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Wild-type herpes simplex virus type 1 (HSV-1) infection triggers apoptosis in human cells. The subsequent
synthesis of infected cell proteins between 3 and 6 h postinfection (hpi) acts to block this process from killing
the cells. The factors produced during this window also prevent cell death induced by environmental stauro-
sporine or sorbitol (M. Aubert, J. O’Toole, and J. A. Blaho, J. Virol. 73:10359-10370, 1999). We now report that
(i) during the prevention window, HSV-1(F) also inhibited apoptosis induced by tumor necrosis factor alpha
(TNF-«) plus cycloheximide (CHX) treatment. While deciphering the mechanism of this inhibition, we ob-
served that (ii) the transcription factor NF-kB translocated from the cytoplasm into the nuclei of infected cells,
and (iii) this migration initiated at 3 hpi. (iv) The complete inhibition of protein synthesis at 3 hpi by the
addition of CHX precluded NF-«B translocation, while CHX additions at 6 hpi or later did not elicit this effect.
This result confirms that infected cell protein synthesis is required for the nuclear import of NF-kB. (v) The
detection of NF-kB in nuclei correlated with the ability of HSV-1(F), HSV-1(KOS1.1), or HSV-1(R7032), a
replication-competent recombinant virus containing a deletion in the gene encoding the gE glycoprotein, to
prevent apoptosis. (vi) NF-kB did not bind its kB DNA recognition site and remained cytoplasmic in cells
actively undergoing apoptosis following infection with HSV-1(vBSA27), a virus with the key regulatory protein
ICP27 deleted. (vii) Prestimulation of NF-kB by the addition of a phorbol ester prevented HSV-1(vBSA27)-
induced apoptosis. (viii) Retention of NF-kB in the cytoplasm by the addition of a pharmacological antagonist
of its release from IkBa led to an increase in death factor processing during HSV-1(F) infection. (ix) A novel
HEp-2 clonal cell line, termed IkBaDN, was generated which expresses a dominant-negative form of IkBa.
Treatment of IkBaDN cells with TNF-« in the absence of CHX resulted in apoptotic death due to the inability
of NF-kB to become activated in these cells. Finally, (x) infection of IkBaDN cells with HSV-1(F) or HSV-
1(KOSL1.1) resulted in apoptosis, demonstrating that (xi) the nuclear translocation of NF-kB between 3 and 6
hpi (the prevention window) is necessary to prevent apoptosis in wild-type HSV-1-infected human HEp-2 cells.

Herpes simplex virus type 1 (HSV-1) is a large, enveloped,
double-stranded DNA virus with a genome of approximately
150 kbp that encodes over 80 proteins, many of whose func-
tions are still unknown (reviewed in reference 48). Productive
HSV-1 infection occurs in a sequentially ordered cascade in
which a (immediate-early or IE) proteins precede the synthesis
of B (early or E) and vy (late or L) proteins (22, 23). During the
course of lytic infection, HSV-1 takes over the host cell, sub-
jugating the cell’s biomolecular synthesis machinery to serve its
own reproduction. Cells react to viral infection by attempting
to block viral replication, undergoing apoptosis, or by signaling
neighboring cells to activate antiviral systems (reviewed in ref-
erence 31).

The interplay between HSV-1 and its host involves numer-
ous factors, and the virus employs several mechanisms to com-
bat the many antiviral responses enacted by an infected cell.
One of the most dramatic cellular responses to viral infection
is the induction of apoptosis or programmed cell death. Apo-
ptosis is characterized by cell shrinkage, membrane blebbing,
redistribution of phosphatidylserine to the outer leaflet of the
plasma membrane, fragmentation of nuclei (karyorrhexis),
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chromosomal DNA (pyknosis), and oligosomal DNA ladder-
ing (29, 30, 58). These structural modifications are a conse-
quence of the activation of effector (executioner) caspases
(cysteine aspartases), one of which is caspase 3, and the cleav-
age of poly(ADP-ribose) polymerase (PARP) and structural
proteins (29, 30, 39, 57, 58). Apoptosis functions to limit virus
spread by preventing viral replication, saving other cells from
infection (34). HSV-1 has developed a mechanism to counter-
act this antiviral cell death process (3).

The interaction of HSV-1 with its host cell results in the
triggering of the apoptotic cell death program (2, 4, 33). Dur-
ing infection by wild-type HSV-1, caspase 3 is activated (4), the
death factor DFF45 is completely cleaved (4), and phosphati-
dylserine is flipped from the inner to the outer membrane
leaflet (25), indicating that replication-competent HSV-1 trig-
gers the apoptosis death program and infected cells are actively
in an apoptotic state. However, cells infected with wild-type
HSV-1 do not show features of apoptosis, because infected cell
proteins produced between 3 and 6 h postinfection (hpi),
termed the apoptosis “prevention window” (4), prevent the
process from killing the cells (4). Thus, human HEp-2 cells
infected with either (i) viruses containing a deletion in the key
viral regulators ICP4 or ICP27 or (ii) wild-type virus plus the
addition of cycloheximide (CHX) at the time of infection, die
by apoptosis (2, 33, 37). Although most recent efforts have
focused on identifying viral gene products involved in apopto-
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sis prevention during infection, such as ICP4, ICP27, and Ug3
(2,4, 5,24, 37, 38, 59), little is known of the role that cellular
survival factors play in the process. While it had been shown by
this lab and others that HSV-1 infection could block apoptosis
induced by extracellular stimulants such as tumor necrosis fac-
tor alpha (TNF-a), anti-FAS antibody, CHX, staurosporine,
ceramide, osmotic shock using sorbitol or ethanol, and hyper-
thermia (2, 4, 19, 25, 33, 35, 38), we demonstrated that infected
cell proteins produced during the apoptosis prevention window
inhibited cell death triggered by staurosporine and sorbitol (4).

It was our initial goal to determine whether the ability of
wild-type HSV-1 to block the effects of TNF-a treatment was
dependent on factors produced during the apoptosis preven-
tion window. In response to TNF-a treatment, initiator caspases,
such as caspase 8, activate the executioner caspases to effect
apoptosis, unless this process is inhibited by the actions of the
transcriptional regulatory factor NF-kB; IkB modulates the
activity of NF-kB by retaining it in the cytoplasm (8, 9, 27, 39,
40, 54, 55, 57). During the course of our studies, we observed
that NF-kB began to translocate to the nuclei of infected
HEp-2 cells during the time period in which the apoptosis-
preventing infected cell proteins were produced. While earlier
reports (1, 45) have described the nuclear location of NF-«kB
during infection, the consequences of this activation for the
infected cell remain unknown. Thus, our goal was to determine
whether NF-«kB is associated with apoptosis prevention by
HSV-1. Based on our findings, it is our contention that the
translocation of NF-kB to the nuclei of infected cells is a
necessary component of the apoptosis prevention process dur-
ing HSV-1 infection.

MATERIALS AND METHODS

Cell lines and viruses. Vero and HEp-2 cells were obtained from the Amer-
ican Type Culture Collection (Rockville, Md.). All cells were maintained in
Dulbecco’s modified Eagle’s medium containing 5% fetal bovine serum (5%
FBS). The 2.2 cells are a derivative Vero cell line expressing the HSV-1 imme-
diate-early protein ICP27 under its own promoter and were originally obtained
from Roz Sandri-Goldin (University of California, Irvine) (51). The Vero 2.2
cells used in this study were provided by Saul Silverstein (Columbia University)
and were maintained in 5% FBS containing 300 wg of G418/ml (2). The HSV-
1(F) and HSV-1(R7032) viruses were obtained from Bernard Roizman (Univer-
sity of Chicago). HSV-1(F) is the wild-type strain used in the majority of these
studies. HSV-1(R7032) is a recombinant virus derived from HSV-1(F) and con-
tains a deletion in the gene encoding glycoprotein E (gE) (41). The wild-type
HSV-1(KOS1.1) and recombinant mutant HSV-1(vBSA27) viruses were pro-
vided by Saul Silverstein. vBSA27 is an ICP27-null mutant derived from KOS1.1
that contains a replacement of the a27 gene with the Escherichia coli lacZ gene
and must be propagated on an ICP27-complementing cell line such as Vero 2.2
(52). HEp-2 cell monolayers to be infected were maintained in Dulbecco’s
modified Eagle’s medium containing 5% newborn calf serum (5% NBCS) for
24 h prior to infection. Cells were infected with multiplicities of infection (MOIs)
of either 5 or 10 PFU/cell. Standard HSV-1 inoculations were carried out in 199
medium containing 2% FBS (199V) at 37°C for 1 h. In experiments with vBSA27,
adsorptions were carried out for 2 h. Following adsorption, infected cells were
maintained in 5% NBCS for the various times indicated in the text. All tissue
culture reagents were purchased from Life Technologies.

Preparation of infected cell extracts. Infected cells were harvested by scraping
directly into the medium. After low-speed centrifugation at 800 X g, cell pellets
were washed in phosphate-buffered saline (PBS) containing a 10 wM concentra-
tion each of the protease inhibitors N-tosyl-L-phenyl-alanine-chloromethylke-
tone (TPCK), phenylmethylsulfonyl fluoride (PMSF), and tosyl-L-lysine-chloro-
methylketone (TLCK) (PBS*). Cells were resuspended in a lysis solution of 50
mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA containing TPCK, TLCK,
and PMSF (buffer A*). Infected cells were disrupted by sonication on ice three
times for 10 s at an output level of 2 with a Branson sonifier. The protein
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concentration of each sample was determined by a modified Bradford protein
assay as recommended by the manufacturer (Bio-Rad). All biochemical reagents
were obtained from Sigma unless stated otherwise in the text.

Preparation of cytoplasmic and nuclear fractions. The subfractionation of
infected cells into nuclear and cytoplasmic extracts was performed as previously
described (12, 47). All manipulations were performed on ice. Cytoplasmic and
nuclear extracts were made at the times postinfection indicated in the text.
Infected cells were scraped directly into the medium and pelleted by centrifu-
gation at 800 X g for 3 min. Resuspended pellets were washed once with PBS*,
transferred to a 1.5-ml tube, and pelleted again in a microcentrifuge at 1,000 X
g for 3 min. Cells were lysed by gentle inversion after resuspending in 150 pl of
PBS* containing 0.4% NP-40, followed by recentrifuging for 3 min. The super-
natants (cytoplasmic extract) were removed and placed in fresh tubes. The
nuclear pellets were washed once with 100 ul of PBS* containing 0.1% NP-40,
pelleted at 1,000 X g for 3 min, and resuspended in 100 pl of PBS* containing
0.4% NP-40. Mixtures containing nuclei were frozen at —80°C for at least 30 min
and rethawed on ice, as this increases the extraction of nuclear proteins from the
insoluble material (M. L. Goodkin and J. A. Blaho, unpublished results). Finally,
the nuclear samples were sonicated on ice three times for 5 s, and these consti-
tuted the nuclear fractions. In experiments where whole extracts and subcellular
(cytoplasmic and nuclear) fractions were prepared from the same cells, infected
cells were resuspended in 250 wl of PBS* and 50 and 200 wl were processed,
respectively.

Denaturing gel electrophoresis and immunoblotting techniques. Approxi-
mately 50 pg of infected cell proteins from whole extracts or subcellular fractions
was electrophoretically separated in 15% sodium dodecyl sulfate—polyacrylamide
gels cross-linked with N, N'-diallyltartardiamide (12), electrically transferred to
nitrocellulose using a tank apparatus (Bio-Rad), and probed for a minimum of
2 h with the appropriate primary antibodies described below. Secondary goat
anti-rabbit and anti-mouse antibodies conjugated to alkaline phosphatase were
obtained from Southern Biotechnology. Anti-rabbit or anti-mouse antibodies
conjugated to horseradish peroxidase were used for chemiluminescence detec-
tion as recommended by the vendor (Amersham). Specific proteins were de-
tected following development with chemiluminescence reagents (Amersham)
and autoradiography at 25°C using X-Omat film (Kodak, Rochester, N.Y.).
Prestained molecular mass markers (GibcoBRL) were included in all acrylamide
gels (lanes are not shown in most figures). Equal protein loadings were deter-
mined by Ponceau S staining prior to immunoblotting. All immunoblots and
autoradiograms were digitized at 600 dots per inch using an AGFA Arcus II
scanner linked to a Macintosh G3 PowerPC workstation. Raw digital images,
saved as tagged image files using Adobe Photoshop, were organized into figures
using Adobe Illustrator. Grayscale prints of figures were obtained using a Codon-
ics dye-sublimation printer.

