
These express amino-terminal GFP-tagged functional ORF66 protein or one
that has been disrupted by insertion of stop codons at residue 84, respectively.
The same cloning procedure detailed in that study was used to derive VZV.GFP-
66kd, which contains GFP-tagged ORF66 protein with two highly conservative
changes in the catalytic loop domain of the kinase (D206E, K208R) (23). The
derivation of a rescuant VZV was carried out by subcloning a unique SgrAI-
AvrII fragment from the pSpe23 cosmid that was used to derive VZV.GFP-66kd
into a modified pUC19 derivative containing sites for SgrAI and AvrII (15). The
AvrII-BamHI fragment within this construct that contains the ORF66 promoter
and amino-terminal portion of ORF66 with the inactivating mutations was re-
placed with the same corresponding DNA fragment containing functional GFP-
tagged ORF66 (15). The SgrAI-AvrII fragment was then reengineered back into
the pSpe23 cosmid to generate pSpe23GFP66rsc, which was then used in con-
junction with pFsp73, pSpe14, and pPme2 to derive a recombinant VZV (rVZV)
designated VZV.GFP-66Rsc.

Additional rVZV constructs were derived from viral DNA cloned as a bacte-
rial artificial chromosome (BAC) containing the entire pOka genome (62). To
generate S686A changes in ORF62 and ORF71, we conducted mutagenesis using
the markerless two-step recombination system, detailed previously (63). All
oligonucleotides were obtained from IDT, Inc. (Coralville, IA) and were purified
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by
IDT. PCR was performed with Expand proofreading polymerase (Roche Diag-
nostics, Indianapolis, IN). The two oligonucleotides used for mutagenesis were
S686AF (5�-GTGTGTCCACCGGATGATCGTTTACGAACTCCGCGCAAG
CGCAAGGCTCAACCGGTCGAGAGCAGAAGCCTCCTCGACAAAGGA
TGACGACGATAAGTAGGG-3�) and S686AR (5�-CGACGGGTGTCTCCC
TAATCTTGTCGAGGAGGCTTCTGCTCTCGACCGGTTGAGCCTTGCG
CTTGCGCGGAGTTCGTAAACAACCAATTAACCAATTCTGATTAG-
3�) (underlined residues mark the altered sequence discussed in the text). The
two oligonucleotides were used to PCR amplify the kanamycin resistance cas-
sette (Kanr) from the plasmid pEP-kanS2 (63) to add the IE62 flanking se-
quences required for homologous recombination and mutagenesis. The gel-
purified PCR product was then electroporated into Escherichia coli SW105 (a
kind gift of N. Copeland, NCI, Frederick, MD) containing the pOka VZV BAC.
Recombination was induced by heating to 42°C for 15 min, and growth and
selection of recombinants were done by plating at 32°C on LB agar plates
containing 15 �g/ml kanamycin and 25 �g/ml chloramphenicol (Chm). DNA of
individual colonies was mapped for the correct insertion of the cassette (the first
recombination occurred in ORF71) by restriction analysis using HindIII diges-
tion. Resolution of the construct to remove the Kanr cassette was achieved by
transformation of the plasmid pBAD-I-SceI into SW105 cells containing the
modified VZV BAC, which was then growth selected on LB agar plates addi-
tionally containing 50 �g/ml ampicillin. I-SceI expression was induced by growth
in liquid culture containing 1% arabinose, and a second round of recombination
was induced by heating cultures to 42°C for 15 min. Colonies growing at 32°C on
LB agar containing Chm, Amp, and arabinose were checked for loss of the Kanr

cassette by replica plating individual colonies onto plates containing kanamycin.
Escherichia coli cells containing the altered BAC were then subjected to a second
round of mutagenesis with the same PCR fragment, selecting for homologous
recombination into ORF62. The BAC DNAs were transfected into MeWo cells
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), and derived VZV plaques
were visible after 3 to 5 days of incubation at 35°C. VZV containing a single
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change in ORF71 was termed VZV.71.S686A, whereas rVZV with mutations in
both IE62 genes was termed VZV.IE62(S686A)2. The insertion of AgeI sites into
both genes was confirmed by restriction analyses. The verification of the presence
of the changes in VZV was carried out through Southern blotting of AgeI-
digested infected cell genomic DNA, purified from VZV-infected MeWo cells
using Qiagen’s blood and cell culture DNA midi kit (Valencia, CA), onto a
positively charged nylon membrane (Nytran SuPerCharge; Schleicher & Schuell,
Keene, NH). The 1,018-bp fragment isolated from an AgeI digest of pKCMV62
DNA was used as a probe following radiolabeling with [�-32P]dCTP (Perkin-
Elmer, Waltham, MA) and the random prime labeling kit (Roche Diagnostics
Corp., Indianapolis, IN).

Antibodies and immunological procedures. Rabbit polyclonal antibodies to
IE62 (14, 15, 23) and to VZV proteins from ORFs 4, 61, and 63 were detailed
previously (21). Previously detailed anti-peptide antibodies to ORFs 10 (21) and
29 (25) were also used in this work. Antibodies to ORF9 (8) were a kind gift of
W.T. Ruyechan, SUNY at Buffalo, NY, and antibodies to ORF47 (44) were a
kind gift of C. Grose (University of Iowa, Iowa City). Mouse antibodies to
�-actin (Sigma, St. Louis, MO) and to ORF40 major capsid protein (MCP;
Virusys Corp., Sykesville, MD) were purchased commercially. All immunofluo-
rescent staining procedures were carried out as described previously (15), and
antibodies were detected using goat anti-rabbit immunoglobulin G antibody
conjugated to Alexa Fluor 546 or goat anti-mouse immunoglobulin G antibody
conjugated to Alexa Fluor 488 (15). Immunofluorescence was visualized using a
Nikon Eclipse TE2000-E epifluorescence microscope equipped with a xenon
lamp.

