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We have made two stocks of a herpes simplex virus 1 mutant lacking intact US5 and US6 open reading frames
encoding glycoproteins J (gJ) and D (gD), respectively. The stock designated gD2/1, made in cells carrying US6
and expressing gD, was capable of productively infecting cells, whereas the stock designated gD2/2, made in
cells lacking viral DNA sequences, was known to attach but not initiate infection. We report the following. (i)
Both stocks of virus induced apoptosis in SK-N-SH cells. Thus, annexin V binding to cell surfaces was detected
as early as 8 h after infection. (ii) US5 or US6 cloned into the baculovirus under the human cytomegalovirus
immediate-early promoter was expressed in SK-N-SH cells and blocked apoptosis in cells infected with either
gD2/1 or gD2/2 virus, whereas glycoprotein B, infected cell protein 22, or the wild-type baculovirus did not
block apoptosis. (iii) In SK-N-SH cells, internalized, partially degraded virus particles were detected at 30 min
after exposure to gD2/2 virus but not at later intervals. (iv) Concurrent infection of cells with baculoviruses
did not alter the failure of gD2/2 virus from expressing its genes or, conversely, the expression of viral genes
by gD2/1 virus. These results underscore the capacity of herpes simplex virus to initiate the apoptotic cascade
in the absence of de novo protein synthesis and indicate that both gD and gJ independently, and most likely
at different stages in the reproductive cycle, play a key role in blocking the apoptotic cascade leading to cell
death.

In this report we show that herpes simplex virus 1 (HSV-1)
mutants lacking the gene encoding glycoprotein D (gD) and
which attach to cell surfaces but cannot initiate productive
infection, or initiate an infection with production of gD-defi-
cient progeny, nevertheless induced programmed cell death.
The circumstances which led us to initiate these studies were as
follows.

This and other laboratories have extensively documented
evidence that wild-type HSV-1 blocks programmed cell death
induced by exogenous agents and that mutants in early func-
tions induce programmed cell death (2, 3, 17, 18, 22–24, 39).
The studies reported from this laboratory began with the ob-
servation that a mutant lacking the gene encoding infected cell
protein 4 (ICP4)—the major regulatory protein—induced ap-
optosis in a variety of cell lines, in both caspase 3-dependent
and -independent manners (16–18, 23, 24). To test the possi-
bility that apoptosis can be induced by a factor introduced into
the cells during viral entry, we analyzed cells infected with a
mutant, HSV-(HFEM)tsB7, that blocks release of viral DNA
from capsids at the nonpermissive temperature (4). Those
studies showed that at the nonpermissive temperature tsB7
induced apoptosis in a cell-type-dependent manner (16). These
observations led to two conclusions. First, HSV induced, but
also blocked, programmed cell death at multiple steps in the
course of the viral replicative cycle. Second, at least one signal
for induction of the apoptotic cascade could be expressed in
the absence of de novo viral gene expression.

The initiation of infection prior to the release of viral DNA
involves attachment of the virion to the cell surface mediated
by gC, and possibly gB (20, 35, 38), fusion of the envelope with
the plasma membrane mediated minimally by gD but with the
involvement of gB, gH, and gL (8, 15, 25, 33; see also refer-
ences 9 and 35), release of tegument proteins and capsid-
tegument proteins from the virion into the cytoplasm, and
transport of a capsid-tegument protein to the nuclear pore and
of selected tegument proteins (e.g., VP16 or aTIF) to the
nucleus (4, 5). In an attempt to sort out which of the compo-
nents of the nucleus are responsible for the induction of the
apoptotic cascade, we decided to start with the initial steps in
the attachment and entry of the virus into the infected cell.
Studies on HSV entry indicate that in the absence of gD in
both the genome and the envelope, the virus attaches but does
not penetrate. To test the role of these initial events in the
induction of apoptosis, we derived two stocks of viruses. The
first, designated gD2/1, was produced by growing a virus lack-
ing the gD gene in cells expressing gD (25). Because this virus
contained gD in its envelope, it could enter and produce in-
fectious progeny in both gD-expressing and -nonexpressing cell
lines. In the latter, however, the progeny virus remained se-
questered in the infected cell. The second stock was derived by
passage of gD2/1 virus in cells that did not carry the HSV-1
gene encoding gD. In this instance the virus, designated
gD2/2, was recovered from the infected cells. This population
of mutant viruses has been shown to attach to cells, but ex-
pression of viral genes does not ensue.