Immunological reagents. The antibodies used to detect viral and cellular
proteins were the following. RGST22 is a rabbit polyclonal antibody specific for
ICP22 (14). RGST49 is a rabbit polyclonal antibody specific for VP22 (10). 1114
is a mouse monoclonal antibody specific for ICP4 (Goodwin Institute for Cancer
Research). Mouse monoclonal antibodies specific for the p65 subunit of NF-kB,
IkBa, caspase 3, and PARP were obtained from Santa Cruz Biotechnology,
Imgenex, Transduction Laboratories, and Pharmingen, respectively. Full-length
PARP (116 kDa) is cleaved during the execution phase of apoptosis, and our
antibody reacts with both the 116-kDa form and its 85-kDa cleavage product (4,
28). PARP cleavage was quantitated (4, 28) using the public domain NIH Image
program (developed at the National Institutes of Health and available on the
Internet at http://rsb.info.nih.gov/nih-image). Background was subtracted using
the 2D rolling ball and 2D streak removal filters. Densities of the 116- and
85-kDa bands were measured, and the percentage of PARP cleavage was calcu-
lated as follows: {(density of 85-kDa band)/[(density of 85-kDa band) + (density
of 116-kDa band)]} X 100. During apoptosis, the inactive form of caspase 3
(procaspase 3) becomes cleaved. While our antibody recognizes both the un-
cleaved form (32 kDa) and one of the processed forms (20 kDa), under our gel
electrophoresis conditions only the uncleaved (inactive) form is resolved. There-
fore, loss of caspase 3 reactivity corresponds to apoptosis induction in our system
(4). For indirect immunofluorescence, anti-NF-«kB p65 subunit, ICP22, and VP22
antibodies were used at a dilution of 1:1,000 in PBS containing 1% bovine serum
albumin (BSA). Fluorescein isothiocyanate-conjugated goat anti-mouse immu-
noglobulin G (Boehringer Mannheim), diluted 1:1,000, and tetramethylrhoda-
mine-isothiocyanate (Texas Red)-conjugated goat anti-rabbit immunoglobulin G
(Vector Laboratories), diluted 1:150, were used as secondary antibodies.

Indirect immunofluorescence and microscopy. Indirect immunofluorescence
experiments were performed as previously described (47). Infected cells grown
on glass coverslips in 35-mm dishes were washed with PBS and fixed using 2.5%
methanol-free formaldehyde (Polysciences) in PBS. After 20 min of incubation
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in formaldehyde, cells were washed twice with PBS, permeabilized with 100%
acetone at —20°C for 4 min, and washed twice again with PBS. Because HSV-
1-infected cells express the viral gE/gl Fc receptor complex (26), it was necessary
to block any nonspecific antibody binding that the complex may cause by incu-
bating in PBS containing 1% BSA plus 10 pg of pooled human immunoglobulin
(Sigma)/ml for at least 1 h (32). Fixed, blocked cells were incubated with primary
antibodies in 1% BSA for 1 h. Cells were washed twice with PBS and incubated
in the dark for 1 h with secondary antibody. Finally, cells were washed twice with
PBS and mounted onto glass microscope slides using a 0.1% Mowiol solution
(Sigma) containing 2.5% DABCO as the antibleaching agent. The edges of the
coverslips were sealed with clear nail polish to keep the slips in place, and the
slides were stored at 4°C. Chromatin condensation was visualized using 0.05 pg
of Hoechst 33258 (Sigma)/ml as previously described (2). Hoechst dye was added
to cells 1 h prior to fluorescence microscopy. The number of apoptotic cells with
condensed chromatin and fragmented nuclei, as well as the total number of cells
in representative fields, were counted. Mean values were determined from two
independent experiments in which a minimum of 300 and a maximum of 500 cells
were counted for each condition. The percentage of apoptotic cells was calcu-
lated as follows: (number of apoptotic cells/total number of cells) X 100. Fluo-
rescence was observed with an Olympus IX70/IX-FLA inverted fluorescence
microscope, and images were acquired using a Sony DKC-5000 digital photo
camera linked to a PowerMac G3 and processed through Adobe Photoshop.

Preparation of infected cell nuclear fractions for EMSA. Infected cells were
scraped directly into the medium and pelleted by centrifugation at 800 X g for 3
min. Pellets were washed once with cold PBS, transferred to a 1.5-ml tube, and
spun down in a microcentrifuge at 1,000 X g for 30 s. Cells were resuspended in
400 pl of electrophoretic mobility shift assay (EMSA) buffer A (10 mM HEPES
[pH 7.9], 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA) containing 1 mM
dithiothreitol (DTT) and 1 mM PMSF and incubated on ice for 15 min, after
which 25 pl of 10% NP-40 was added. The mixture was vortexed vigorously for
10 s and centrifuged at 1,000 X g for 1 min. The supernatant was carefully
removed and discarded. The nuclear pellet was washed once by layering 1 ml of
cold EMSA buffer A over it and pelleting again for 1 min. The supernatant was
again removed and discarded, while the pellet was centrifuged again to remove
any remaining supernatant. Next, 50 pl of cold EMSA buffer C (20 mM HEPES
[pH 7.9], 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA) containing 1 mM DTT and
1 mM PMSF was added to the nuclear pellet. The nuclei were gently tapped until
they were able to float and were rotated for 30 min at 4°C. Following this
extraction step, the mixture was centrifuged at 1,000 X g for 1 min, the super-
natant (nuclear extract) was transferred to a new 1.5-ml tube, and aliquots were
stored at —70°C.

EMSA. The DNA probe for EMSA studies was generated by annealing two
complementary oligonucleotides (forward, 5'-CTA GTG GGG ACT TTC CAC
CTG GGG ACT TTC CAC CT-3'; reverse, 5'-CTA GAG GTG GAA AGT
CCC CAG GTG GAA AGT CCC CA-3’) and 5'-end labeling with [y-**P]ATP
(6,000 Ci/mmol; Amersham) and T4 polynucleotide kinase (New England Bio-
labs) to an average activity of approximately 200,000 cpm/ng of oligonucleotide
fragment. Aliquots of nuclear extract protein (approximately 3 ng) were added
to a mixture of EMSA binding buffer (5% glycerol, 1 mM EDTA, 50 mM NaCl,
10 mM Tris-HCI [pH 7.5]) containing 10 mM DTT and 4 pg of poly(dI-dC)
(Sigma) and allowed to incubate at 25°C for 10 min. Approximately 0.5 ng of
radiolabeled DNA probe was added, and the samples were allowed to incubate
for an additional 30 min at the same temperature. For “super-shifting” experi-
ments, 0.4 ug of anti-NF-«kB p65 antibody was added to the reaction mixture and
allowed to incubate at 25°C for 10 min prior to the addition of radiolabeled
DNA. Samples were electrophoretically separated in a 5% nondenaturing poly-
acrylamide gel and dried under vacuum at 80°C for 75 min, and DNA-protein
complexes were visualized by autoradiography. Unlabeled wild-type and mutant
probes were used to competitively inhibit oligonucleotide binding. The se-
quences of the mutant oligonucleotides were as follows (mutated residues are
indicated with bold type): forward, 5'-CTA GTG GCG ACT TTC CAC CTG
GCG ACT TTC CAC CT-3'; reverse, 5'-CTA GAG GTG GAA AGT CGC
CAG GTG GAA AGT CGC CA-3".

Plasmids used for transfections and the generation of stable cell lines. A
dominant-negative IkBa mutant containing serine-alanine substitutions at posi-
tions 32 and 36 (16, 53) was subcloned into the Peak8 vector, which contains the
gene for puromycin resistance (Edge Biosystems, Gaithersburg, Md.), and ex-
pressed under the control of the Efla promoter to generate plasmid pPEAKS-
IkBaDN. Plasmids generated using the same vector but containing green fluo-
rescent protein (GFP) or CD14 in the polylinker site were used as controls
(pPEAKS-GFP and pPEAKS-CD14, respectively). Plasmid DNA (10 pg/10-cm
dish) was introduced into HEp-2 cells by using the calcium phosphate transfec-
tion method (46), and the cells were maintained in 5% FBS. After 3 days, the
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medium was changed to 5% FBS containing 1 pg of puromycin/ml to select for
transfected cells and maintained in this medium for 5 days. At the same time, a
titration of HEp-2 cell susceptibility to puromycin indicated that a concentration
of 2 pg/ml was sufficient to kill nontransfected cells within 3 to 4 days. The
concentration of puromycin used in the medium for the transfected cells was
then increased to 2 pg/ml at 3 days posttransfection, and the cells were main-
tained at this level for 2 weeks, changing the medium every 4 to 5 days. The
observation of green fluorescence in the pPeak8-GFP-transfected cells indicated
the presence of stably transfected cultures.

Biochemical and pharmacological (i) inhibition of infected cell protein syn-
thesis, (ii) induction of apoptosis, (iii) inhibition of NF-kB translocation, and
(iv) activation of NF-kB in HEp-2 cells. CHX addition at the time of HSV-1
infection inhibits infected cell protein synthesis, ultimately leading to apoptosis
of human HEp-2 cells (2, 33). The time course of the CHX addition experiment
that was used to define the HSV-1 apoptosis prevention window was described in
detail previously (4). The basis of this technique is the following. Wild-type
HSV-1 triggers apoptosis, but infected cell proteins produced after 3 hpi prevent
the process from killing the cell. Thus, CHX addition to an HSV-1 infection at
3 hpi or before leads to apoptosis, while CHX addition at 6 hpi or later does not.
At the times indicated below in Results, CHX (10 pg/ml) in 5% NBCS was added
to infected cells and maintained to 18 hpi. As a positive control to induce
apoptosis, TNF-a (10 ng/ml) and CHX were added to mock-infected HEp-2
cells. Lyophilized TNF-« (Sigma) was dissolved in sterile PBS containing 1%
BSA. Aliquots of TNF-a stocks at a concentration of 10 pwg/ml were stored at
—80°C and thawed once prior to using. The antioxidant and metal chelator
pyrrolidine dithiocarbamate (PDTC) is a potent NF-kB inhibitor (15, 36, 50).
PDTC (Sigma) was dissolved directly in 5% NBCS medium at a final concen-
tration of 400 wM. This concentration was empirically determined to be the
optimal amount necessary to prevent NF-kB nuclear import induced by TNF-a
treatment in HEp-2 cells (M. L. Goodkin and J. A. Blaho, unpublished results).
Cells were pretreated in 5% NBCS medium containing PDTC for 2 h at 37°C
prior to infection. Following viral adsorption in PDTC medium at 37°C for 1 h,
cells were maintained in the presence of the drug to 6 hpi. At this time, cells were
washed twice with sterile PBS, the medium was replaced with 5% NBCS devoid
of PDTC, and the infections proceeded to 18 hpi. Thus, the cells were main-
tained in the presence of PDTC for the first 6 h of infection. The rationale for
this was to inhibit NF-kB during the apoptosis prevention window. The phorbol
ester phorbol-12-myristate-13-acetate (PMA; Sigma) was resuspended in 100%
ethanol at a concentration of 100 pg/ml. The PMA was diluted to final concen-
trations of 1, 5, and 10 ng/ml in 5% NBCS or 199V medium. Cells were pre-
treated for 1 h in 5% NBCS medium containing PMA prior to HSV-1(vBSA27)
infection. Mock-treated control cells (minus PMA) were incubated with ethanol
only. Following viral adsorption in 199V medium containing PMA for 2 h at
37°C, cells were maintained in 5% NBCS in the presence of PMA until the end
of the experiment at 18 h.

RESULTS

HSV-1(F)-infected cell proteins synthesized between 3 and 6
hpi block apoptosis triggered by TNF-« plus CHX treatment.
We previously reported that infected cell proteins produced
between 3 and 6 hpi by HSV-1 strain KOS1.1 had the ability to
prevent infection-, staurosporine-, and sorbitol-induced apo-
ptosis in human HEp-2 cells (4). TNF-a is a potent inducer of
the caspase 8-dependent cell death pathway (8, 40). When
TNF-« induction occurs in the presence of the protein synthe-
sis inhibitor CHX, cultured human cells rapidly die by apopto-
sis (55). A previous report indicated that HSV-1 strain F could
block apoptosis induced by TNF-a (19). Following the lead of
these researchers, we set out to determine whether this block-
ing of TNF-a-triggered apoptosis occurred during the apopto-
sis prevention window that our laboratory had described pre-
viously (4).