Analysis of viral growth. VZV for growth rate studies was prepared from
aliquoted and titrated stocks of virus in MeWo cells stored in liquid nitrogen.
Stocks were 80 to 95% infected at the time of preparation, to minimize addition
of uninfected cells. Viral growth rates were determined using similar procedures
detailed elsewhere (15). Briefly, confluent monolayers of cells were established
and infected with cell-associated VZV at an estimated 300 infectious centers (IC)
per well. Serial dilutions of the infecting virus were immediately titrated on
MeWo cell monolayers to determine the exact titer of the inoculum. At specific
times, cells were trypsinized, diluted in fresh medium, and added to fresh MeWo
monolayers. At 4 to 5 days postinfection (p.i.), plaques were quantified either by
using autofluorescence of GFP or by immunofluorescent staining for IE62.
Statistical analysis to compare overall growth curves was done using Dunnett’s
multiple comparison test using GraphPad Prism software v. 4.0. For growth curve
enumeration by flow cytometry, a similar setup was established, except that
trypsinized cells were immediately fixed in 1% paraformaldehyde, washed in 1�
phosphate-buffered saline (PBS), and counted using a FACSaria cytometer cell
sorter (Becton-Dickinson). GFP gates were set using mock-infected cell controls.

Virion purification and characterization. Virion purification was performed as
described previously (21). Briefly, monolayers of MeWo cells infected with VZV
were grown at 35°C until showing �80% cytopathic effect. Harvested cells were
washed with ice-cold PBS containing a protease inhibitor cocktail (Complete
EDTA-free; Roche Diagnostics, Indianapolis, IN) and subjected to Dounce
homogenization to obtain cytoplasmic extract. Virion particles were also col-
lected from the cell-free medium by high-speed centrifugation and combined
with cytoplasmic fractions. Virions were purified by velocity gradient ultracen-
trifugation for 2 h at 17,000 � g on 5 to 15% Ficoll gradients made in PBS. The
diffuse virion band migrating approximately two-thirds down the tube was har-
vested, concentrated by centrifugation, and resuspended overnight at 4°C in PBS
containing protease inhibitors. Virions were then subjected to 10 to 50% sucrose
gradients made in PBS, which were then fractionated using a piston gradient
fractionator. For protein analyses, proteins were precipitated from the fractions
with 10% trichloroacetic acid, washed with ice-cold acetone, and resuspended in
100 �l protein gel loading buffer for SDS-PAGE. For immunoblotting, proteins
were separated by SDS-PAGE, transferred to Immobilon-P membrane (Milli-
pore, Billerica, MA), and probed with rabbit polyclonal antibodies to ORF10 to
identify the peak virus fractions. These were pooled for further studies for VZV
proteins. Virion samples for protein staining were run on 4 to 15% Tris-HCl
linear gradient polyacrylamide-SDS gels (Bio-Rad Laboratories, Hercules, CA)
and stained with Sypro ruby protein gel stain (Invitrogen, Carlsbad, CA). Pro-
teins were visualized using a Bio-Rad Fluor-S MultiImager.

Apoptosis assay. Confluent cells were seeded onto six-well plates and infected
with VZV at a multiplicity of infection (MOI) of approximately 0.02 or mock
infected. At the times indicated, cells were harvested and stained according to
the manufacturers’ instructions for allophycocyanin (APC)-Annexin V (BD
Pharmingen). Briefly, cells were washed twice in cold PBS, resuspended in the
supplied binding buffer, and counted. Approximately 1 � 105 cells were then
stained with APC-Annexin V and 7-amino-actinomycin D (7-AAD). Stained
cells were analyzed by flow cytometry, and GFP gates were set using mock-

infected cell controls. Cells were characterized and analyzed using BD FACS-
Diva v4.1 software. Experimental values are the fraction of GFP-positive cells
showing APC-Annexin V-positive staining as a percentage of the total GFP-
positive cells. Values represent the means of three identical experiments. Statis-
tical analysis was done with Student’s t test using GraphPad Prism software v4.0.

RESULTS

ORF66 is required for efficient growth of VZV in PCF cells.
The VZV ORF66 protein kinase is categorized as a nonessen-
tial gene in culture, yet recent studies indicate it is needed for
VZV growth in T cells (28, 57, 58). To explore the growth
properties of VZV with or without ORF66 kinase in other cell
types, we employed two fluorescent VZV recombinants, de-
tailed previously (15), which express a GFP-tagged and func-
tional ORF66 protein or one that is disrupted at residue 84.
GFP has no apparent effect on VZV growth when compared to
parent pOka virus (15). We also generated VZV which ex-
pressed the full-length ORF66 protein but in which the kinase
was inactivated by two point mutations in the catalytic loop
(VZV.GFP-66kd), as well as a rescuant of this change
(VZV.GFP-66Rsc) in which the two point mutations were re-
versed. These mutations abrogated the ability of ORF66 to
induce accumulation of cytoplasmic IE62 or phosphorylate
IE62 peptides in coexpression assays (23). The rescuant was
phenotypically indistinguishable from VZV.GFP-66 and pa-
rental Oka in all assays in which it was examined.

IE62 produced by viruses expressing functional ORF66 pro-
tein in both MRC-5 cells (Fig. 1A) and PCF cells (Fig. 1B)
showed predominantly cytoplasmic forms in most GFP-posi-
tive cells (Fig. 1A and B, panels a, c, j, and l). In contrast, IE62
expressed by VZV.GFP-66kd and VZV.GFP-66s displayed a
predominantly nuclear localization in both cell lines in GFP-
positive cells (Fig. 1A and B, panels d, f, g, and i). GFP-66s
showed a diffuse cellular localization (Fig. 1A and B, panels h
and i), but GFP-66kd protein exhibited a distinct predomi-
nantly nuclear localization in both cell lines (Fig. 1A and B,
panels e and f) that was clearly different from functional kinase
produced by VZV.GFP-66, suggesting that the kinase activity
of ORF66 affected its cellular localization. Some cells dis-
played marked nuclear rim accumulation of GFP-66kd.