We report that both gD2/2 and gD2/1 viruses induce pro-
grammed cell death in human SK-N-SH cells. In cells carrying
the BamHI J fragment of HSV-1 DNA, the gD2/1 viruses
recombined with the resident HSV-1 DNA, and several wild-
type rescuant were isolated. Analyses of the genes in the im-
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mediate environment of US6 encoding gD indicate that gD2/1

viruses lacked in addition to gD a wild-type US5 encoding gJ
(25). We report that both gD and gJ delivered in trans block
the apoptosis induced by gD2/1 and gD2/2 viruses whereas
gB, an unrelated gene, or the wild-type baculovirus itself did
not. Finally, at multiplicities of infection used in this study, we
noted that gD2/2 viruses were taken up by vesicles likely to be
of endocytic origin and were degraded within a short interval
after exposure of cells to the virus.

MATERIALS AND METHODS

Cells. SK-N-SH, HEp-2 and Vero cells were obtained from American Type
Culture Collection (Manassas, Va.) and maintained in Dulbecco’s modification
of Eagle minimal essential medium (DMEM) containing 10% fetal bovine se-
rum. Insect cell line Sf9 (Spodoptera frugiperda) was obtained from PharMingen
(San Diego, Calif.). Unless indicated, cultures were seeded less than 20 h prior
to infection and assayed at 60 to 70% confluence. VD60, a cell line carrying the
entire BamHI J fragment (25), was a kind gift from D. Johnson. R6 cells were
derived from rabbit skin cells in the course of this study. Plasmid pEA102
containing the HSV-1 gD coding sequence under the UL26.5 promoter was
constructed as follows. The gD coding sequence was amplified by PCR with
primers CTCTTTTGTCTCGAGCGTTCCGGTATGGGG (forward) and GTC
AGGTCTGCGGGCTCGAGATGGGACCTT (reverse) to yield a fragment
that includes the entire gD coding sequence from 14 bp upstream of the start
codon to 32 bp downstream of the stop codon. The purified fragment, excised
with XhoI, was filled in and cloned into the HindIII site of pEA101. pEAl01 was
derived from pcDNA 3.1(2) by replacement of the cytomegalovirus (CMV)
promoter (excised as a 687-bp NruI-NheI fragment) with the UL26.5 promoter,
excised as a 887-bp XbaI-BstEII fragment from pRB4090, and cloned in the
XbaI-EcoRI sites of the deleted pcDNA 3.1(2). Rabbit skin cells transfected
with pEA102 were selected for neomycin G418 resistance, cloned by limiting
dilution, and assayed for gD-inducible gD expression, following infection with
HSV-2. The cell line was maintained in DMEM supplemented with 5% newborn
calf serum and 400 mg of G418 per ml.

Viruses. HSV-1(F) is the prototype HSV-1 strain used in these laboratories
(14). The ICP4 deletion mutant d120 was described elsewhere (13). In the FgDb
mutant, the Escherichia coli lacZ gene replaced portions of US6 and US7 encod-
ing gD and gI, respectively (25). The D10 (gD2/1) stock of FgDb was kindly
provided by D. Johnson. The P6 (gD2/1) virus, kindly provided by P. G. Spear,
is a plaque isolate derived from FgDb in which the deletion in the gI gene has
been repaired. Growth of D10 virus in VD60 yielded spontaneous rescuants
resulting from recombination between the replicating virus and the resident
HSV-1 DNA. Three of these rescuants were plaque purified and tested as
described in Results. Virions carrying gD on their envelope provided in trans by
growth in complementing cell lines were designated gD2/1. All of stocks of
gD2/1 virus used in this study were derived in R6 cells, and titers were deter-
mined in these cells. Virions lacking gD in both their genomes and their enve-
lopes were designated gD2/2. The stocks of gD2/2 and of HSV-1(F) were
prepared by infecting cultures of HEp-2 cells with 10 PFU of gD2/1 and wild-
type virus, respectively, per cell.