Human HEp-2 cells were mock- or HSV-1(F)-infected, and
TNF-a plus CHX was added at either 3 or 6 hpi and main-
tained until the end of the experiment. At 17 hpi, infected cells
were stained with Hoechst DNA dye to detect infected cell
nuclei and subsequently visualized by phase-contrast micros-
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A. Infected cell morphologies
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FIG. 1. Infected cell proteins produced by wild-type HSV-1(F) infection by 6 hpi block TNF-a-induced apoptosis. Fluorescence and phase-
contrast images of infected cells (A) and immune reactivities of infected cell proteins and cellular death factors (B) were obtained as described
in Materials and Methods. HEp-2 cells were infected with HSV-1(F) (MOI = 5) or mock infected, TNF-a plus CHX was added at 3 or 6 hpi,
Hoechst dye was added 60 min prior to harvesting, and the number of cells (percent) with pyknotic nuclei (Pyknosis) was determined from two
independent experiments. Infected whole-cell extracts were prepared at 18 hpi (TNF-a-plus-CHX treatments) or 24 hpi (without treatment),
separated in a denaturing gel, and transferred to nitrocellulose, and immunoblotting was performed with anti-ICP4 and anti-PARP antibodies. 116
and 85 refer to full-length and processed PARP, respectively. “no tx” refers to no TNF-a-plus-CHX treatment. Magnification, X40.

copy and fluorescence microscopy at 18 hpi, as described in
Materials and Methods. Controls included mock-infected and
HSV-1(F)-infected cells that were left untreated. The results of
this experiment (Fig. 1A) were as follows.

The morphologies of cells infected with the wild-type HSV-
1(F) virus appeared flat and elongated, similar to mock-in-
fected cells (Fig. 1A, compare panel 6 with 8). In addition, the
nuclei of these cells were large and rounded (panels 1 and 3).
Only 2 and 7% of the mock-infected and HSV-1(F)-infected
cells had condensed chromatin, respectively. In contrast,
mock-infected cells that received TNF-a plus CHX treatment
at 6 hpi and HSV-1(F)-infected cells treated at 3 hpi exhibited
condensed chromatin and nuclear fragmentation (panels 2 and
4) as well as cell shrinkage and membrane blebbing (panels 7
and 9). The number of apoptotic cells detected appears low
due to a consequence of the death process; cells lifted off the
plate and floated out of the plane of focus and, thus, were not
visible in the photographs (2). Infected cells that were treated
with TNF-a plus CHX at 6 hpi had features of both nonapop-
totic and apoptotic cells (panels 5 and 10). The number of
apoptotic cells (56%) was smaller than that of the 3-hpi sam-
ples (96%) (compare panels 5 and 10 with 4 and 9) and the

mock-infected cells treated at 6 hpi (67%). These results sug-
gest that delaying the addition of TNF-« plus CHX until 6 hpi
leads to a reduction in apoptosis.

To further characterize the extent of apoptosis, the experi-
ment above was repeated and a biochemical analysis was per-
formed specifically looking at the cleavage of PARP, a hall-
mark of apoptosis (39). Whole extracts of infected cells were
prepared at 18 hpi, separated in a denaturing gel, transferred
to nitrocellulose, and probed with an antibody to PARP. Im-
munoblotting for the IE viral ICP4 protein was used as an
infection control. As expected, the uninfected cells did not
show cleavage of PARP (Fig. 1B, lane 1). Similarly, HSV-1(F)-
infected cells did not show the 85-kDa cleavage product of
PARP (lane 4). When the HSV-1(F)-infected cells were
treated with TNF-a plus CHX at 3 hpi, cleavage of PARP was
observed (lane 5). The extent of this death factor processing
was comparable to that of the positive control sample in which
TNF-a plus CHX was added to mock-infected cells at 6 hpi
(compare lanes 5 and 3). Significantly less PARP cleavage was
observed in the HSV-1(F)-infected cells treated with TNF-«
plus CHX at 6 hpi than in the mock infected control (compare
lane 6 with 3). Most importantly, less death factor processing
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was observed with the 6-hpi additions than with the 3-hpi
additions (compare lanes 6 and 5). These findings suggest that
infected cell proteins made at 6 but not 3 hpi are capable of
blocking apoptosis triggered by the addition of TNF-a plus
CHX. The fact that productive infection occurred in these cells
was confirmed by probing the membrane for the IE viral pro-
tein ICP4. Little to no ICP4 was observed when the cells were
treated with CHX at 3 hpi (lane 5). When treated at 6 hpi,
ICP4 production progressed to a detectable level (lane 6). In
untreated infected cells, there was an abundance of this viral
protein at 18 hpi (lane 4).

Taking these results together, we conclude the following. (i)
Human HEp-2 cells are susceptible to the induction of apo-
ptosis by the addition of TNF-a plus CHX to the cell culture
medium. The apoptotic features we observed include cell
shrinkage, membrane blebbing, condensed chromatin (pykno-
sis), nuclear fragmentation (karyorrhexis), and death factor
(PARP) processing. (ii) Infected cell proteins present at 6 hpi
are able to reduce the amount of apoptosis triggered by TNF-a
plus CHX. This finding corroborates our earlier findings show-
ing that the period between 3 and 6 hpi during wild-type
HSV-1 infection constitutes a prevention window in which
apoptosis triggered by various external stimuli is inhibited (4).
(iif) The combination of HSV-1 infection at 3 hpi with the
addition of TNF-a plus CHX leads to a greater amount of
apoptosis than when TNF-a plus CHX is added during infec-
tion at 6 hpi. This conclusion is based on the finding that, under
these conditions, the number of apoptotic cells (Fig. 1A) was
greater with the HSV-1(F) infection treated at 3 hpi (96%
pyknosis) than with the treated mock-infected control (67%
pyknosis). A possible explanation for this is that viral infection
may provide an initial trigger of apoptosis which is then en-
hanced by the TNF-a plus CHX treatment, since infected cell
prevention factors are not present at that time (3 hpi).

NF-kB partitions in the nuclear fraction of HSV-1(F)-in-
fected human epithelial cells. The translocation of cellular
NF-«kB to the nuclei of HSV-1-infected cells has previously
been reported (1, 45). However, the role that NF-«kB plays
during infection remains unknown. In apoptosis-competent
human cells, HSV-1 triggers apoptosis upon infection (2, 33),
but infected cell proteins produced later in infection prevent
the process from killing the cells (4). While recent efforts have
focused on identifying potential viral antiapoptotic gene prod-
ucts (2, 4, 5, 24, 37, 38, 59), little is known about the role of
cellular survival factors in this prevention process. As NF-«kB
has been shown to have antiapoptotic functions in other sys-
tems (7, 8, 44, 54, 56), we wished to determine whether NF-«B
may play a similar role during HSV-1 infection.

First, we set out to determine whether the NF-«B nuclear
translocation phenomenon was observable in HSV-1-infected
human epithelial HEp-2 cells, our prototype apoptosis-compe-
tent cell system (2). HEp-2 cells were mock or HSV-1(F)
infected, and subcellular cytoplasmic and nuclear fractions
were prepared at 3, 6, and 9 hpi. The time period between 3
and 6 hpi corresponds approximately to the transition from the
immediate-early to early phase of HSV-1 replication (22, 23)
and was specifically chosen to capture the boundaries of the
viral cell death prevention window (3, 4). Infected cell polypep-
tides were separated in a denaturing gel, electrically trans-
ferred to nitrocellulose, and probed with anti-ICP4, anti-
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ICP22, and anti-NF-«B antibodies as described in Materials
and Methods. ICP4 and ICP22 are representative IE proteins
that accumulate in the nuclei of infected cells at late times
postinfection (11, 13). The results (Fig. 2) were as follows.

At 3 hpi, both ICP4 and ICP22 predominated in the nuclear
fractions (lane 4), as expected (47). These two viral proteins
then accumulated to essentially the same levels at 6 and 9 hpi
(lanes 8 and 12), indicating that our infections were successful
and proceeded as expected. While these representative viral IE
proteins accumulated to high levels in the nuclear fractions,
significant amounts of the proteins were also observed in the
cytoplasmic fractions. The cytoplasmic forms of these proteins
likely represent newly synthesized protein. The Ponceau S
stain of the membrane (Fig. 2B) demonstrated that no con-
tamination between the fractions occurred.

Little to none of the p65 subunit of NF-kB was observed in
the nuclear fractions of mock-infected cells at all time points
(Fig. 2A, lanes 2, 6, and 10). This finding was expected (9, 27)
since, in the absence of stimulation, NF-«kB is mainly cytoplas-
mic (lanes 1, 5, and 9). During HSV-1(F) infection, a low
amount of NF-kB was detected in the nuclear fraction at 3 hpi
(lane 4), and it increased at 6 and 9 hpi (lanes 8 and 12). Based
on these observations, we conclude that NF-«kB partitions in
the nuclei during HSV-1(F) infection of human HEp-2 cells.
Since the levels of ICP4 and ICP22 were high at 3 hpi but the
amount of nuclear NF-kB remained low compared to that at
the later time points, these results suggest that the transloca-
tion of NF-kB may follow de novo viral immediate-early pro-
tein synthesis.

NF-kB nuclear translocation follows the immediate-early
phase and precedes the late phase of HSV-1 replication. To
define more precisely the kinetics of NF-kB translocation from
the cytoplasm to the nucleus during HSV-1 infection in HEp-2
cells, we used indirect immunofluorescence to compare this
process with the intracellular transport of specific viral pro-
teins. ICP22 and VP22 were our determinants of the early and
late stages of infection, respectively (47). Mock- or HSV-1(F)-
infected HEp-2 cells were fixed at 3, 6, 9, and 12 hpi, followed
by staining with antibodies specific for NF-kB, the IE protein
ICP22, or the L (y,) viral protein VP22, as described in Ma-
terials and Methods.

In Fig. 3A, NF-«B localized exclusively to the cytoplasm of
mock-infected cells at 9 hpi. Essentially all NF-«B in the in-
fected cells at 3 hpi was in the cytoplasm, and its localization
was similar to mock infection. ICP22 was observed in the
infected cells at 3 hpi. As the duration of infection increased,
ICP22 accumulated in the cells such that by 9 hpi, dark nuclear
staining was readily observed. There were some cells that were
clearly infected (6 hpi) but did not have maximum levels of
nuclear NF-«kB. This finding indicates that the nuclear trans-
location of NF-kB was independent of ICP22 synthesis and
ICP22 nuclear transport. By 9 hpi, infected cells with large
amounts of ICP22 in their nuclei showed NF-«kB nuclear stain-
ing. These observations are consistent with our biochemical
fractionation results (Fig. 2).

The L viral VP22 protein accumulates in the cytoplasm at
early times during HSV-1 infection, and its translocation to the
nucleus at late times requires microtubule rearrangement (12,
47). In Fig. 3B, mock- and HSV-1(F)-infected HEp-2 cells
were prepared at 6, 9, and 12 hpi for indirect immunofluores-
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FIG. 2. Immune reactivities (A) and Ponceau S staining (B) of infected cell extracts indicate that NF-«kB partitions in the nuclear fraction of
HSV-1(F)-infected cells. HEp-2 cells were mock infected or infected with HSV-1(F) (MOI = 5), cytoplasmic (C) and nuclear (N) extracts were
prepared at 3, 6, and 9 hpi, and infected cell proteins were separated in a denaturing gel and transferred to nitrocellulose as described in Materials
and Methods. Immune reactivities with anti-ICP4 and anti-NF-kB antibodies were determined using alkaline phosphatase detection methods,
while reactivities with anti-ICP22 antibody were determined by using a chemiluminescence technique. The anti-NF-«kB recognizes the p65 subunit
of the protein. Ponceau S staining prior to immunoblotting was used to demonstrate equal protein loadings and to show that efficient separation
of nuclear and cytoplasmic fractions had occurred. The sizes of molecular mass (m.w.) markers (in kilodaltons) are shown in the righthand margins.

cence staining with antibodies specific for NF-kB and VP22.
Minimal amounts of VP22 could be detected in the cytoplasm
of infected cells at 6 hpi, while cytoplasmic VP22 was most
abundant at 9 hpi. As expected, the majority of infected cells at
9 hpi had nuclear NF-kB. Thus, NF-kB nuclear translocation
precedes the nuclear transport of VP22. At 12 hpi, most VP22
was nuclear and essentially all infected cells exhibited nuclear
NF-kB staining. These results indicate that NF-kB transloca-
tion to the nuclei of infected cells initiates following the im-
mediate-early phase and is completed by the L phase of HSV-1
replication. Thus, it is unlikely that the early interactions of the
virus with the cell, for example, receptor binding and capsid
entry, trigger a rapid activation and translocation of NF-kB in
HEp-2 cells. If such early events stimulate NF-«kB, another

infected cell activity must then function to delay its transloca-
tion. In addition, our results suggest that NF-kB nuclear trans-
location occurs independently of the regulated nuclear import
of VP22 (32). Taken together, these data confirm earlier find-
ings (1, 45) and extend to human epithelial HEp-2 cells the
observation that HSV-1 infection induces NF-«B nuclear
translocation.