In addition to differences in cellular distribution patterns, it
was obvious that ORF66-negative VZV formed tiny plaques
on PCF cells that involved far fewer cells. In MRC-5 cells,
plaque size of all four viruses increased in size during the
duration of the study (up to 7 days postinfection), although
plaques of VZV not expressing kinase were slightly smaller
(data not shown). In PCF cells, plaques of the VZV lacking the
kinase formed very small centers of infection at day 1 to 2 that
involved 10 to 20 cells, but these failed to increase further in
size, suggesting that infections were initially established but
failed to progress. We also found severe growth impairment of
a previously described ORF66 kinase-deficient VZV made in
the vaccine Oka background (19). To quantify this more accu-
rately, we determined yields of progeny virus on both cell types
for all four viruses. In MRC-5 cells, VZV virions without the
kinase were marginally impaired for virus growth compared to
VZV.GFP-66, yielding a 0.4- to 0.7-log reduction at 96 h p.i.
(Fig. 2A). Maximal titers of VZV.GFP-66s and VZV.GFP-
66kd were lower (7.5 � 103 and 4.8 � 103 IC, respectively) than
those of VZV.GFP-66 (2.0 � 104 IC) and VZV.GFP-66Rsc
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(2.2 � 104 IC) at 96 h p.i. However, the overall growth curve
differences compared to VZV.GFP-66 were not statistically
significant (P 	 0.05). In contrast, a much greater impairment
for growth of ORF66-negative viruses was observed in PCF
cells. While VZV.GFP-66 and VZV.GFP-66Rsc reached max-
imum titers of 3.2 � 104 and 4.0 � 104 IC, respectively, at 96 h
p.i., VZV.GFP-66s and VZV.GFP-66kd maximal titers peaked
at 48 h (1.1 � 103 and 4.3 � 102 IC, respectively) and declined
thereafter (Fig. 2A). Extension of the growth curves to 7 days
did not lead to any increases in viral titer (data not shown).
These results indicate that PCF cells do not permit efficient
growth of VZV if the ORF66 kinase is not functional.

The growth impairment in PCF cells was also detected when

flow cytometry was used to quantify GFP-positive cells as an
indicator of infection. In MRC-5 cells infected with VZV.GFP-
66, greater than 40% of cells showed GFP-positive signals by
day 9 p.i. (Fig. 2B). ORF66 kinase-negative viruses showed a
reduced rate of increase in the number of GFP-positive cells,
with VZV.GFP-66kd showing marginally greater impairment.
However, in PCF cells, VZV with nonfunctional kinase showed
only a very small increase in the number of GFP-positive cells
at day 1, which then subsequently diminished. VZV.GFP-66
infection resulted in a reduced rate of increase of GFP-positive
cells compared to that seen in MRC-5 cells, but this reflects a
slightly reduced growth rate in PCF cells (compare with Fig.
2A) rather than a loss of GFP-positive cells in flow cytometry.

FIG. 1. IE62 cellular distribution and GFP expression in VZV-infected cells. MRC-5 cells (A) or PCF cells (B) were infected at an MOI of
0.0005 with MeWo cell-grown VZV.GFP-66 (a to c), VZV.GFP-66kd expressing complete GFP-tagged kinase-inactivated ORF66 protein (d to
f), VZV.GFP-66s expressing GFP tagged to residues 1 to 84 of ORF66 (g to i), or VZV.GFP-66Rsc (j to l). Cells were fixed with 4%
paraformaldehyde at 3 days p.i. and immunostained with rabbit anti-IE62, which was then detected with anti-rabbit Alexa Fluor 546 (a, d, g, and
j). ORF66 expression was determined using GFP autofluorescence (b, e, h, and k). The merge panels (c, f, i, and l) are overlays of GFP (green),
IE62 (red), and nuclei stained with Hoechst dye (blue). Fluorescence images were taken using a 40� objective.
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We did not find there was significant loss of cell structure due
to mechanical damage in these studies. Thus, these results
reflect growth curve studies and further establish that PCF
cells are unable to support VZV replication in the absence of
functional ORF66 protein kinase.

Derivation of VZV expressing IE62 protein mutated at the
critical ORF66 phosphorylation site. The most well-character-
ized target of the ORF66 kinase is IE62, the VZV major
regulatory protein. In transfection studies, IE62 expressed
alone is largely nuclear, but when it is coexpressed with the
ORF66 kinase, IE62 accumulates predominantly in the cyto-
plasm. We have previously shown that the accumulation of
cytoplasmic IE62 requires the ORF66 kinase activity and that
the kinase phosphorylates IE62 both in vivo and in vitro at two
residues, S686 and S722. However, IE62 containing S686A
changes (but not IE62 containing the S722A mutation) was
resistant to ORF66-induced cytoplasmic accumulation and re-

mained predominantly nuclear in cells expressing the ORF66
protein kinase (14). While it was concluded that ORF66 kinase
phosphorylated IE62 at residue S686 to induce its cytoplasmic
accumulation, the interaction has not been addressed in the
context of VZV infection. It is clear that VZV-infected cells
not expressing the ORF66 kinase show only nuclear IE62 (Fig.
1A and B) and loss of the kinase abrogates virion packaging of
the IE62 protein (14, 22, 24). Thus, it was possible that the
requirement of the kinase in PCF cells reflected a loss of the
cytoplasmic accumulation and virion packaging of IE62.