Baculovirus transfer vectors. pAc-CMV, kindly provided by M.-T. Sciortino,
was derived from the pAcSG2 baculovirus transfer vector (PharMingen) by
cloning an XhoI-EcoRI fragment containing the human CMV (HCMV) IE1
promoter/enhancer sequences (provided by L. Hennighausen) in the XhoI-
BamHI site of pAcSG2. An EcoRI-BglII fragment encoding gD was amplified by
PCR from pEA99 with primers CGGAA-TTCAT-GGGGG-GGGCT-GCCGC-
CAG and GAAGA-TCTCT-AGTAA-AACAA-GGGCT-GGTG-CG. The am-
plified PCR fragment was inserted into the EcoRI-BglII sites of the pAc-CMV
polylinker, resulting in the pAc-gD transfer vector. The pAc-gJ transfer vector
was constructed by the same strategy as pAc-gD. The primers used for PCR
amplification were CGGAATTCATGTCTCTGCGCGCAGTCTGGCATC and
GAAGATCTTTTAATATGCTGTTG. Plasmid pRB5252 (29) was digested
with EcoRI and BglII. The 1.2-kb fragment containing the a22 gene coding
sequences (29) was cloned into the EcoRI-BglII sites in the pAc-CMV polylinker,
generating the transfer vector pAc-22. The transfer vector pAc-gB was con-
structed as follows. The complete gB coding sequence was PCR amplified using
primers 59-GGCAC-GAGGC-CTCCC-CGTAG-TCCCG-CCATG-C (forward)
and 59-CTACG-TGTAC-TCTAG-ATTGT-GGGCA-CC (reverse) to yield a
2,792-bp fragment which included the entire gB open reading frame and 9 bp
upstream of the start codon. The fragment was cloned in the StuI-BglII sites of
pAc-CMV.

Generation of recombinant baculovirus. Bac-gD, Bac-gJ, Bac-a22, and Bac-gB
were generated using the PharMingen baculovirus expression vector system by
cotransfecting transfer vectors pAc-gD, pAc-gJ, pAc-22, and pAc-gB, respec-
tively, along with BaculoGold linearized baculovirus DNA (PharMingen) into
Sf9 cells according to the manufacturer’s instructions. The viruses were propa-
gated in Sf9 cells grown in 150-cm2 flasks in TNM-FH insect medium (Phar-
Mingen). Virus stocks were concentrated by centrifugation at 35,000 3 g for 60
min. The pelleted viruses were resuspended in phosphate-buffered saline (PBS)

supplemented with 1% fetal bovine serum. Virus titers were determined by
plaque assay on Sf9 cells. Bac-XylE is the wild-type baculovirus provided with the
PharMingen baculovirus expression vector system.

Exposure of mammalian cells to recombinant baculovirus. Subconfluent cul-
tures of SK-N-SH cells in 25-cm2 flasks were exposed to 10 to 100 PFU of
recombinant baculovirus per cell as stated in Results and incubated at 37°C for
1 h. Then culture medium was then replaced with fresh DMEM containing 10%
fetal bovine serum and 2.5 mM sodium butyrate or at concentrations stated in
Results and incubated at 37°C for stated time intervals.

Antibodies. Monoclonal antibodies against gD (clone H170), ICP0 (clone
H1083), and gB (clone 1817) were purchased from the Goodwin Cancer Re-
search Institute, Plantation, Fl. The monoclonal antibody to gI (26), the poly-
clonal antibody R77 to ICP22 (1), and polyclonal antibodies to UL38 and gJ were
described elsewhere (11, 37).

Immunblot assays. Protein concentrations of whole-cell lysates was deter-
mined with the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif.).
Infected or uninfected cell lysates (50 mg of protein per lane) were electro-
phoretically separated in 12% denaturing polyacrylamide gels. Proteins were
then electrically transferred to a nitrocellulose sheet (Bio-Rad), blocked for 2 h
in 5% milk in PBS at room temperature, and then reacted with the primary
antibody. The protein bands were visualized by means of an enhanced chemilu-
minescence detection system (Pierce, Rockford, Ill.) according to the manufac-
turer’s instructions.

Double infection. Replicate subconfluent cultures of SK-N-SH cells were ex-
posed to 10 PFU of recombinant baculovirus or 100 PFU of Bac-XylE per cell
and incubated at 37°C for 2 h. The cells were exposed to either 100 PFU
equivalents of gD2/2 or 10 PFU of gD2/1 virus per cell and incubated at 37°C
for intervals described in Results in medium containing 2.5 mM sodium butyrate.