NF-kB nuclear translocation correlates with apoptosis pre-
vention during HSV-1 infection. The time postinfection at
which NF-kB nuclear translocation occurred (3 to 6 hpi) cor-
responds exactly to the period during which infected cell pro-
teins are produced that block apoptosis triggered by either the
virus itself or environmental agents (Fig. 1) (4). Thus, the goal
of this experiment was to determine whether the presence of
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FIG. 3. NF-«kB translocation to HSV-1(F)-infected cell nuclei follows the immediate-early phase and is complete by the L phase of viral
replication. HEp-2 cells were mock infected or infected with HSV-1(F) (MOI = 5), and at 3, 6, 9, and 12 hpi the infected cells were prepared for
indirect immunofluorescence and double stained with antibodies specific for NF-kB (A and B) plus either IE ICP22 (A) or L VP22 (B) as described
in Materials and Methods. Arrowheads in panel A mark a single cell with nuclear ICP22 and cytoplasmic NF-«B; in panel B, the arrowheads mark
a cell with nuclear NF-«kB and cytoplasmic VP22. Two representative microscopic fields are shown for each condition. Magnification, X110.

NF-«B in nuclei is associated with apoptosis prevention during
infection. Two series of experiments were performed. In the
first set, HEp-2 cells were mock infected or infected with HSV-
1(F) and, at 3 and 6 hpi, the cells were treated with the protein
synthesis inhibitor CHX. At 18 hpi, whole-cell extracts or sub-
cellular fractions were prepared, and infected cell proteins

were separated in a denaturing gel, transferred to nitrocellu-
lose, and probed with anti-ICP4, anti-VP22, anti-PARP, anti-
caspase 3, and anti-NF-«kB antibodies as described in Materials
and Methods. In our system, the activation of caspase 3 is
evident by the disappearance of pro-caspase 3. Controls in-
cluded mock- and HSV-1(F)-infected extracts or fractions that
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FIG. 4. Immune reactivities of viral proteins (A), cellular death
factors (B), and NF-«kB (C) indicate that NF-kB nuclear translocation
correlates with apoptosis prevention during HSV-1(F) infection.
HEp-2 cells were mock infected or infected with HSV-1(F) (MOI =
10), and at 3 and 6 hpi the medium of the HSV-1(F)-infected cells was
replaced with medium containing CHX (10 wg/ml). At 18 hpi, whole-
cell extracts (panel A) or cytoplasmic (C) and nuclear (N) extracts
(panels B and C) were prepared, separated in denaturing gels, trans-
ferred to nitrocellulose membranes, and probed with specific antibod-
ies as described in Materials and Methods. Membranes containing
infected cell extracts were reacted with anti-PARP, anti-caspase 3,
anti-ICP4, and anti-VP22 antibodies, while membranes containing cy-
toplasmic and nuclear fractions were probed with anti-NF-kB anti-
body. Mock-infected cells were treated with either CHX alone or with
CHX plus TNF-a (10 ng/ml) at the time of infection and maintained
for 18 h. 116 and 85 refer to full-length and processed PARP, respec-
tively. “no tx” refers to cells that did not receive CHX or CHX-plus-
TNF-a treatments. Locations of molecular mass markers (in kilodal-
tons) are indicated in the left margins.

did not receive CHX treatment and mock-infected cells
treated with CHX for 18 h. The control for apoptosis induction
was mock-infected cells treated with TNF-a plus CHX for
18 h. The results from this portion of the study (Fig. 4) were as
follows.

High levels of ICP4 and VP22 were observed in untreated,
infected cells at 18 hpi (Fig. 4A, lane 4), as expected. When
CHX was added at 3 hpi, levels of these proteins were dra-
matically reduced (lane 5). This low level of ICP4 is consistent
with the results in Fig. 1 and 2. In the 6-hpi CHX addition
sample, the ICP4 level was almost as high as that of the un-
treated control. We have previously detected very low levels of
VP22 at early infection times (47). While the VP22 level was
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greater at 6 hpi than that at 3 hpi in the treated samples, it was
still significantly lower than its amount in the untreated sample
(compare lane 6 with 4). Thus, CHX addition worked as ex-
pected: the representative IE ICP4 protein was produced at
optimal levels under the 6-hpi treatment condition while the L
VP22 protein was significantly reduced.

Treatment of the mock-infected cells with TNF-a plus CHX
for 18 h resulted in complete cleavage of PARP and caspase 3
activation (Fig. 4B, lane 3). While CHX addition to mock-
infected cells in the absence of TNF-a induced a small amount
of caspase 3 activation (compare lane 2 with 1), no PARP
processing was observed, as expected (4). This minimal back-
ground level of processing is similar to that observed by Galvan
and Roizman, who reported that CHX treatment alone has a
slight but reproducible effect of accelerating the degradation of
DNA in SK-N-SH cells (19). Additionally, no PARP process-
ing was observed with HSV-1(F)-infected cells that were either
untreated (lane 4) or treated with CHX at 6 hpi (lane 6).
However, HSV-1(F) infection of these cells did induce caspase
3 cleavage (compare lanes 6 and 4 with 1) in a manner similar
to that previously observed with HSV-1(KOS1.1) (4). Our ear-
lier studies showed that infection of HEp-2 cells by wild-type
HSV-1 activates caspase 3 but does not result in apoptosis (2,
4). When CHX was added at 3 hpi, complete PARP cleavage
and caspase 3 activation occurred (lane 5), since infected cell
proteins preventing apoptosis were not produced (4). These
results confirm our previous findings defining the apoptosis
prevention window as being between 3 and 6 hpi during wild-
type HSV-1 infection (4).

Treatment of mock-infected cells with TNF-a plus CHX
induced the nuclear translocation of NF-«B, as expected (9),
and an approximately equal if not greater amount of NF-kB
was detected in the nuclear fraction compared to the cytoplas-
mic fraction (Fig. 4C, compare lanes 6 and 5). A small amount
of nuclear NF-«kB was detected in mock-infected cells treated
with CHX alone (compare lanes 4 and 2). This level of nuclear
NF-kB is comparable in magnitude to the amount of caspase 3
processing observed in these cells (Fig. 4B, compare lanes 2
and 1).

Consistent with the results in Fig. 2, HSV-1(F) infection in
the absence of any treatment resulted in the partitioning of
NF-kB in the nuclear fraction at 18 hpi (Fig. 4C, compare lanes
8 and 7). The amount of nuclear NF-«B in these infected cells
was greater than that in the cytoplasm. While TNF-a-plus-
CHX-treated mock-infected cells showed approximately equal
levels of nuclear and cytoplasmic NF-kB at 18 h, HSV-1(F)
infection yielded more nuclear than cytoplasmic NF-kB (com-
pare lanes 7 and 8 with 5 and 6). This finding suggests that
infection may be a more potent stimulator of NF-«kB translo-
cation than TNF-a treatment in these cells. Combining these
results with those of Fig. 2 suggests that NF-kB continues to
accumulate in nuclei as infection proceeds in HEp-2 cells.

When CHX was added to the infected cells at 3 hpi, signif-
icantly less NF-kB was in the nuclear fraction (Fig. 4C, com-
pare lanes 10 and 8) than in the cytoplasm (compare lanes 9
and 7) compared to the untreated, infected cells. This result
correlates with activation of caspase 3 and PARP cleavage
(Fig. 4B, lane 5). While there appeared to be more NF-kB in
the cytoplasm than in the nuclei of the infected cells treated at
6 hpi, the amount of nuclear NF-kB was much greater than
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FIG. 5. NF-«kB accumulation in HSV-1(F)-infected cell nuclei up to 12 hpi directly coincides with apoptosis prevention. HEp-2 cells were mock
infected or infected with HSV-1(F) (MOI = 10), and CHX was added at 3, 6, 9, and 12 hpi. Mock-infected cells were treated with either CHX
or CHX plus TNF-« at the time of infection. At 18 hpi, whole-cell extract (panel A) or cytoplasmic (C) and nuclear (N) extracts (panel B) were
prepared, separated in denaturing gels, transferred to nitrocellulose membranes, and probed with anti-PARP (A) and anti-NF-«B (B) antibodies
as described in Materials and Methods. 116 and 85 refer to full-length and processed PARP, respectively. “no tx” refers to cells that did not receive
CHX or CHX-plus-TNF-a treatments. Locations of molecular mass markers (in kilodaltons) are indicated in the left margins.

that of mock-infected cells receiving CHX alone (Fig. 4C,
compare lanes 12 and 4). The 6-hpi treated, infected cells also
had less caspase 3 activation than the treated, mock-infected
cells, and both conditions retained unprocessed PARP (Fig.
4B, compare lanes 6 and 2). This observation might suggest
that the extent of NF-«kB nuclear translocation correlates with
the extent of caspase 3 activation under certain experimental
conditions.

In the second set of experiments, we focused on determining
whether NF-«kB remained in the infected cell nuclei during the
later phases of infection. Our rationale for considering this
possibility was based on two findings. First, the results in Fig. 2
and 4 suggested that the amount of nuclear NF-«kB increased
as HSV-1 infection progressed. Second, more nuclear NF-xB
was detected in infected cells at 18 hpi than in mock-infected
cells treated with TNF-a plus CHX for the same duration (Fig.
4C, compare lanes 6 and 8). HEp-2 cells were infected with
HSV-1(F) as above, and at 3, 6, 9, and 12 hpi were treated with
CHX. Cells were harvested at 18 hpi, and infected cell proteins
from cytoplasmic and nuclear fractions were analyzed by im-
munoblotting using anti-PARP and anti-NF-kB antibodies.
The results (Fig. 5) were as follows.

As expected (4), apoptosis leading to PARP cleavage oc-
curred in HSV-1(F)-infected cells in which CHX was added at
3 hpi but not at 6, 9, or 12 hpi (Fig. 5A, lanes 5 to 8). These
results indicate that infected cell proteins produced between 3
and 6 hpi block the apoptotic process. At 3 hpi, there was
significantly more cytoplasmic than nuclear NF-kB (Fig. 5B,
compare lanes 10 and 9), consistent with the results in Fig. 4.
Additionally, the amount of nuclear NF-«B increased at 6 hpi
(compare lanes 12 and 10). The amount of NF-kB in the
nucleus reached its maximum at 9 hpi, and this level was
maintained at 12 and 18 hpi (lanes 14, 16, and 8, respectively).