To test this possibility, we developed recombinant VZV in
which the IE62 residue targeted by the kinase, S686, was al-
tered to alanine [VZV.IE62(S686A)2]. Our previous studies
(14) predicted that IE62 with this change would not be regu-
lated by the ORF66 kinase during VZV infection. The muta-
tions were generated in a VZV pOka BAC (62) and were
designed to simultaneously introduce a marker AgeI site with

FIG. 1—Continued.
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the S686A mutation (Fig. 3A). In the parental BAC, AgeI
digestion produced a 2 M 1,018-bp fragment, representing an
internal fragment of ORF62 and ORF71 (Fig. 3B). DNA of
BACs engineered to contain the S686A mutation in only the
ORF71 gene showed a loss of one copy of the 1,018-bp frag-
ment, while DNA from BACs containing S686A mutations in
both the ORF62 and ORF71 genes showed loss of both
1,018-bp fragments (Fig. 3B). The introduction of the mutation
resulted in the generation of two smaller AgeI DNA fragments
of 605 and 413 bp. While these could not be easily identified in
ethidium bromide-stained gels (Fig. 3B) due to their small size
and comigration with other DNA fragments, we confirmed
their presence by Southern blot analyses. Viruses derived from
each BAC were used to generate infected cell DNA, and AgeI
digests were examined by Southern blotting and probing with a
radiolabeled 1,018-bp AgeI DNA fragment (Fig. 3C). As ex-
pected, a prominent 1,018-bp fragment was detected in pOka,
one copy was reduced to 605 and 413 bp fragments in VZV
with the ORF71 mutation, and both copies were converted to
the smaller fragments in DNA of VZV.IE62(S686A)2. VZV
with single and double copies of the S686A mutations grew and
formed plaques that were similar in size and appearance to
that formed by BAC-derived pOka VZV in MeWo cells. We
then confirmed the presence of the S686A mutations by DNA
sequencing.

VZV.IE62(S686A)2 IE62 remains nuclear in the presence of
functional ORF66. The prediction was that IE62 expressed
from VZV.IE62(S686A)2 would remain nuclear throughout
viral infection, because IE62 could not be phosphorylated by

the ORF66 protein kinase at the site affecting its cellular dis-
tribution (14). While VZV.GFP-66 formed abundant cytoplas-
mic forms of IE62 in MeWo cells, VZV.IE62(S686A)2 ex-
pressed IE62 that remained exclusively nuclear at all stages of
infection, even in cells expressing the late ORF40 major capsid
protein (Fig. 4A). VZV.71.S686A produced IE62 that showed
an intermediate phenotype (data not shown). Extension of
these studies to MRC-5 and PCF cells revealed that IE62
remained exclusively nuclear in both cell types, fully overlap-
ping the Hoechst nuclear stain (Fig. 4B). Thus, it is clear that
residue S686 of IE62 is critical for ORF66 to regulate IE62
nuclear import in the context of viral infection of several cell
types.

The predominantly nuclear localization of IE62 in VZV.
IE62(S686A)2-infected cells is similar to that seen for ORF66
kinase-negative VZV. To confirm the integrity of the ORF66
protein kinase, we sequenced the ORF and its promoter and
also evaluated the ORF66 gene in VZV.IE62(S686A)2 by PCR
amplifying it, placing it into an expression vector, and then
examining it for the ability to induce cytoplasmic forms of IE62
in coexpression studies. As the kinase retained the ability to
regulate the cellular localization of IE62 (data not shown), we
conclude that the exclusively nuclear phenotype of IE62 was
due to a loss of the IE62 S686 site rather than a spurious
kinase-inactivating mutation in the ORF66 protein.

Tegument proteins of VZV.IE62(S686A)2. Previous studies
demonstrated that genetic disruption of the ORF66 kinase in
VZV resulted in the IE62 protein remaining completely nu-
clear throughout infection and simultaneously abrogated the

FIG. 2. Progeny virus growth curves reveal a requirement for ORF66 for VZV growth in PCF cells. (A) Growth curves were performed as
detailed in Materials and Methods, and the titers of the progeny VZV in MRC-5 cells (top) and PCF cells (bottom) are shown. Confluent
monolayers were infected at an MOI of 0.001 with VZV.GFP-66, VZV.GFP-66kd, VZV.GFP-66s, or VZV.GFP-66Rsc. The inoculum (Inoc) of
each virus was immediately determined upon the setup of the studies at time 0 h. At 24, 48, 72, and 96 h postinfection, infected cells were
trypsinized and titrated onto subconfluent monolayers of MeWo cells. Plaque formation and enumeration were assessed by fluorescence
microscopy at 4 to 5 days postinfection. The x-axis values represent hours postinfection when cells were harvested, and y-axis values represent
average total numbers of infectious centers at each time point. Each data point was determined in quadruplicate, and results represent the means 

standard errors of these values. (B) GFP-positive infected cell numbers fail to increase in PCF cells if the ORF66 protein is disrupted. MRC-5 cells
(top) or PCF cells (bottom) in confluent monolayers in 35-mm dishes were infected with VZV.GFP-66, VZV.GFP-66kd, or VZV.GFP-66s at an
MOI of 0.001 or mock infected. On the indicated day after infection indicated (x axis), cells were harvested and counted by flow cytometry, gating
for GFP-positive cells. The ratio of GFP-positive cells to the total number of cells in the harvested monolayers is expressed as a percentage (y axis).
Values represent the means 
 standard errors of three parallel but independent values.
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packaging of IE62 into virions, leading us to conclude that the
cytoplasmic distribution of IE62 during infection was required
for its virion packaging (22). The predominantly nuclear IE62
seen in VZV.IE62(S686A)2-infected cells would also be pre-
dicted to abrogate IE62 packaging into VZV.IE62(S686A)2

virions. To examine this possibility, we infected MeWo cells

with VZV.IE62(S686A)2 or VZV.GFP-66 and used methods
established previously to obtain purified virions from the cyto-
plasmic extracts (22). We consistently obtained lower levels
(approximately one-third to one-fifth) of VZV.IE62(S686A)2