Induction of apoptosis by TNF-a or Fas ligand. Cells were exposed to either
10 ng of tumor necrosis factor alpha (TNF-a; Calbiochem, Cambridge, Mass.)
per ml of medium for 16 h or 1 mg of anti-Fas monoclonal antibody (immuno-
globulin M; Calbiochem) per ml of medium for 12 h and then harvested.

Immunofluorescence. SK-N-SH cells (5 3 104) were seeded onto four-well
glass slides and either exposed to recombinant baculoviruses or doubly infected
as described above. Cells were fixed in ice-cold methanol for 20 min at 220°C
and then blocked in PBS containing 1% bovine serum albumin at room temper-
ature, rinsed three times with PBS, and reacted for 24 h at 4°C with a 1:2,000
dilution of mouse monoclonal antibody against ICP0 (clone H1083) in PBS. The
cells were rinsed five times in PBS, reacted for 1 h with 1:64 dilution of a goat
anti-mouse immunoglobulin G conjugated to fluorescein isothiocyanate (FITC)
(Sigma, St. Louis, Mo.) in PBS, then rinsed five times with PBS, and mounted in
90% glycerol. Slides were analyzed in a Zeiss confocal fluorescence microscope.

DNA fragmentation assay. Infected or uninfected cells were collected, washed
in PBS, lysed in a solution containing 10 mM Tris-HCl (pH 8.0), 10 mM EDTA,
and 0.5% Triton X-100, digested with RNase A (0.1 mg/ml) at 37°C for 1 h, and
centrifuged at 12,000 rpm for 25 min in an Eppendorf microcentrifuge to pellet
chromosomal DNA. The supernatant fluids were digested with proteinase K (1
mg/ml) at 50°C for 2 h in the presence of 1% sodium dodecyl sulfate, extracted
with phenol and chloroform, precipitated in cold ethanol, and subjected to
electrophoresis on 1.5% agarose gels containing 0.5 mg of ethidium bromide per
ml. Oligonucleosomal DNA fragments were visualized by UV light transillumi-
nation. Photographs were taken with the aid of Eagle Eye II (Stratagene).

RESULTS

Experimental design. To simplify presentation of the data,
we have adopted the following specific nomenclature for the
viruses used in this study. Wild-type viruses are termed gD1/1

to signify that they contain both the US6 gene encoding gD and
gD contained in the envelope; gD2/1 denotes viruses that lack
the US6 gene but contain gD made in cells expressing a resi-
dent US6 gene; and passage of gD2/1 in cells lacking a resident
US6 gene yielded a virus, designated gD2/2, lacking both US6
and gD and shown earlier to be able to attach to the cell
surface but not initiate infection (25). Initially we received
from D. Johnson a cell line expressing gD (VD60) and the
FgDb (gD2/1) virus. We also received from P. G. Spear a virus
[P6 (gD2/1)] derived from FgDb (gD2/1) but with a restored
US7 gene encoding gI. All preparations of gD2/2 virus stocks
were derived from P6 (gD2/1) virus. The DNA fragment con-
tained in the VD60 cell line exceeded the coding domain of the
US6 gene. In consequence, gD2/2 stocks contained self rescu-
ants derived by recombination between the resident DNA and
the gD2/1 virus. At least three independent rescuants were
plaque purified and used as described below. To avoid the
generation of self-rescuants, a cell line (R6) was constructed in
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which the resident HSV-1(F) DNA consisted of the US6 open
reading frame fused to the UL26.5 promoter. The R6 cell line
expressed gD only after infection with gD2/1 virus and yielded
no detectable self-rescuants. All of the gD2/1 stocks used in
this study were made in R6 cells. The gD2/2 virus was gener-
ated from these gD2/1 stocks.

Characteristics of the gD2/2 virus. To estimate the relative
quantities of gD contained in gD2/2 preparations, HEp-2 cells
were exposed to 10 PFU of gD2/1 virus made in R6 cells. Total
lysates of cells harvested at 18 h after infection was subjected
to denaturing electrophoresis in a single lane. Adjacent lanes
were loaded with lysates of cells infected with wild-type virus
[HSV-1(F)] serially diluted to contain the content of a specific
number of cells. The electrophoretically separated polypep-
tides prepared in duplicate were reacted with a polyclonal
antibody to the capsid protein 19C encoded by UL38 and
monoclonal antibody to gD. The results (Fig. 1) show that the
quantity of gD accumulating in the gD2/2 stock was signifi-
cantly less than 100-fold lower than that contained in HSV-
1(F)-infected cells, whereas the amounts of UL38 protein ac-
cumulating in cells infected with gD2/2 stock was higher than
that present in the equivalent amount of HSV-1(F)-infected
cells. We estimate on the basis of these results that the amount
of gD present in the gD2/2 stock containing a lysate from 107