Thus, the nuclear translocation of NF-«kB increases during the
period in which HSV-1(F)-infected cell proteins are produced
that block the cell death process. These findings indicate that
there is a direct correlation of nuclear NF-kB translocation
with apoptosis prevention in HSV-1-infected cells. Blocking
total protein synthesis at 3 hpi precludes this nuclear import.
This result indicates that de novo synthesis of infected cell
proteins is required for the translocation to occur, thus con-
firming an earlier indication reported by Patel et al. (45).
NF-kB nuclear translocation correlates with apoptosis pre-
vention during infection with a recombinant HSV-1 strain with
gE deleted. One potential hazard inherent in the use of poly-
clonal antibodies to study HSV-1 infection is that of the gE/gl
glycoprotein complex. This complex acts as a receptor, binding
human and rabbit immunoglobulin molecules (26). The poten-
tial exists for it to bind our anti-ICP22 or anti-VP22 polyclonal
antibodies during indirect immunofluorescence analyses of
wild-type HSV-1-infected cells. To eliminate this phenomenon
as a potential confounder, we chose to confirm our findings by
using the related HSV-1(R7032) virus which contains a dele-
tion of the gene encoding gE (41). HEp-2 cells were infected
with HSV-1(R7032) or mock infected and fixed for indirect
immunofluorescence at 4, 6, 9, and 12 hpi using anti-NF-«B
and anti-VP22 antibodies as described in Materials and Meth-
ods. The results (Fig. 6A) indicate that NF-kB was cytoplasmic
at 4 and 6 hpi during HSV-1(R7032) infection, and these cells
had a staining pattern similar to mock-infected cells at 18 h.
Consistent with our earlier findings (Fig. 3), nuclear NF-kB
was detected at 9 and 12 hpi. Nuclear NF-kB was observed at
the same time postinfection that we detected VP22, thus con-
firming our findings (Fig. 3) on the timing of NF-«kB translo-
cation. The detection of VP22 in these HSV-1(R7032)-in-
fected cells also indicates that our VP22 immunostaining is not
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FIG. 6. (A) Indirect immunofluorescence and immune reactivities indicate that HSV-1(R7032), which contains a deletion in the viral gE,
induces and then blocks apoptosis and stimulates NF-kB nuclear translocation during infection. HEp-2 cells were mock infected or infected with
HSV-1(R7032) (MOI = 10), prepared for indirect immunofluorescence at 4, 6, 9, and 12 hpi, and double stained with anti-NF-«kB or anti-VP22
antibodies as described in Materials and Methods. Magnification, X85. (B) In a separate analysis, CHX was added to the infected cells at 3 and
6 hpi, while CHX or TNF-a plus CHX was added to mock-infected cells at the time of infection. Infected cell extracts were prepared for
immunoblotting of viral proteins and death factors at 18 hpi, and immune reactivities were measured using anti-PARP, anti-ICP22, anti-VP22, and
anti-caspase 3 antibodies. Viral and cellular proteins were detected using chemiluminescence and alkaline phosphatase techniques, respectively.
116 and 85 refer to full-length and processed PARP, respectively. “no tx” refers to cells that did not receive CHX or CHX-plus-TNF-« treatments.
Locations of molecular mass markers (in kilodaltons) are indicated in the left margins. For clarity, a blank lane was removed between lanes 4 and 5.

related to nonspecific gE receptor binding activity. Inspection
of the data in Fig. 6A and comparison with those in Fig. 3B
indicate that more nuclear VP22 was observed at 9 hpi with
HSV-1(R7032) than with HSV-1(F). This finding is consistent
with our laboratory’s recent observations (32) suggesting a role
for gE in VP22 nuclear import.

Next, HEp-2 cells were mock infected or infected with HSV-
1(R7032), and at 3 and 6 hpi the cells were treated with CHX.

At 18 hpi, whole-cell extracts were prepared, and immunoblot-
ting analyses were performed with anti-ICP22, anti-VP22, anti-
PARP, and anti-caspase 3 antibodies as described in Materials
and Methods. The results (Fig. 6B) showed that HSV-
1(R7032) infection without CHX (lane 4) or with CHX at 6 hpi
(lane 6) did not elicit a high level of PARP cleavage, while
significant cleavage occurred during infection with CHX added
at 3 hpi (lane 5). A slight activation of caspase 3 upon infection
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was observed in the untreated and 6-hpi-treated cells, while a
high level of activation was seen with the 3-hpi treatment
sample (lane 5). Immunostaining for viral ICP22 and VP22
proteins indicated that infection occurred in these cells. These
results indicate that the HSV-1(R7032) virus triggers apopto-
sis, but infected cell proteins produced during infection pre-
vent the process from killing the cells. This finding represents
the first demonstration of a virus containing a deletion in the
viral gE glycoprotein preventing apoptosis during infection.

These data suggest that, along with wild-type HSV-1, any
recombinant replication-competent strain of HSV-1 capable of
blocking apoptosis facilitates the induction of NF-kB nuclear
translocation. That a virus with a deletion in a viral glycopro-
tein (gE) still blocks cell death is significant, as other viral
glycoproteins have been implicated in the prevention process
(24, 59).

NF-kB does not translocate to the nuclei of apoptotic HSV-
1(vBSA27)-infected cells. All of the previous results (Fig. 1 to
6) were obtained using replication-competent viruses that first
trigger, then prevent apoptosis during productive infection. It
was our desire to confirm our findings using an apoptotic
replication-defective virus. We previously demonstrated that
infection by viruses possessing mutations in the essential reg-
ulatory ICP27 protein induce apoptosis and are unable to
synthesize infected cell proteins that prevent the process from
killing the infected cells (2, 3). HEp-2 cells were mock infected
or infected with HSV-1(F), HSV-1(KOS1.1), or HSV-
1(vBSA27), and nuclear and cytoplasmic extracts were pre-
pared at 12 hpi. HSV-1(vBSA27) is a mutant derived from
HSV-1(KOS1.1) and contains a deletion in the essential IE
gene a27 that encodes the ICP27 protein (52). Two separate
sets of infections using different preparations of this virus were
performed to insure reproducibility. Infected cell proteins
were separated in a denaturing gel, transferred to nitrocellu-
lose, and reacted with anti-ICP4, anti-NF-«kB, and anti-caspase
3 antibodies as described in Materials and Methods. Ponceau
S staining of the membrane prior to immunoblotting indicated
that identical amounts of infected cell proteins were loaded in
each lane (data not shown). The results were as follows (Fig.
7A).

As expected, mock-infected cells showed little to no detect-
able NF-kB in the nuclear extract (Fig. 7A, lane 2) and no
degradation of cytoplasmic caspase 3 (lane 1). Both wild-type
HSV-1(F) (lanes 3 and 4) and HSV-1(KOS1.1) (lanes 9 and
10) viruses had significant amounts of nuclear NF-«B at 12 hpi
compared to that in the mock-infected control (compare lanes
4 and 10 with 2). Both viruses also produced high levels of
ICP4. Consistent with previous findings (Fig. 1, 4, and 6) (4),
there were slight reductions in the amounts of caspase 3 ob-
served in these infected samples relative to that in mock-
infected cells (compare lanes 3 and 9 with 1). These reductions
were expected and indicate that these two wild-type viruses
first trigger and then prevent the apoptotic program. These
findings confirm our results in Fig. 4 and 5 and demonstrate
that the phenomenon of NF-kB nuclear translocation also
occurs in HSV-1(KOS1.1)-infected HEp-2 cells. Cells infected
with the HSV-1(vBSA27) mutant virus showed reductions in
the amounts of ICP4 and had the greatest amount of caspase
3 activation (Fig. 7A, compare lanes 5 and 7 with 1, 3, and 9),
as expected (2, 4). The vast majority of NF-kB in the HSV-
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FIG. 7. NF-kB does not translocate to the nuclei of apoptotic
HSV-1(vBSA27)-infected cells and does not bind DNA. Immune re-
activities of nuclear and cytoplasmic fractions (A) and whole-cell ex-
tract (B) of infected cell proteins and autoradiographic images (C) of
radiolabeled DNA-protein complexes are shown. HEp-2 cells were
mock infected or infected with HSV-1(F), HSV-1(vBSA27), or HSV-
1(KOS1.1) (MOI = 10) and at 12 hpi, cytoplasmic (C) and nuclear
(N) extracts were prepared, separated in denaturing gels, transferred
to nitrocellulose, and probed with anti-ICP4, anti-caspase 3, and anti-
NF-kB antibodies as described in Materials and Methods. To ensure
consistency in this study, two separate infections were performed with
two independent stocks of HSV-1(vBSA27) (lane 5 to 8). All immune
reactivities were detected using an alkaline phosphatase technique.
The locations of molecular mass markers (in kilodaltons) are shown in
the left margin. Duplicate sets of HEp-2 cells were mock infected or
infected with HSV-1(F), HSV-1(KOS), and HSV-1(vBSA27) (MOI =
10), and at 12 hpi, nuclear or whole-cell extracts were prepared.
Whole-cell extracts were used for immunoblotting and probed with an
anti-PARP antibody. Approximately 3 pg of nuclear extract was re-
acted with a *?P-labeled NF-«B site probe and electrophoresed in a
nondenaturing polyacrylamide gel, and the gel was dried and exposed
to autoradiographic film as described in Materials and Methods. A
control anti-NF-kB p65 antibody was added (+) prior to addition of
the labeled DNA probe. NF-kB that bound to the DNA probe and that
supershifted by the anti-p65 antibody is indicated.

1(vBSA27)-infected cells was in the cytoplasmic extracts (lanes
5 and 7). The slight amounts of nuclear NF-kB detected in the
HSV-1(vBSA27)-infected cells likely reflect the fact that these
cells are quite apoptotic and the nuclear membranes may no
longer be completely intact. Detailed control experiments in-
dicated that while this background “contamination” of apopto-
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tic nuclei with NF-«kB increased with longer times post-HSV-
1(vBSA27) infection, these background amounts never
approached the levels of nuclear NF-kB observed during wild-
type HSV-1 infections (M. L. Goodkin and J. A. Blaho, un-
published results).

From these findings, we conclude that (i) all replication-
competent HSV-1 strains induce NF-kB nuclear translocation,
inasmuch as our results using HSV-1(KOS1.1) were identical
to those obtained with HSV-1(F) and HSV-1(R7032). (ii) Rep-
lication-defective HSV-1(vBSA27) is unable to induce NF-«B
nuclear translocation in HEp-2 cells. HSV-1(vBSA27) does not
produce E and L viral proteins in these cells (2). Thus, it is
likely that infected cell factors required for NF-«kB import are
not produced during HSV-1(vBSA27) infection. (iii) This lack
of nuclear localization of NF-«kB correlates with the observa-
tion (references 2 and 4 and this study) of apoptosis in HSV-
1(vBSA27)-infected HEp-2 cells. These results further support
our hypothesis that NF-kB participates in the prevention of
apoptosis in HSV-1-infected cells.

Absence of NF-kB DNA binding activity in the nuclei of
apoptotic HSV-1(vBSA27)-infected human cells. Our results
(Fig. 7A) indicate that little to no NF-«kB translocated to the
nuclei of infected human cells during infection with the apo-
ptotic HSV-1(vBSA27) virus. The purpose of this experiment
was to determine the ability of nuclear NF-kB to bind DNA
during viral infection. Duplicate sets of HEp-2 cells were either
mock infected or infected with HSV-1(F), HSV-1(KOS1.1), or
HSV-1(vBSA27). At 12 hpi, one set of samples were prepared
for EMSA analysis, while the other was used for the prepara-
tion of whole-cell extracts for immunoblotting using an anti-
PARP antibody, as described in Materials and Methods. The
results (Fig. 7B and C) show the following.

We observed complete PARP processing during both HSV-
1(vBSA27) infections (Fig. 7B, lanes 3 and 4). This was in
contrast to the wild-type HSV-1(F)- and HSV-1(KOS1.1)-in-
fected cells (lanes 2 and 5), where no PARP processing was
detected. In the EMSA analysis, no NF-kB binding to DNA
occurred in mock-infected cells (Fig. 7C, lanes 1 and 2). Both
wild-type HSV-1(F)- (lanes 3 and 4) and HSV-1(KOS1.1)-
(lanes 9 and 10) infected cells had high levels of DNA binding
activity that were shifted with an antibody specific for the p65
subunit of NF-kB, thus confirming the specificity of the bound
protein. Our findings extend the recently reported observa-
tions that HSV-1 infection of primary human fibroblasts in-
creases nuclear NF-«B levels and DNA binding (18). Substan-
tially less NF-«kB binding to the DNA was observed in both of
the HSV-1(vBSA27) infections (lanes 5 to 8). From these find-
ings, we conclude that the lack of nuclear localization observed
in Fig. 7A and the lack of DNA binding activity of NF-«kB
correlates with the observation (references 2 and 4 and this
study) of apoptosis in HSV-1(vBSA27)-infected HEp-2 cells.