virions compared to virions obtained from VZV.GFP-66 in-
fected cells, based on total protein content of the Ficoll gra-
dient-purified virion fraction, although virion bands migrated
to the same relative position in the gradients. Comparison of
Ficoll gradient-purified virions to cell extracts of VZV.GFP-66
(Fig. 5A) showed that virions contained a prominent polypep-
tide of 155 kDa, the major capsid protein, and had a virion
protein profile that was similar to that previously reported
(22). We noted that two polypeptides of 175 kDa and 180 kDa
seen only in infected cell extracts (Fig. 5A) were the same size
as the predominant forms of IE62 seen in infected cells (22).
Comparison of 15% of the total Ficoll gradient virion prep-
arations from VZV.GFP-66 with 30% of the total virion
preparation from VZV.IE62(S686A)2-infected cells re-
vealed that both virions had similar protein profiles, with the
exception that the 175-kDa polypeptide was not seen in
VZV.IE62(S686A)2 virions. This is the size of virion-pack-
aged IE62 reported previously (22).

To further assess virion protein content, virions were then
purified on sucrose gradients, which were subsequently frac-
tionated. Fractions containing virions (identified by probing
SDS-PAGE-separated proteins in each fraction for ORF10
protein) were restricted to three fractions from the central
region of each gradient. The total protein stain for
VZV.GFP-66 virions was highly similar to that seen from
the Ficoll gradient, although the low levels of virions obtained
for VZV.IE62(S686A)2 did not permit a total protein compar-
ison. It is possible that virions produced by VZV.IE62(S686A)2

may have reduced stability, although this has not been inves-
tigated further. Based on the levels of the ORF10 major teg-
ument protein, proteins of the sucrose gradient-purified virions
were normalized and probed for additional VZV proteins. The
absence of nonstructural proteins encoded by ORF29 (the
homologue of HSV ICP8, which is also nonstructural) and
ORF61 established that the preparations were not contami-
nated with infected cell material (Fig. 5B). Virions of
VZV.IE62(S686A)2 showed no reactivity to IE62-specific an-
tibodies, although IE62 was present in VZV.GFP-66-infected
whole-cell extracts and virions. This supports the conclusions
that the major immediate early regulatory protein is not pack-
aged into VZV.IE62(S686A)2 virions and that virion packag-
ing of IE62 requires IE62 localization to the cytoplasm.

The VZV tegument contains additional VZV regulatory
proteins encoded by ORFs 4, 10, 47, and 63 (21, 24, 61). The
ORF9 protein, which has recently been shown to interact with
IE62, is also a suspected structural protein, based on its ortho-
logue, the major tegument protein VP22 in HSV-1 (8). We
conjectured that the abrogation of cytoplasmic IE62 accumu-
lation may also impair the tegument incorporation of some of
these proteins, particularly the proteins encoded by ORFs 4, 9,
47 and 63, which are known to physically interact with IE62.
Probing of blots of ORF10-normalized virion proteins of
VZV.GFP-66 and VZV.IE62(S686A)2 revealed that ORF4 and
ORF47 proteins were present at similar levels for each virus
(Fig. 5B). The ORF9 protein was incorporated into virions as
predicted, and multiple forms of the protein were seen in both

FIG. 3. DNA characterization of BAC DNA and of VZV-infected cell
DNA of the recombinants VZV.71.S686A and VZV.IE62(S686A)2.
(A) Schematic representation of the mutagenesis of IE62 residue S686. The
top portion represents IE62 and its nuclear localization signal (NLS), with the
presence of the existing AgeI sites shown. Part of the DNA sequence and
encoded amino acids of the target region in the parental DNA and in mutant
DNA are shown underneath. The DNA sequence of the alterations induced
by mutagenesis that introduce the novel AgeI site is underlined. (B) A 1.2%
agarose gel showing DNA fragments generated by AgeI digestion of the
VZV BAC DNAs derived from pOka and BACs containing the mutation in
ORF71(S) or in both ORF62 and ORF71 (Dbl). M is the DNA size marker
(1Kb plus; Invitrogen). The abundant 5-kbp DNA seen in the mutant BACs
represents the pBAD-I-SceI plasmid used to select for loss of the Kanr cas-
sette. The positions of the 1,018-bp fragment in the pOka BAC and the
resultant smaller digestion fragments in the mutants are shown by arrows.
(C) Southern blot of rVZV-infected MeWo cell genomic DNA, digested with
AgeI and probed with a [�-32P]dCTP-labeled 1,018-bp fragment obtained
from an AgeI digest of pKCMV62. The autoradiograph shows DNA of VZV
pOka, VZV.71.S686A, and VZV.IE62(S686A)2. The approximate sizes of
DNA markers are indicated to the left.
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infected cell extracts and in virions. Interestingly, we consis-
tently observed from two studies that VZV.IE62(S686A)2 viri-
ons exhibited increased levels of ORF9 and ORF63 proteins.
Interestingly, we did not detect actin as a component of VZV
virions from either virus. From this work, we conclude that the
mutation of S686A in both copies of IE62 abrogated the in-
corporation of IE62 into virions. While virion packaging of
other tegument-associated regulatory proteins did not require
virion IE62, some appeared to compensate for the absence of
tegument IE62.