cells was equivalent to that present in 1 3 104 to 2 3 104 cells.
gD2/2 virus induces annexin V presentation on cell sur-

faces. To determine whether both gD2/2 and gD2/1 mutant
virus stocks induce apoptosis, two experiments were done. In
the first, the cells were mock infected or infected with the d120
or gD2/2 mutant. The micrographs in Fig. 2 show that the
patterns of annexin V binding to cells infected with the d120
mutant were similar to those observed on cells infected with

the gD2/2 mutant. In the second experiment, (Fig. 2D), the
cells were mock infected or infected with HSV-1(F), gD2/2, or
gD2/1, and annexin V-positive cells were counted as a per-
centage of total cells. The results indicate that annexin V
bound to the cells as early as 8 h after infection and that the
fraction of cells binding annexin V was significantly greater
than that binding mock-infected or wild-type virus-infected
cells. The slight decrease in the percentage of annexin V-
positive cells at 18 h after infection may reflect the loss from
the slide surface of cells in more advanced stages of apoptosis.
These results are consistent with the hypothesis that both
gD2/2 and gD2/1 viruses induce apoptosis.

gD2/2 and gD1/1 viruses induce DNA fragmentation in
SK-N-SH cells. In this series of experiments, SK-N-SH cells
were exposed to 10 PFU of HSV-1(F), gD2/1, or two inde-
pendently derived self-rescuants per cell and to either 10 or
100 PFU equivalents of gD2/2 virus per cell. The cells were
harvested at 18 h after mock infection or exposure to virus and
processed as described in Materials and Methods. As shown in
Fig. 3, low-molecular-weight DNA ladders were seen in cells
infected with d120 (positive control) and in cells infected with
gD2/1 or with 100 PFU equivalents of gD2/2, but not in
mock-infected cells, cells infected with the self-rescuants, or
cells exposed to 10 PFU of gD2/2 virus. We conclude from
these results the following. (i) Consistent with the data pre-
sented in Fig. 2, both gD2/1 and gD2/2 viruses induce frag-
mentation of DNA consistent with an apoptotic response. (ii)
The amount of gD2/2 virus required to induce apoptosis was
significantly higher than that required to induce apoptosis by
gD2/1 virus.

Fate of gD2/2 virus. gD2/2 viruses have been shown to be
able to attach to cell surfaces as a consequence of the interac-
tion of gB and gC with cell surface receptors but to be unable
to productively infect cells (24). The rationale of this experi-
ment was based on studies done some time ago showing that
whereas cells expressing gD block productive entry of wild-type
virus, virus particles are internalized in vesicles likely of endo-
somal origin and degraded (9). To ascertain the fate of gD2/2

virus, SK-N-SH cells were exposed to 100 PFU equivalents per
cell and incubated for time intervals ranging from 30 min to
2 h. They were then harvested, fixed, sectioned, and stained for
electron microscopy as described in Materials and Methods.
The results shown in Fig. 4 were as follows: (i) Virus particles
attached to the cell surface (Fig. 4a to d) were readily seen in
section of cells harvested at 30 min to 2 h after exposure to
virus. (ii) Internalized virus was seen only in cells harvested 30
min after exposure to virus. In all instances (Fig. 4d to g), the
virus was present in cytoplasmic vesicles and appeared to be
undergoing degradation. As shown below, cells exposed to
gD2/2 virus do not express a genes, as evidenced by the ab-
sence of ICP0.