Activation of NF-kB prior to HSV-1(vBSA27) infection de-
creases death factor processing. The results above illustrated
that NF-kB did not localize to or bind DNA in the nuclei of
HEp-2 cells infected with the replication-defective HSV-
1(vBSA27) virus. This apparent lack of NF-kB activation cor-
related with cellular death substrate processing. To test further
our hypothesis that NF-kB activation during HSV-1 infection
suppresses apoptosis, we examined whether the preactivation
of NF-kB would have an effect on apoptosis induced by the
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HSV-1(vBSA27) virus. Experimentally, NF-kB can be acti-
vated by treating cells with the phorbol ester PMA, which
activates IkB kinase (IKK) via a protein kinase C-dependent
mechanism (17, 44). Activated IKK subsequently phosphory-
lates IkBa, which results in the degradation of IkBa, thus
allowing NF-«kB subunits to translocate to the nucleus (9, 20,
27). HEp-2 cells were pretreated for 1 h with increasing
amounts of PMA in 5% NBCS prior to infection with HSV-
1(vBSA27), and the PMA was maintained throughout the
course of infection. At 18 hpi, whole-cell and subcellular ex-
tracts were prepared for use in immunoblotting analyses using
anti-ICP4, anti-PARP, anti-caspase 3, and anti-NF-kB. Per-
centages of PARP cleavage and relative amounts of ICP4 were
determined as described in Materials and Methods. The results
(Fig. 8) were as follows.

Essentially no PARP (<4%) or caspase 3 cleavage was ob-
served in mock-infected cells or cells treated with PMA in the
absence of viral infection (Fig. 8A, lanes 1, 3, 5, and 7). As
expected, HSV-1(vBSA27)-infected HEp-2 cells in the absence
of PMA displayed PARP and caspase 3 cleavage (lane 2).
However, in PMA-treated, HSV-1(vBSA27)-infected cells,
there was a striking dose-dependent decrease in PARP and
caspase 3 cleavage (compare lanes 4, 6, and 8 with 2). Treat-
ment with 1 ng of PMA/ml had little effect on death substrate
processing, since PARP cleavage (71%) was similar to that of
untreated, infected cells (80%) (compare lanes 4 and 2). An
increase to 5 ng of PMA/ml reduced the apoptotic processing
by almost half (to 47%) (lane 6) and at 10 ng/ml yielded a
further reduction in PARP cleavage (to 30%) (lane 8). Con-
current with this decrease in PARP cleavage, a decrease in
caspase 3 cleavage was observed in these cells compared to
HSV-1(vBSA27)-infected cells not treated with PMA. Finally,
PMA treatment during HSV-1(vBSA27) infection led to an
increase in the accumulation ICP4 (compare lanes 4, 6, and 8
with 2). Previously, we reported that ICP4 is produced in very
low amounts in the HSV-1(vBSA27)-infected cells (2). Here,
we observed an approximately two- to threefold increase in the
amount of ICP4 in the PMA-treated, HSV-1(vBSA27)-in-
fected cells compared to the untreated, infected control.

Subcellular fractionation of the cells examined in Fig. 8A
showed the following. There were minimal background
amounts of nuclear NF-«kB that did not change with time in
mock-infected (Fig. 8B, lane 2) or PMA-treated cells (lanes 6,
10, and 14) at the time of harvest, indicating that the NF-«xB
stimulated by PMA treatment had translocated back to the
cytoplasm some time during the 18-h treatment. Control ex-
periments indicated that under these conditions, NF-«B in the
mock-infected cells remains nuclear at least until 6 h posttreat-
ment, at which time it appears to begin migrating back into the
cytoplasm (data not shown). A small amount of nuclear NF-«kB
was evident in HSV-1(vBSA27)-infected cells at 18 hpi (lane
4). As mentioned above, this finding is consistent with the
results of previous time course of infection experiments (data
not shown), in which NF-kB began to appear in the nuclear
fraction of HSV-1(vBSA27)-infected cells at approximately 15
hpi but never reached the levels observed with wild-type
HSV-1.

HSV-1(vBSA27)-infected HEp-2 cells treated with PMA
also showed nuclear translocation of NF-«kB. However, the
amount of nuclear localization appeared to decrease slightly
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FIG. 8. Pharmacological modulation of NF-kB. Immune reactivities following PMA (A and B) or PDTC (C) treatments of infected cells.
HSV-1(vBSA27)-infected (MOI = 10) HEp-2 cells were treated with increasing concentrations of PMA for 18 h, and whole-cell extracts (panel
A) or cytoplasmic (C) and nuclear (N) extracts (panels B and C) were prepared, separated in denaturing gels, transferred to nitrocellulose, and
probed with anti-NF-«B, anti-ICP4, anti-PARP, and anti-caspase 3 antibodies. Amounts of ICP4 and PARP cleavage were determined using NIH
Image software as described in Materials and Methods. HEp-2 cells treated with (+) or without (—) PDTC were mock infected or infected with
HSV-1(F) (MOI = 10), and at 6 and 18 hpi cytoplasmic (C) and nuclear (N) extracts were prepared for immunoblotting and probed with
anti-PARP, anti-caspase 3, and anti-NF-kB antibodies. Immune reactivities with anti-NF-«kB, anti-ICP4, anti-PARP (A), and anti-caspase 3
antibodies were performed using an alkaline phosphatase detection method, while reactivities with the anti-PARP antibody (C) utilized a

chemiluminescence technique.

with an increase in PMA concentration. This seemingly para-
doxical result is likely due to the fact that by 18 hpi, HSV-
1(vBSA27)-infected cells are fully apoptotic and nuclear mem-
brane integrity has been lost. The amount of nuclear NF-«B in
infected cells treated with 1 ng of PMA/ml appeared similar to
that of HSV-1(vBSA27)-infected cells (Fig. 8B, compare lanes
3 and 4 with 7 and 8) and correlates with the apoptotic pro-
cessing seen in Fig. 8A. An increase to 5 ng/ml led to a de-
crease in apoptotic processing (Fig. 8A, lane 6), and less nu-
clear NF-kB was observed. A concentration of 10 ng/ml
dramatically decreased the appearance of apoptosis in infected
cells and was associated with the least nuclear NF-kB. The
most likely explanation for these observations is that as apo-
ptosis is prevented during HSV-1(vBSA27) infection by the

addition of PMA, the cells survive, organelle integrity is main-
tained, and there is less mixing of cellular contents. From these
experiments, we conclude that activation of NF-kB by PMA
treatment during infection with HSV-1(vBSA27) decreases ap-
optosis in the infected cells.

Inhibition of NF-kB translocation in HSV-1(F)-infected
cells increases death factor processing. All of our evidence up
to this point argues that the translocation of NF-kB to the
nuclei of infected cells is associated with apoptosis prevention.
The goal of this study was to confirm this hypothesis by per-
forming infections under conditions in which NF-kB nuclear
import is inhibited, and the NF-kB antagonist PDTC was uti-
lized for this purpose. PDTC is a pyrrolidine derivative of
dithiocarbamate that functions as both a metal chelator and an
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antioxidant and is readily taken up by cultured mammalian
cells (15). As PDTC scavenges reactive oxygen species within
cells, it antagonizes the release of NF-kB from IkB by inhib-
iting the degradation of IkB (36, 50). Consequently, NF-kB is
not free to translocate to the nucleus in response to inducing
stimuli. As the effects of this compound on human HEp-2 cells
were unknown, it was imperative for us to perform control
experiments to ensure that this drug was efficacious in our
cells. We empirically determined the PDTC treatment condi-
tions that inhibit TNF-a-induced NF-«kB translocation using
HEp-2 cells (data not shown). Titration experiments indicated
that a 400 uM concentration of the compound was the optimal
effective concentration. During this analysis, we discovered
that PDTC treatment leads to a low (background) level of
NF-kB nuclear translocation that is independent of dosage.
These results indicate that the drug functions in HEp-2 cells as
has been reported for other cell lines, including the presence of
its biphasic effect (50).

Next, we used PDTC to determine the effect of inhibiting
NF-kB nuclear translocation on apoptosis prevention during
HSV-1 infection. Duplicate sets of HEp-2 cells were pre-
treated with 400 puM PDTC in 5% NBCS for 2 h prior to
infection. Pairs of mock- and HSV-1(F)-infected cells were
maintained in PDTC medium until 6 hpi, at which time the
medium of one set was changed to 5% NBCS devoid of PDTC,
and these cells were incubated to 18 hpi. Subcellular extracts
were prepared from the other set at 6 hpi. This treatment
procedure was chosen to determine the effects of the com-
pound during the HSV-1 prevention window and represents
the standard protocol for the use of this inhibitor (50). Cyto-
plasmic and nuclear extracts were prepared at either 6 or 18
hpi, and polypeptides were separated in a denaturing gel,
transferred to a membrane, and probed with anti-PARP, anti-
NF-kB, and anti-caspase 3 antibodies as described in Materials
and Methods.

The results (Fig. 8C) showed that at 6 hpi, PDTC treatment
led to an increase in caspase 3 cleavage in mock-infected cells
along with the localization of a small (background) amount of
NF-kB in the nuclear extract (compare lanes 3 and 4 with 1 and
2). However, no PARP processing was detected in treated
mock-infected cells. In contrast, a very slight amount of PARP
processing was seen in the infected nuclear extract in the pres-
ence of PDTC (lane 8). Although the PARP cleavage signal
was low, this result is significant, since it represents the first
time that we have ever observed PARP processing at 6 hpi
during a wild-type HSV-1 infection. At 18 hpi, the majority of
NF-«B was located in the nuclear extract of HSV-1(F)-infected
cells (lanes 14 and 15), as expected. Cells infected in the pres-
ence of PDTC had significantly less nuclear NF-«kB than their
untreated infected counterparts (compare lane 17 with 15),
confirming the efficacy of the treatment. The PDTC-treated
infected cells had more caspase 3 cleavage than the control
samples at 18 hpi (compare lane 16 with 12 and 14). Finally,
detectable PARP processing was observed only in the infected,
PDTC-treated cells but not in any of the other cells at 18 hpi
(compare lane 17 with 11, 13, and 15). Equal amounts of the
viral ICP4 protein were observed in the nuclear extracts by
immunoblotting (data not shown), indicating that PDTC treat-
ment of the cells did not prohibit HSV-1 infectivity.

Based on these results, we conclude that (i) PDTC blocks
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the nuclear translocation of NF-kB in both mock-infected and
HSV-1(F)-infected HEp-2 cells. (ii) The prevention of NF-«kB
nuclear import in HSV-1(F)-infected cells leads to an increase
in the processing of the apoptotic death factors caspase 3 and
PARP. The results of this analysis support our contention that
NF-kB participates in the apoptosis prevention process during
HSV-1 infection.

Generation and characterization of an IkBa dominant-neg-
ative HEp-2 cell line. To confirm the necessity of NF-kB in
apoptosis prevention during HSV-1 infection, we set out to
develop a molecular genetic system in which the activity of
NF-kB was prohibited inside of cells. We made several at-
tempts to transiently transfect a nonphosphorylatable IkBa
into HEp-2 cells (M. L. Goodkin and J. A. Blaho, unpublished
results). These attempts were unsuccessful due to (i) low trans-
fection efficiencies, (ii) toxicities associated with the plasmid
constructs to the human HEp-2 cells, and (iii) sensitivity of the
HEp-2 cells to transfection in itself, leading to a high back-
ground of NF-kB activation in these cells as determined by
immunoblotting of subcellular fractions. Our lack of success
with transient-transfection experiments led us to generate sta-
bly transfected HEp-2 cell lines by using a plasmid expressing
a dominant-negative IkBa possessing a stabilizing serine-to-
alanine mutation at the two key serines of the protein (serines
32 and 36). This construct contains the mutant IkBa under the
control of the human Efla promoter. It also contains a puro-
mycin resistance gene for the purpose of selection. The mu-
tated IkBa contains a FLAG tag which increases the size of the
protein, allowing differentiation between the wild-type and
mutant IkBa forms when probed by immunoblotting with an
anti-IkBa antibody. Similar plasmids containing GFP (Peak8-
GFP, as a transfection control) and CD14 (Peak8-CD14, as a
vector control) were also generated. The specifics of the selec-
tion and isolation of these clonal cell lines is described in detail
in Materials and Methods. Several of the resulting clonal cell
lines were tested for their ability to inhibit NF-kB activation
(Fig. 9).

If the dominant-negative IkBa behaved as expected, treat-
ment with TNF-a in the absence of CHX should lead to apo-
ptosis (36, 50). As initial controls for this study, parental
HEp-2 and vector control cells expressing CD14 were treated
with 10 or 40 ng of TNF-a/ml in the absence of CHX to test
whether these cells would undergo TNF-a-induced apoptosis.
At 18 h posttreatment, whole-cell extracts were analyzed by
immunoblotting with anti-PARP and anti-IkBa antibodies. As
expected, neither the parental line nor the control lines showed
apoptotic processing in response to TNF-a treatment (Fig. 9A,
lanes 2, 3, 6, and 7). However, when these cells were treated
with TNF-« in the presence of CHX, both the parental HEp-2
cells and the CD14 control exhibited apoptotic processing (Fig.
9A, lanes 4 and 8). Thus, the control CD14 clone behaved
similarly to the parental cell line.