Growth comparisons of VZV.IE62(S686A)2 and rVZV lack-
ing functional ORF66 in PCF cells. The previous data estab-
lished that VZV.IE62(S686A)2 showed a similar phenotype to

VZV deficient in functional ORF66. However, comparative
reassessment of growth curves of VZV.IE62(S686A)2 revealed
differences to VZV.GFP-66kd and VZV.GFP-66s in PCF cells
(Fig. 6). Specifically, by 96 h p.i., VZV.IE62(S686A)2 grew to
titers in PCF cells (2.2 � 103 IC) that were only marginally
lower than those of VZV.GFP-66 (5.2 � 103 IC). In contrast,
VZV.GFP-66s and VZV.GFP-66kd showed little increase in
progeny virus titers subsequent to 24 h p.i., and at 96 h p.i,
titers were 3.4 � 101 and 7.3 � 101 IC, respectively. The
difference between titers of ORF66-negative viruses and
VZV.GFP-66 was statistically significant (P � 0.01), mirror-
ing the results shown in Fig. 2A. As VZV.IE62(S686A)2

clearly replicated in PCF cells, we conclude that the critical

FIG. 4. IE62 localizes to the nucleus in VZV.IE62(S686A)2-infected cells. (A) Scanned images of VZV.GFP-66 and VZV.IE62(S686A)2-
infected MeWo cell plaques, immunostained with rabbit anti-IE62 and mouse anti-MCP antibody, which were then detected with anti-rabbit Alexa
Fluor 546 or anti-mouse Alexa Fluor 488, respectively. The merge panels are overlays of IE62 (red) and MCP (green). (B) Immunofluorescence
images of VZV.IE62(S686A)2-infected MRC-5 (top row) or PCF cells (bottom row) immunostained for IE62 (red). Nuclei detected using Hoechst
stain (blue) are displayed in the merged images. All cells were fixed at 3 days p.i. with 4% paraformaldehyde, and images were taken using a 40�
objective.
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ORF66 function required for productive VZV growth in PCF
cells is independent of its functions in regulating IE62 nuclear
import through phosphorylation of the IE62 S686 site. We pre-
sume that virions produced in PCF cells by VZV.IE62(S686A)2

and by ORF66 kinase-negative VZV do not incorporate IE62
in VZV virions, as IE62 would not localize to the site of
tegumentation in the cytoplasm of these cells.

Detection of apoptosis levels in recombinant VZV-infected
corneal fibroblasts. Several alphaherpesvirus US3 kinases or-
thologous to ORF66 have been shown to block apoptosis in
response to both the stress of viral infection and to exogenous

agents or treatments. Recent studies have indicated that
ORF66 inhibits apoptosis in VZV-infected T cells (58), as a
fraction of cells infected with VZV lacking ORF66 show
higher levels of caspase-3 activation (57). In the context of the
corneal stroma, keratocytes are highly sensitive to apoptosis
following injury (35, 66, 67). To test the role of apoptosis in the
PCF cell-specific growth requirement for ORF66, we assessed
MRC-5 or PCF infected cells for the early apoptosis marker
Annexin V and the viability stain 7-AAD. Gating for GFP
fluorescence enabled assessment of VZV-infected cells in
which the ORF66 promoter was active (Fig. 7). In MRC-5 cells
infected with VZV.GFP-66, indicators of apoptosis were seen
in mean levels of 6.5, 10.5, and 18.9% of GFP-expressing cells
at 24, 48, and 72 h p.i., respectively. Cells infected with
VZV.GFP66-kd displayed almost equivalent levels (9.2, 9.5, and
18.7%), and VZV.GFP-66s levels were slightly lower (6.4, 4.8,
and 13.5%, respectively). Statistical evaluation revealed no
significant difference in numbers of cells showing APC-An-
nexin V signal between VZV.GFP-66 and the 66 kinase mu-
tants at any time. In contrast, PCF cells infected with
VZV.GFP-66kd showed significantly higher levels of apoptosis
(17.5, 13.6, and 19.7%) compared to VZV.GFP-66 (8.2, 8.5,
and 11.1%) at the 24- and 48-h time points, although the levels
of apoptosis of cells infected with VZV.GFP-66s were not
statistically significantly different at any time point (11.3, 10.5,
and 14.0% at 24, 48, and 72 h p.i.). Longer times of incubation
(96 h) did not result in any further increase in levels of apop-
tosis. Of importance, the total levels of cells undergoing apop-
tosis under all conditions were in the minority, as seen previ-
ously in VZV-infected T cells (57). GFP-negative cells present
in VZV-infected cultures did not show variations in levels of
Annexin V staining (data not shown). These results indicate
that corneal fibroblasts infected with VZV lacking ORF66

FIG. 5. VZV.IE62(S686A)2 does not incorporate IE62 into the virion tegument. (A) Sypro ruby staining of purified VZV virion particles
harvested from infected MeWo cells following separation on a 4 to 15% Tris-HCl linear gradient SDS gel. A MeWo-infected cell extract is also
shown (cell ext), with arrows indicating two suspected forms of IE62. Virion particles were obtained from cells infected with VZV.GFP-66 (P) or
VZV.IE62(S686A)2 (686). Virions are shown following purification after the 5 to 15% Ficol gradient step (Ficol 1) and after the second
fractionation on 10 to 50% sucrose gradients (Sucrose2). Arrows depict the 175-kDa protein in the VZV.GFP-66 virion fractions. (B) Immunoblot
analysis of cell extracts and sucrose gradient-purified virions that were equalized based on the abundance of ORF10 protein and then probed with
rabbit antibodies to VZV proteins derived from ORFs 4, 9, 10, 29, 47, 61, 62, and 63 and �-actin. The HSV homologues of some VZV proteins
are indicated in brackets. M indicates the marker lane.

FIG. 6. Progeny growth curves of VZV.IE62(S686A)2, VZV.GFP-
66, and ORF66 mutants in PCF cells. Growth curves were determined
as detailed in the legend for Fig. 2, using confluent PCF cell mono-
layers infected with VZV.GFP-66, VZV.GFP-66kd, VZV.GFP-66s, or
VZV.IE62(S686A)2 after infection at an MOI of 0.001. To quantify
plaques of VZV.IE62(S686A)2, cells were fixed in 4% paraformalde-
hyde at 4 to 5 days p.i., permeabilized, and immunostained with pri-
mary rabbit anti-62 antibodies so that plaques could be enumerated
using fluorescent microscopy. Inoculant data values represent direct
seeding onto MeWo cells on the same day PCF cells were infected.
The x-axis values represent hours p.i. when cells were harvested, and
y-axis values represent infectious centers. Each data point was done in
quadruplicate and represents the mean 
 standard error of these
values. Growth curves are representative of two independent experi-
ments.