We conclude from these results that at least a fraction of
gD2/2 virus is internalized in cells exposed to it.

gJ does not accumulate in cells infected with gD2/1 virus. In
principle, to attribute a function to a gene that has been de-
leted, it is necessary to restore the gene and recover the wild-
type phenotype. The failure of self-rescuants (Fig. 3) to induce
fragmentation of DNA is only partially convincing evidence
since the DNA fragment contained in the VD60 cells extended
39 and 59 beyond the domain of the gD gene. The immediate
environment of the gD gene contains the genes encoding gJ
(US5) and gI (US7). To determine if these genes are expressed,
SK-N-SH cells were mock infected or exposed to 10 PFU of
wild-type virus or gD2/1 or gD1/1 rescuants per cell. The cells
were harvested at 18 h after infection, solubilized, subjected to
electrophoresis in denaturing gels, and reacted with a mono-

FIG. 1. Determination of PFU equivalents in a stock of gD2/2 mutant virus.
Stocks of HSV-1(F) and gD2/2 were prepared as described in Materials and
Methods. Aliquots from these stocks corresponding to the number of cell equiv-
alents indicated were electrophoretically separated in 10% denaturing polyacryl-
amide gels and electrically transferred onto a nitrocellulose sheet. The samples
were reacted with a UL38-specific polyclonal antiserum and with a gD monoclo-
nal antibody. PFU equivalents for gD2/2 stocks were estimated from the ratios
of UL38 protein. Sizes are indicated in Mr 3 1,000.

11784 ZHOU ET AL. J. VIROL.



clonal antibody to US7 (gI) (Fig. 5A) or polyclonal antibody to
US5 (Fig. 5B). The results were as follows: (i) the electro-
phoretic mobility of gI expressed by P6 (gD2/1) stock could
not be differentiated from that of wild-type or rescuant viruses,
and (ii) gJ was not detected in cells infected with P6 (gD2/1)
or P10 (gD2/1) stocks but was readily detectable in cells in-
fected with wild-type virus or self-rescuants (Fig. 5B). The
failure to detect gJ was reproducible in several experiments.
We conclude from this experiment that the gD2/1 stocks con-
tain an impaired gJ gene.

DNA fragmentation associated with apoptosis is blocked by
trans complementation of gD2/2. The experiments described
above suggested that phenotypes of gD2/2 and gD2/1 viruses
analyzed in these studies could be due to either gD or gJ. The
objective of this series of experiments was to determine
whether gJ or gD delivered in trans could block the DNA
fragmentation induced by gD2/1 or gD2/2 viruses. Two series
of experiments were done. In the first, we cloned gD, gJ, and
gB driven by the immediate-early HCMV promoter. Figure 6
shows that gD, gJ, and gB were readily expressed in cells
exposed to baculoviruses carrying the corresponding gene and

FIG. 2. (A to C) Digital images of cells infected with gD2/2 and dl20. The cells were fixed at 18 h after infection and reacted with annexin V-FITC. The images
were collected with a Zeiss confocal microscope as described in Materials and Methods. (D) Quantification of cells with phosphatidylserine on their surface. Uninfected
cells or cells infected with HSV-1(F), gD2/2, or gD2/1 were reacted with annexin V-FITC and analyzed in with a Zeiss confocal microscope. The number of annexin
V-positive cells as a function of total number of cells was determined at 8 and 18 h after infection. Each data point reflects the average percentage of annexin V-positive
cells present in 10 random fields. The data correspond to the average of two independent experiments.

FIG. 3. Agarose gels containing electrophoretically separated, ethidium bro-
mide-stained low-molecular-weight DNA from SK-N-SH cultures that were
mock infected or infected with gD mutant virus. Subconfluent cultures of SK-
N-SH cells were either mock infected or exposed to 10 PFU of HSV-1(F), d120,
or gD2/1 or 10 or 100 PFU of gD2/2 virus per cell. The cells were harvested at
18 h after infection and processed as described in Materials and Methods.
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FIG. 4. Electron micrographs of thin sections of cells exposed to 100 PFU equivalents of gD2/2. SK-N-SH cells were exposed to 100 PFU equivalents per cell and
incubated for 30 min.. They were then harvested, fixed, sectioned, and stained for electron microscopy as described elsewhere (4). The arrow in panel e points to a
structure typical of DNA streaming out of damaged capsids.
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treated with sodium butyrate. The positive control consisted of
lysates of SK-N-SH cells exposed to HSV-1(F). Although in
this experiment the protein accumulation was measured 24 h
after exposure to baculoviruses (Fig. 6A, C, and D), the prod-
uct of the gene carried by baculoviruses could be detected
much earlier. As shown in Fig. 6B, gD was readily detected as
early as 4 h after exposure of cells to the recombinant baculo-
virus carrying the gD gene.