Next, we treated a series of four independently selected
dominant-negative IkBa clonal cell lines with 10 ng of TNF-
a/ml in the absence of CHX, comparing them to HEp-2 cells
treated with TNF-a plus 10 pg of CHX/ml, and immunoblot-
ting with anti-PARP and anti-IkBa antibodies was performed
(Fig. 9B). As expected, TNF-a-plus-CHX treatment of HEp-2
cells led to the disappearance of IkBa and the cleavage of
PARP (lane 2), while untreated HEp-2 cells showed no PARP
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separated in denaturing gels, transferred to nitrocellulose, and probe
Methods. Immune reactivities were detected using alkaline phospha

d with anti-PARP and anti-IkBa antibodies as described in Materials and
tase methods, and IkBa-mut marks the location of the slower-migrating,

FLAG-tagged mutant form of IkBa. IkBaDN cells and control cells were also plated onto glass coverslips and either treated with TNF-a for 1 h
or treated with PMA for 45 min, and the cells were fixed and permeabilized for immunofluorescence using anti-NF-kB p65 antibody as described

in Materials and Methods. Magnification, X40.

cleavage (lane 1). All of the clonal lines showed the same
pattern when compared to the HEp-2 cell controls. First, both
the wild-type and mutant forms of IkBa were observed in each
of the clonal lines (lanes 3, 5, and 7). The slower-migrating,
mutant forms also reacted with specific anti-FLAG antibodies
(data not shown). Second, TNF-« treatment of the clonal lines
showed a dramatic increase in PARP cleavage compared to
untreated clones and to the HEp-2 cells (lanes 4, 6, and 8).
Finally, comparison of the TNF-a-treated and untreated clonal
lines demonstrated that only the wild-type IkBa band disap-
peared from the treated cells (compare lane 3 with 4, 5 with 6,
and 7 with 8). These results indicate that the TNF-a signaling
cascade which leads to the degradation of IkBa was intact in
these cells. Interestingly, an increase in the amount of the
mutant IkBa in the treated clonal lines was observed (lanes 4,
6, and 8). The basis for this is currently unknown. Clonal cell
line number 3 was chosen for further characterization and
renamed IkBaDN.

Initially, IkBaDN's response to TNF-a treatment was car-
ried out. HEp-2, CD14, and IkBaDN cells were treated for 1 h
with 10 ng of TNF-a/ml in 5% FBS and then fixed for indirect
immunofluorescence using an anti-NF-kB p65 antibody as de-
scribed in Materials and Methods. Microscopic analyses (Fig.

9C) indicated that no untreated cells possessed nuclear NF-«kB.
TNF-« treatment led to the detection of NF-«kB in the nuclei of
all HEp-2 and CD14 (vector control) cells. In contrast, the
IkBaDN cells maintained NF-«B in their cytoplasm following
TNF-a treatment. Based on these results, we conclude that the
mutant IkBa form expressed in IkBaDN cells is capable of
inhibiting NF-kB translocation to nuclei in response to TNF-a
treatment as an inducing stimulus.

Next, these cells were tested for their ability to prevent
NF-kB nuclear localization in response to treatment with
PMA. PMA was used previously in our pharmacological assays
(Fig. 8) to stimulate NF-kB nuclear localization during infec-
tion. HEp-2 and IkBaDN cells were treated with 10 ng of
PMA/ml in 5% FBS or left for 45 min, and the cells were again
analyzed by indirect immunofluorescence using the anti-
NF-«B p65 antibody (Fig. 9D). Both mock-treated HEp-2 and
IkBaDN cells showed no nuclear localization of NF-kB.
IkBaDN cells not treated with PMA shared this phenotype.
PMA-treated HEp-2 cells clearly showed nuclear localization
of NF-kB, while the treated IkBaDN cells did not. This last
study served a dual purpose. First, it indicated that the
IkBaDN cells had a defect in NF-kB nuclear localization in
response to the PMA treatment stimulus. Second, it reiterated
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that HEp-2 cells respond to PMA by inducing the nuclear
translocation of NF-kB, thus confirming our pharmacological
studies discussed above.

Based on our characterization of the IkBaDN cells, we con-
cluded that these cells are capable of inhibiting NF-kB nuclear
localization in response to environmental stimulation by two
well-characterized activators of NF-kB. As a consequence of
the inhibition of NF-kB’s translocation to the nuclei by the
dominant-negative form of IkBa, the IkBaDN cells are sensi-
tive to TNF-a-induced apoptosis in the absence of the protein
synthesis inhibitor CHX. This finding strongly suggests that
under these conditions, there is an absence of NF-kB-stimu-
lated gene transcription in the IkBaDN cells.

HSV-1 infection of an IkBa dominant-negative HEp-2 cell
line. The goal of this study was to access the impact of the
dominant-negative IkBa on apoptosis during HSV-1 infection.
HEp-2 and IkBaDN cells were infected with HSV-1(F) or
HSV-1(KOS1.1), and at 6, 9, and 12 hpi whole-cell or subcel-
lular extracts were prepared, separated in a denaturing poly-
acrylamide gel, transferred to nitrocellulose, and probed with
anti-ICP4, anti-PARP, anti-IkBa, and anti-NF-«B antibodies
as described in Materials and Methods. The results obtained
using these wild-type HSV-1(F) (Fig. 10A and B) and HSV-
1(KOS1.1) (Fig. 10C and D) viruses were as follows.

While we detected an increase over time in the amount of
NF-kB localized to the nuclei of both HSV-1(F)- and HSV-
1(KOS1.1)-infected HEp-2 cells (Fig. 10A and C, lanes 2, 6,
and 10), little to no translocation of NF-kB was observed in the
infected IkBaDN cells (lanes 4, 8, and 12). The results indicate
that the dominant-negative IkBa in our IkBaDN cells was
active during the HSV-1(F) and HSV-1(KOS1.1) infections.
There was also a loss of wild-type IkBa in the infected HEp-2
and IkBaDN cells (Fig. 10B and D, compare lanes 1, 3, and 5
with 2, 4, and 6). However, the mutant IkBa remained intact
and was not degraded during infection of IkBaDN cells. Im-
mune reactivities against the IE ICP4 protein were essentially
the same for both viruses in infected IkBaDN and HEp-2 cells.
Together, these findings confirm and extend those of Patel et
al., who also reported that there was no decrease in the pro-
duction of IE proteins in HSV-1(KOS) infection of an IxBa
dominant-negative C33 cell line (45). In addition, our findings
confirm the prediction that HSV-1 infection-induced NF-«B
activation proceeds via the degradation of IkBa (45).

Finally, we observed an increase in the cleavage of the ap-
optotic death substrate PARP in the infected IkBaDN cells
compared to that in the HEp-2 cells (Fig. 10B and D, compare
lanes 1, 3, and 5 with 2, 4, and 6). The extent of PARP cleavage
in the IkBaDN cells increased as the infection duration in-
creased. This increase in the amount of PARP cleavage in
infected IkBaDN cells coincided with the lack of IkBa degra-
dation and the absence of nuclear NF-kB. In additional control
studies (data not shown), we observed the same results using
the IkBa dominant-negative clone number 4 (Fig. 9). These
results indicate that there is an enhanced level of apoptosis in
IkBaDN cells infected with wild-type HSV-1. The difference in
PAREP cleavage between the infected IkBaDN and HEp-2 cells
is especially evident at early times (6 and 9 hpi), thus corrob-
orating our data above that showed the importance of the
kinetics of NF-kB activation during HSV-1 infection.

Based on these investigations, we conclude that (i) the viral
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FIG. 10. Apoptosis in IkBaDN cells following HSV-1(F) (A and B)
and HSV-1(KOS1.1) (C and D) infection. Duplicate sets of HEp-2 or
IkBaDN cells were infected with HSV-1(F) or HSV-1(KOS1.1) (MOI
= 10) and at 6, 9, and 12 hpi, cytoplasmic (C) and nuclear (N) and
whole-cell extracts were prepared, separated in denaturing gels, trans-
ferred to nitrocellulose, and probed with anti-NF-«B, anti-ICP4, anti-
PARP, and anti-IkBa antibodies as described in Materials and Meth-
ods. IkBa-mut denotes the mutant protein, as the native form gets
degraded and is not visible on the immunoblot. Anti-ICP4 and anti-
IkBa immune reactivities were detected using alkaline phosphatase
methods, while anti-PARP and anti-NF-«B reactivities were detected
using a chemiluminescence technique.

induction of NF-«kB nuclear localization proceeds via an IkBa
degradation-dependent mechanism in infected HEp-2 cells.
(ii) In IkBaDN cells, the inhibition of IkBa degradation and
the subsequent inhibition of NF-kB activation leads to the
processing of apoptotic substrates in infected cells. Thus, our
results indicate that (iii) NF-«B activation and translocation to
the nucleus is necessary for optimal prevention of apoptosis
during HSV-1 infection.

DISCUSSION

Wild-type HSV-1 induces and then prevents apoptosis in
human cells. This prevention requires infected cell proteins
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produced between 3 and 6 hpi. Interestingly, wild-type HSV-1
is capable of blocking apoptosis stimulated by staurosporine or
sorbitol treatments, and these antiapoptotic functions also re-
quire infected cell protein produced during this cell death
prevention window. The initial goal of our study was to deter-
mine whether putative infected cell antiapoptotic factors pro-
duced within this time frame during HSV-1 replication also
block cell death induced by the addition of TNF-a plus CHX.
Our investigation into the molecular basis of this phenomenon
led us to focus on the behavior of the cellular transcription
factor NF-kB during HSV-1 infection. The significant findings
of our study may be summarized as follows.

(i) Proteins synthesized between 3 and 6 h post-HSV-1(F)
infection block apoptosis induced by TNF-a plus CHX. This
conclusion is based on the observation that HEp-2 cells in-
fected with this wild-type virus and treated with TNF-a-plus-
CHX at 3 hpi exhibited apoptotic properties which resembled
positive control, treated, uninfected cells. In contrast, infected
cell proteins present at 6 hpi precluded apoptosis resulting
from the addition of the proapoptotic agents. This result is
comparable to our earlier findings showing that HSV-
1(KOS1.1) blocked apoptosis induced by staurosporine or sor-
bitol during the identical prevention window (4). Thus, it ap-
pears that wild-type HSV-1 infection activates potent, broad-
based antiapoptotic effectors that are produced between 3 and
6 hpi, and these activities appear to be independent of the virus
strain. TNF-« initiates activation of the proapoptotic caspase
cascade within cells, leading to cleavage of death substrates
(40). This pathway is balanced by the antiapoptotic action of
NF-«kB, and protein synthesis is required for its protective
effects (8, 54).

(ii) NF-kB translocates to the nuclei of HSV-1(F)-, HSV-
1(R7032)-, or HSV-1(KOS1.1)-infected HEp-2 cells. Our re-
sults are derived from a series of indirect immunofluorescence
and subcellular fractionation experiments using these viruses.
This general phenomenon has been reported by two other
groups (1, 45). It is of interest that, in our hands, HSV-1(F)
infection yielded more nuclear than cytoplasmic NF-«B at late
infection times, while TNF-a-plus-CHX treatment of mock-
infected cells resulted in approximately equal levels of nuclear
and cytoplasmic NF-kB at the same time points. This finding
was unexpected and suggests that infection may be a more
potent stimulator of NF-kB translocation than TNF-a plus
CHX treatment in these cells. An alternative, and perhaps
more likely, explanation for this is that NF-kB may be free to
shuttle in the treated, uninfected cells. Virus infection presum-
ably short circuits this cycling, resulting in a persistent (45)
activation of NF-kB. The possibility also exists that it is not a
viral protein that directly stimulates NF-kB. The interaction of
viral proteins with cellular protein(s) may lead to the translo-
cation of this cell survival factor.