VOL. 82, 2008 CELL-SPECIFIC REQUIREMENT FOR VZV ORF66 KINASE 7661



kinase activity do not have dramatically increased levels of
apoptosis, although the increased levels of apoptosis in
VZV.GFP-66kd may be a contributing factor to its growth phe-
notype. We conclude that apoptosis cannot fully account for
the almost complete loss of viral growth in this cell type.

DISCUSSION

In this work, we report the first nonlymphocytic cell line in
which the ORF66 protein kinase is required for efficient VZV
replication. We also show that ORF66 kinase-mediated phos-
phorylation of IE62 residue S686 is necessary and sufficient for
IE62 cytoplasmic accumulation and virion packaging in the
context of VZV infection. However, this activity is not the PCF
cell-specific requirement for the kinase. Our data also indicate
that the loss of the protein kinase does not result in a
marked increase in VZV-induced apoptosis in the cell types
studied, although it might contribute to growth impairment
of VZV.GFP-66kd in PCF cells. Therefore, the ORF66 pro-
tein kinase has at least one additional critical role in VZV
infection of this cell type.

This work contributes to the changing concept that ORF66
is required for VZV growth in certain cell types. It can thus be
grouped with additional VZV genes that, when deleted, result
in VZV with cell-type-specific or conditional growth patterns,
including gI (10), ORF17 (56), ORF49 (55), and ORF63 (9).
In addition, it has become clear that many VZV genes deemed
not essential for VZV growth in cultured cells are, neverthe-
less, required for VZV growth in human tissue in SCID-hu

mouse models of pathogenesis. An example is gI, which is not
required for VZV growth in MeWo cells but is needed for
growth in Vero cells and for efficient VZV replication in skin
and T cells in the SCID-hu mouse model (36). A second
example is the nonessential ORF10 gene, orthologous to the
VP16 of HSV-1, which is required for growth in human skin
implants (7). Third, deletion of the ORF47 kinase does not
affect growth in culture, even though abnormal virions are
formed. Such viruses show severe impairment of VZV growth
in both T cell (37, 38, 60) and skin (6) implants in SCID-hu
mice. Regarding ORF66, while its disruption was initially re-
ported to have no influence on growth of the VZV vaccine
strain in cultured MeWo cells (19), its disruption in the pOka
background marginally reduced replication in this cell type
(57). As such, it was not unexpected to find that our mutants
disrupted for ORF66 kinase expression exhibited reduced cell-
to-cell spread and infectious virus yields in MRC-5 cells (15).
The additional VZV construct detailed here expressing com-
plete but kinase-inactive ORF66 protein also has some growth
impairment in MRC-5 cells. However, the lack of growth in
human corneal fibroblasts of ORF66 kinase-negative VZV was
not expected and highlights important cell-type-specific func-
tions for the kinase. Our data suggest that ORF66 kinase-
negative mutants are able to enter PCF cells, as we detected
small foci of infection in which both IE62 and the ORF66
kinase were expressed. This suggests the block is at a later
stage of the infectious cycle after early gene expression. Pre-
viously, it was shown that viruses disrupted for ORF66 expres-
sion or kinase activity by mutation of the ATP binding region
(G102A) abrogated virus replication in T cells in the SCID-hu
thy/liv mouse model (57) and in cultured T cells (60). It was
further demonstrated that functional ORF66 was needed to
modulate host cell signaling pathways in vitro in human ton-
sillar CD4� T cells, which have been proposed to be involved
in the transfer of infectious virus from circulation to sites on
the skin in this mouse model of VZV pathogenesis (30). We
conclude that the important ORF66-encoded function involves
the unique short kinase phosphorylating host or viral proteins
in PCF cells. Identification of an easily cultured nonlympho-
cytic cell type in which the kinase is required opens up avenues
to investigate these targets.

Since the PCF-specific function of ORF66 likely involves
phosphorylation of a target, it was logical to investigate the
only well-defined target, IE62. Our work confirmed that S686
was the critical residue by which the kinase induces cytoplasmic
IE62 in the context of VZV infections and established its
importance in the assembly and packaging of IE62 into virions.
We also established that virion incorporation of proteins en-
coded by ORFs 4, 9, 10, 47, and 63 does not require IE62 in the
tegument for packaging. The proteins from ORFs 4, 9, 47, and
63 have been suggested to physically interact with IE62, but it
seems unlikely that these interactions with IE62 are required
for their virion incorporation. The increased levels of ORF9
and ORF63 in the virion in the absence of structural IE62 are
reminiscent of several reports in which absence of one tegu-
ment protein is compensated by an increase in the incorpora-
tion of other tegument components (33) or even host proteins,
such as actin (34). McKnight et al., in their investigation of the
essential �-TIF tegument protein, speculated that protein-pro-
tein interactions in the tegument allow a certain level of flex-

FIG. 7. Apoptosis in VZV PCF and MRC-5 cells infected with
VZV and kinase-negative mutants. MRC-5 (top) and PCF cells (bot-
tom) were infected at an MOI of 0.02 with VZV.GFP-66, VZV.GFP-
66kd, or VZV.GFP-66s or mock infected. At 24, 48, and 72 h p.i., cells
were carefully harvested and stained with APC-Annexin V and the
viability stain 7-AAD. Cells for analysis were gated on GFP-positive
cells for infection. The x axis shows the fraction of GFP-positive cells
that stained APC-Annexin V positive as a percentage of total GFP-
positive cells. Results represent means 
 standard errors of values
from three separate but identical experiments. Statistical analysis was
done with Student’s t test. Asterisks represent the level of statistical
significance: �, P � 0.05; ��, P � 0.001 compared to VZV.GFP-66
values.

7662 ERAZO ET AL. J. VIROL.



ibility of packaging and noted that larger virion-fusion protein
mutants were still packaged into virions (33).