The second series of experiments was designed to determine
whether gD or gJ could block fragmentation of DNA induced
by gD2/2 or gD2/1 viruses. In the experiment illustrated in
Fig. 7A, replicate subconfluent cultures of SK-N-SH cells were
mock infected, exposed to 10 PFU of recombinant baculovirus
per cell as indicated or to 100 PFU of Bac-XylE per cell, or
doubly infected with 10 PFU of recombinant baculovirus and
either 100 PFU equivalents of gD2/2 or 10 PFU of gD2/1

mutant virus per cell. In the experiment illustrated in Fig. 7B,
replicate cultures of SK-N-SH cells were exposed to 18 PFU of

recombinant baculovirus expressing gB per cell or exposed to
both 18 PFU or baculovirus and either 100 PFU of gD2/2 or
10 PFU of gD2/1 virus per cell. The cells were harvested 24 h
after exposure to virus and processed as described in Materials
and Methods. The results were as follows: None of the recom-
binant baculoviruses induced DNA fragmentation by them-
selves (Fig. 7A, lanes 2 to 5; Fig. 7B, lane 2). gJ or gD blocked
DNA fragmentation induced by gD2/2 (Fig. 7A, lanes 7 and 8)
or gD2/1 (Fig. 7A, lanes 12 and 13). None of the other re-
combinant baculovirus were able to block DNA fragmentation
induced by the gD2/2 or gD2/1 viruses.

Recombinant baculoviruses expressing gD or gJ do not
block the expression of recombinant viruses under the condi-
tions tested. The objectives of the experiment described below
were twofold: (i) to determine whether simultaneous exposure
of cells to gD2/2 virus and baculovirus expressing gD or gJ
altered the ability of gD2/2 virus to infect cells and express its
genes; and (ii) to determine whether expression of gD or gJ
altered the capacity of gD2/1 virus to express its genes since
this virus was expected to be able to attach, enter cells, and
initiate productive infection. SK-N-SH cells grown in micro-
wells were infected with either 100 PFU equivalents of gD2/2

or 10 PFU of gD2/1 per cell singly or in combination with 10
PFU of baculovirus expressing gD, gJ, or ICP22. The cells were
fixed and reacted with monoclonal antibody to ICP0. The dig-
itized images collected with the aid of a Zeiss confocal micro-
scope are shown in Fig. 8. As expected, cells infected with
gD2/2 virus singly or in combination with a recombinant bac-
ulovirus failed to express ICP0. In contrast, the expression of
ICP0 in cells infected with the gD2/1 mutant and either gD or
gJ could not be differentiated from that seen in cells infected
solely with the gD2/1 mutant.

gD and gJ do not block fragmentation of DNA induced by
anti-Fas antibody or TNF-a. Earlier studies have shown that
HSV-1 blocks apoptosis induced by a number of stimuli, in-
cluding anti-Fas antibody and TNF-a (16, 21, 22, 34). Jerome
at al. (21) published evidence that mutants lacking the US5
encoding gJ failed to suppress apoptosis induced by anti-Fas
antibody. In light of the results presented in this report, it was
of interest to determine whether either gJ or gD by itself and
in the absence of other HSV proteins could block DNA frag-
mentation induced by TNF-a or anti-Fas antibody. To this end,
SK-N-SH cells were mock infected or exposed to 10 PFU of
HSV-1(F) or 10 PFU of baculovirus expressing gD or gJ per
cell. Replicate cultures were exposed to TNF-a (10 mg/ml) at
2 h after infection or to anti-Fas antibody at 6 h after infection.
The cells were harvested 18 h after infection and processed as
described in Materials and Methods. The results were as fol-
lows: (i) Degradation of DNA was not apparent in mock-
infected cells (Fig. 9, lane 1), cells infected with HSV-1(F)
(lane 4), or cells infected with baculoviruses expressing gD and
gJ (lanes 7 and 10, respectively). (ii) TNF-a or anti-Fas anti-
body induced degradation of DNA (lanes 2 and 3), and this
effect was not suppressed by gD (lanes 8 and 9) or gJ (lanes 11
and 12). We conclude that expression of these genes by them-
selves is not sufficient to block apoptosis induced by TNF-a or
anti-Fas antibody.