NF-kB is a transcription factor that functions in immune and
inflammatory responses, apoptotic pathways, and the inter-
feron induction pathway (7). In response to stimuli such as the
TNF-a and interleukin-1 cytokines (9), bacterial lipopolysac-
charide, or viral double-stranded RNA (20), a phosphorylation
cascade is set in motion, leading ultimately to the activation of
NF-«kB. Inactive NF-kB is complexed with IkB in the cyto-
plasm. IkB degradation is induced following phosphorylation
by IKK, and NF-«B is then released (17). This release unmasks
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the nuclear localization signal on NF-kB, allowing it to trans-
locate to the nucleus, where it binds kB sites in promoters of
target genes. As a result, NF-kB is a potent transcriptional
activator of many factors, including antiapoptotic proteins, cy-
tokines, cell adhesion molecules, growth factors, immune mod-
ulators, and assorted enzymes (44). It is currently not known
whether nuclear NF-«kB participates in regulating the expres-
sion of HSV-1 genes during infection. It is important to note
that the genome of HSV-1 contains multiple NF-«B binding
sites (49). It will be important to determine the significance of
these NF-kB loci in the viral apoptosis prevention process.

(iii) Infected cell proteins produced after 3 hpi are required
for the translocation of NF-kB. NF-kB nuclear translocation
followed the synthesis of the viral IE ICP22 protein inasmuch
as nuclear ICP22 existed in cells where NF-kB was cytoplas-
mic. This finding extends earlier studies (45) using replication-
defective ICP4-minus and ICP27-minus viruses that failed to
show nuclear NF-kB activity during infection. Additionally, we
observed that NF-kB is not detected in infected cell nuclei
when CHX is added at 3 hpi and maintained to 18 hpi. This
finding verifies the necessity of de novo-infected cell protein
synthesis for the induction of NF-kB nuclear translocation.
That NF-kB translocation appears to be delayed during HSV-1
replication seems counterintuitive, since the initiation of many
cell responses to viral invasion are very early events (reviewed
in reference 31). For example, it was recently discovered that
HSV-1 entry into cells induces a cellular antiviral response that
is blocked by IE proteins (42, 43). While we do not know the
mechanism by which NF-kB nuclear translocation is stimu-
lated, it is conceivable that viral rather than cellular factors
play the dominant roles in regulating this phenomenon. It
stands to reason that if the nuclear import of NF-kB is related
to the early antiviral response, there must be some sort of a
block preventing the translocation until after 3 hpi. It is con-
ceivable that a preexisting protein, such as a component of the
incoming virion, might act to “stall” NF-kB, and then a factor
produced at later times functions to remove this impediment.
Additional experiments are currently under way to address
these and other questions regarding the activation of NF-«B
during HSV-1 infection.

The initiation of NF-kB nuclear import precedes the late
stage of viral infection, but the protein continues to accumulate
in the nucleus up to 9 hpi and is maintained at this level to 18
hpi. The late phase of HSV-1 infection corresponds to the
period in which a dramatic reorganization of cytoplasmic mi-
crotubules occurs (6, 32). We recently discovered that this
rearrangement facilitates the translocation of the major virion
tegument protein VP22 into the nucleus (32). It seemed con-
ceivable that the import of NF-kB might be regulated in a
similar manner. However, several pieces of data argue against
this appealing hypothesis. First, there is no difference in the
timing of the translocation of NF-kB between the HSV-1(F)
and HSV-1(R7032) strains. In contrast, the kinetics of VP22
nuclear import differs between the two viruses, which led us to
propose previously that glycoprotein gE plays a role in the
virus-dependent microtubule reorganization process (32). Sec-
ond, microtubules reassemble at late infection times (6, 32),
but NF-«B is predominantly nuclear at 18 and 24 hpi. Finally,
NF-«kB was detected in the nuclei of cells in which VP22 was
still localized in the cytoplasm.
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(iv) Infected cells which possess nuclear NF-kB do not un-
dergo apoptosis. NF-kB nuclear translocation in productively
infected HEp-2 cells is a gradual, increasing process. The pre-
vention of apoptosis is also a time-dependent process (4) in
these infected cells. As these two events occur within the same
window of time, there is a correlation of the translocation of
NF-kB to the nucleus with the prevention of apoptosis. Three
out of the four viruses we analyzed in this study stimulated
NF-kB nuclear import during infection. HSV-1(F), HSV-
1(KOS1.1), and HSV-1(R7032) are replication-competent vi-
ruses that trigger apoptosis but then prevent the process from
killing the infected cells. Initially, these correlations suggested
that NF-«kB participates in apoptosis prevention during pro-
ductive HSV-1 infection. To test this hypothesis, we utilized
the replication-defective HSV-1(vBSA27) virus. From previous
studies (2), it was known that HSV-1(vBSA27) was an apopto-
tic virus (3). During HSV-1(vBSA27) infection, NF-«kB re-
mained cytoplasmic and the cells underwent apoptosis. The
observation in these experiments that HSV-1(vBSA27)-in-
fected HEp-2 cells produce reduced amounts of viral ICP4
supports the model that infected cell proteins are required for
NF-«kB nuclear import.

The nuclear translocation of NF-«kB also appears to coincide
with the activation of caspase 3 under certain conditions. Our
findings indicate that this correlation holds in both infected
and uninfected cells. This theory is based on two findings. First,
a small amount of nuclear NF-kB was detected in mock-in-
fected cells that were treated with CHX alone, and this level
was comparable in magnitude to the amount of caspase 3
processing observed in these cells. Caspase 3 is not activated in
mock, untreated cells, and no nuclear NF-kB is detected in
them. Second, infections of both untreated cells and cells
treated with CHX at 6 hpi led to caspase 3 activation, and
NF-«kB was detected in the nuclei of these cells. Interestingly,
minimal nuclear NF-kB is detected when caspase 3 is com-
pletely degraded, and cells die by apoptosis (e.g., CHX addi-
tion at 3 hpi during infection). All HSV-1 strains which express
IE genes that have been tested to date activate caspase 3
during infection (3). Since productive HSV-1 infection also
leads to the nuclear translocation of NF-«B, it seems likely that
the import of NF-kB may be a direct consequence of the
activation of caspase 3. Studies designed to block the activation
of caspase 3 during infection should confirm this model.

(v) The viral glycoprotein gE is not required for the preven-
tion of apoptosis during HSV-1 infection. Nuclear localization
of NF-kB occurs during infection of HEp-2 cells with a virus
containing a deletion in the gene encoding gE, and the kinetics
of the NF-kB nuclear import are identical to those of HSV-
1(F). Similarly, cells infected with the gE-minus virus were not
killed by apoptosis. Thus, gE is not essential for the prevention
of apoptosis. At least three other viral proteins implicated in
preventing apoptosis in HSV-1-infected cells are also not ab-
solutely required for viral replication (3, 4, 24, 38). ICP22, U3,
and UgS are, therefore, accessory factors (3), while ICP27,
ICP4, and gD are required for apoptosis prevention during
infection (2, 37, 59). Studies are currently under way to deter-
mine the effect of the IE ICP27 and ICP4 proteins on the
activation of NF-kB.

(vi) NF-kB does not bind DNA in the nuclei of apoptotic
HSV-1(vBSA27)-infected human cells. There is little to no
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DNA binding activity of NF-kB in HSV-1(vBSA27)-infected
cells, while its DNA binding activity in wild-type HSV-1(F)- or
HSV-1(KOS1.1)-infected cells is substantial compared to that
of mock infection. In the HSV-1(vBSA27)-infected cells, where
NF-kB did not bind DNA, apoptotic death factor processing
was detected. The implication of these data is that NF-xB
activation seems necessary for the inhibition of apoptosis.
Thus, an HSV-1 virus that is unable to activate NF-kB may not
prevent the apoptosis that its early viral processes induce.
Infected cell factors necessary for the activation of NF-kB are
either not synthesized or not active during HSV-1(vBSA27)
infection. It is remains unclear whether it is the ICP27 protein
itself or the proteins whose synthesis it regulates that actually
modulate NF-«B.

(vii) Activation of NF-kB prior to infection with apoptotic
HSV-1(vBSA27) rescues the infected cell from apoptosis. In-
terestingly, the decrease in apoptotic processing observed dur-
ing PMA treatment of HSV-1(vBSA27)-infected cells was ac-
companied by an increase in the accumulation of viral proteins.
As mentioned above, potential NF-kB binding sites exist in
some viral promoters. It is possible that PMA treatment en-
abled NF-«kB to promote viral replication, thus overcoming the
defects caused by deletion of ICP27 from the mutant virus.
However, it is more likely that the activated NF-kB partici-
pated in the synthesis of antiapoptotic mediators (7, 8, 54, 56),
giving HSV-1(vBSA27) the opportunity to replicate more effi-
ciently. Supporting this idea is our finding that prevention of
apoptosis by the addition of caspase inhibitors leads to the
increased accumulation of viral proteins (4). An appealing
theory is that NF-kB may simply function to delay virus-trig-
gered apoptosis until the point in which viral antiapoptotic
factors have been produced and have accumulated to adequate
levels to block infected cell death.

(viii) Prevention of NF-kB nuclear import leads to an in-
crease in apoptosis during HSV-1(F) infection. We utilized
two methods to inhibit NF-kB function. The pharmacological
inhibitor PDTC antagonizes the release of cytoplasmic NF-kB
from IkBa. Our dominant-negative cell lines contain a mutant
form of IkBa that sequesters NF-kB in the cytoplasm. In both
situations, reducing the amount of NF-kB nuclear import led
to an increase in death factor processing during infection. The
conclusion drawn from these data is that in the absence of
NF-kB translocation and activation, wild-type HSV-1 is unable
to optimally prevent infection-induced apoptosis. These find-
ings strongly implicate a role for NF-kB in apoptosis preven-
tion during HSV-1 infection. Our results are exciting because
we have now developed a molecular genetic system in which
wild-type HSV-1-infected cells exhibit phenotypes that are
usually only observed in HSV-1(vBSA27)-infected cells.

Several human viruses have evolved ways to appropriate
aspects of the NF-kB pathway (21, 31), and NF-«B is widely
known to be involved in antiapoptotic actions. It is our hypoth-
esis that this transcription factor is necessary, at least in part,
for the prevention of apoptosis and promotion of survival in
HSV-1-infected cells. It is not known whether viral or cellular
proteins play dominant roles in regulating NF-kB nuclear im-
port during infection. Patel et al. concluded that NF-«kB local-
ization to the nucleus is necessary for efficient viral replication
(45) but did not address the mechanism underlying their ob-
servations. Our investigations with the IkBaDN cell line have
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established that the requirement for NF-«kB activation during
HSV-1 infection is based, at least in part, on its antiapoptotic
activities. These results corroborate these earlier authors’ find-
ings, since conditions that result in the retention of NF-«kB in
the cytoplasm lead to apoptotic death of the infected cells.
Thus, our data suggest that the reason that NF-kB is needed
for optimal virus replication is because it acts to prevent apo-
ptosis triggered by the virus.

In response to an inducing stimulus, IkBa is degraded to
allow NF-kB to enter the nucleus, and this degradation is
signaled by phosphorylation of IkBa by IKK (9, 17, 27). Inves-
tigations by Patel et al. and Amici et al. indicated that IkBa
played a role in NF-«kB activation during HSV-1 infection (1,
45). HSV-1 infection induces translocation of NF-kB to the
nuclei of infected C33 cells (45). These authors reported that
IkB was degraded and was not resynthesized during infection.
Additionally, NF-kB translocation was reduced in cells in
which IkB degradation was inhibited either by using a domi-
nant-negative IkB (45) or by inhibiting IKK activity (1). Amici
et al. also proposed that phosphorylation of IkBa by IKK was
responsible for NFkB release (1). In their studies of a potential
antiviral therapy, prostaglandin A, was used to inhibit IKK
kinase activity, and they observed that this compound hindered
the ability of the virus to replicate, leading to a decrease in viral
titer. We observed that HSV-1 has a reduced ability to repli-
cate in our IkBaDN cells compared to HEp-2 cells. Thus, it is
likely that the mechanism by which cytoplasmic NF-kB be-
comes activated during HSV-1 infection of HEp-2 cells in-
volves the release from IxB.

The mechanism through which the persistent degradation of
IkBa might occur during HSV-1 infection remains unknown.
The maintenance of nuclear NF-kB which we observe at late
infection times is likely a consequence of this perturbed regu-
lation. We now propose that the function of this activated,
nuclear NF-«kB is to participate in apoptosis prevention during
HSV-1 infection. Our development of these biochemical and
molecular genetic experiment systems designed to modulate
NF-kB activity during infection should continue to provide
important new information on the role of NF-«kB during
HSV-1 infection.
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