Our work has separated ORF66 phosphorylation of IE62
S686 from the PCF cell-specific function of the kinase.
VZV.IE62(S686A)2 expressed a functional kinase but showed
the IE62 phenotypes of ORF66-negative VZV, yet displayed
only slightly diminished growth by 96 h. This also suggests that
IE62 tegument inclusion is not required for viral growth in
PCF cells. A similar conclusion was proposed from studies in
tonsillar T cells, such that the ORF66 function critical for VZV
growth is independent of its effects on IE62. It was reported
that in T cells, IE62 locates to the cytoplasm in VZV ORF66
stop or ORF66 kinase-inactive mutants (57). This suggests that
IE62 subcellular localization is controlled by an ORF66-inde-
pendent mechanism in tonsillar T cells, possibly a cellular
kinase that regulates IE62 nuclear import. It is not known if
IE62 incorporates into virions from T cells infected with
ORF66-deficient VZV.

We also showed that the disruption of the kinase does not
result in greatly increased levels of apoptosis in PCF cells that
would account for the loss of VZV replication. Modulation of
apoptotic pathways seems to be conserved for many alphaher-
pesvirus US3 kinases, although the mechanisms have not been
fully elucidated. It has been suggested that the kinase enables
maintenance of survival of the infected cell long enough to
allow virion production and spread (2). Keratocytes are known
to be highly susceptible to apoptosis in the corneal stroma,
particularly following a corneal wound or infection (67). Our
data show that stromal fibroblasts derived from corneas show
only significantly more apoptosis at 24 and 48 h following
infection with VZV expressing the kinase-dead protein. The
fraction of cells showing apoptosis are similar to that seen in T
cells (57). However, unlike that study, we found that the levels
of apoptosis in VZV expressing ORF66 stop mutants were not
significantly different from those in cells infected by VZV with
functional kinase. The significantly higher apoptosis in
VZV.GFP-66kd-infected PCF cells may reflect binding of
the kinase-dead protein to a prosurvival factor that is normally
phosphorylated, leading to dominant negative effects. Interest-
ingly, in HSV-1, antiapoptotic activity stems from the amino
terminus of US3 in transfected cells induced for programmed
cell death (49, 51). Thus, while ORF66 kinase activity may
have a role in inhibition of apoptosis in PCF, it is unlikely to be
the ORF66 function responsible for the severe growth defi-
ciency of VZV lacking functional ORF66 in PCF cells.

The critical target(s) of the kinase in this cell type remains to
be defined, and our current studies are aimed at determining if
the VZV kinase shares the same functions attributed to other
alphaherpesvirus US3 kinases. The US3 kinases of HSV-1,
Marek’s disease virus, and PRV have been implied to modu-
late the nuclear membrane to facilitate de-envelopment of
nucleocapsids into the cytoplasm, since absence of US3 kinases
causes irregular nucleocapsid accumulations in the perinuclear
space (27, 53, 54, 59, 64). It has been suggested that phosphor-
ylation of lamin A/C and emerin hyperphosphorylation aid in
nuclear lamina breakdown (31, 41) that is required for proper
virion nuclear egress. Our recent studies (A. J. Eisfeld and
P. R. Kinchington, unpublished studies) indicate that nuclear
rim concentrates of GFP-66kd colocalize with nucleocapsid
proteins. Work by Schaap-Nutt et al. suggests that complete

virion formation is not affected in T cells infected with VZV
encoding ORF66 stop mutants, and there is no similar nucleo-
capsid accumulation in the perinuclear regions (58). Rather,
they reported lower levels of nucleocapsids in infected cells. It
is possible that in PCF cells the kinase may have a more
important role in virion egress than in T cells, and studies are
ongoing using the GFP tag to sort and concentrate the initially
infected PCF cells for electron microscopy studies of nucleo-
capsid maturation at the nuclear membrane.

It is possible that the ORF66 kinase augments activity of a
cellular protein kinase which has different levels of activation
or expression in different cell types. The US3 kinase of HSV-1
overlaps the targets of protein kinase A, which may be reduced
in PCF cells (3). ORF66 also modulates the induction of the
IFN pathway, as the level of Stat1 phosphorylation in a small
fraction of tonsillar T cells is higher in response to IFN-� when
the kinase is not expressed (58). In SCID-hu mouse skin xe-
nografts, VZV lesions are surrounded by a defined region of
uninfected epidermal cells positive for Stat1 phosphorylation
(triggered in the IFN signaling pathway), yet actual VZV-
containing lesions downregulate IFN-� (30). Although ORF66
only has a modest effect on VZV titers in skin xenografts
infected with pOka VZV66 stop mutants (58), it is thought that
inhibition of IFN signal transduction may promote the survival
of infected tonsillar T cells. Thus, it is possible that PCF cells
express higher levels of IFN and that this may exert an antiviral
effect. Human corneal epithelial cells have been found to in-
crease transcriptional expression of various cytokines, includ-
ing IFN-�, in response to HSV-1 infection in vitro (32). Inter-
estingly, addition of recombinant human IFN-�2a can inhibit
VZV replication in human corneal stromal fibroblast cultures
(52). Investigation of the role of interferon pathway modula-
tion by ORF66 in PCF cells is an area under study.

In conclusion, VZV deficient in functional ORF66 protein
kinase expression is severely growth impaired in human cor-
neal stromal fibroblasts, but this is not due to the kinase-
mediated phosphorylation of IE62 residue S686, which drives
cytoplasmic accumulation and virion packaging of IE62. While
our data suggest that there is a role for ORF66 in inhibition of
virus-induced apoptosis in PCF cells, this effect seems unlikely
to be solely responsible for the complete growth deficiency.
This work establishes that ORF66 may be critical for produc-
tive VZV growth in some nonlymphocytic cell types, and ad-
ditional primary cell cultures are now being explored.
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