DISCUSSION

The life cycle of resting or dividing cells is tightly regulated.
Cells whose genomes are damaged or which fail to meet pa-
rameters measured at specific checkpoints are induced to un-
dergo a sequence of events resulting in programmed cell death.
Viruses both damage and perturb cellular regulatory cascades,
and these events in themselves are sufficient to induce pro-

FIG. 5. Electrophoretically separated lysates of cells infected with gD2/1

virus or rescuants and reacted with a monoclonal antibody to gI (A) or polyclonal
antibody to gJ (B). SK-N-SH cells were mock infected or exposed (10 PFU/cell)
to wild-type virus, P6 (gD2/1), or p10 (gD2/1) or individually to three indepen-
dently derived gD1/1 rescuants. The cells were harvested at 18 h after infection,
solubilized, subjected to electrophoresis in denaturing gels, and reacted with a
monoclonal antibody to US7 (gI) or polyclonal antibody to US5 (gJ).

FIG. 6. Electrophoretically separated lysates of cells exposed to baculovi-
ruses carrying the gene encoding gD (A and B), gJ (C), or gB (D) and reacted
with the corresponding antibody. SK-N-SH cells were exposed to 10 PFU of
HSV-1(F), 10 PFU of recombinant Bac-gD or Bac-gJ, or 18 PFU of Bac-gB per
cell. The cells were harvested at 24 h after exposure to HSV-1(F) or recombinant
baculovirus (A, C, or D) or at times shown (B), solubilized, subjected to elec-
trophoresis in 10% denaturing polyacrylamide gels, electrically transferred onto
a nitrocellulose sheet, and reacted with a polyclonal antibody to gJ or monoclo-
nal antibody to gD or gB.
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grammed cell death. In some instances, the induction of pro-
grammed cell death serves as the preferred environment for
viral replication (31). Many viruses, however, block pro-
grammed cell death as inimical to viral replication. HSV-1 is an
example of a virus that both perturbs the cell and effectively
blocks the cell from responding not only to the perturbations
induced by the virus but also to the induction of an apoptotic
cascade by exogenous agents (3, 16, 17, 23).

This report focused on very early events in the interaction of
HSV-1 with its host cell. Our results indicate the following.

(i) gD2/1 stocks used in these studies lack intact genes
encoding gD and gJ. Since these stocks were used to produce
gD2/2 virus in cells that do not carry HSV-1 DNA sequences,
the gD2/2 mutants also lack both genes.

(ii) Both gD2/2 and gD2/1 mutants induce apoptosis in
SK-N-SH cells, as shown by binding of annexin V to cell sur-
faces and degradation of the DNA. Annexin V binding was
detected as early as 8 h after exposure of cells to the virus. The
two virus stocks differ, however, in two respects. First, gD2/1

stocks infect and replicate in cells that do not carry HSV-1
DNA sequences, whereas gD2/2 stocks do not replicate or
express de novo viral genes in either cells that carry HSV-1
DNA sequences or those that do not. We have, however,
shown that gD2/2 virus particles were internalized and con-
tained in vesicles and that they appeared to undergo degrada-
tion. These were detected at 30 min after exposure of cells to
the virus but not at 1 h after exposure. The second major
difference is that we estimate that higher multiplicities of in-
fection are necessary to induce apoptosis with gD2/2 virus
than with gD2/1 mutants.

(iii) Degradation of cellular DNA characteristic of pro-
grammed cell death was blocked in cells exposed to baculovi-
rus expressing gD or gJ and then infected with gD2/2 or gD2/1

virus stocks. The genes expressed by baculovirus vectors were
driven by the HCMV immediate-early promoter, and gene
products were detected as early as 4 h after exposure of cells to
recombinant baculoviruses. This is the first evidence (i) that

gD or gJ can block apoptosis and (ii) that either gene delivered
in trans can block programmed cell death induced by the same
null mutant.

(iv) A virus lacking gJ was previously shown to be unable to
block apoptosis induced by an exogenous agent, antibody to
Fas (21). We show that under the conditions tested in the
present study, gJ or gD was not sufficient to block fragmenta-
tion of DNA induced by anti-Fas antibody.

Three key issues have arisen in the course of this study: (i)
how gD2/2 virus induces apoptosis, (ii) how gD2/1 induces
apoptosis in light of the evidence that it causes a productive
infection resulting in gD2/2 progeny, and (iii) the negative
regulation of HSV-induced apoptosis exerted independently
by gD and gJ. We consider each of these issues separately.

(i) This study stemmed from the observation that tsB7 at the
nonpermissive temperature induces the apoptotic cascade in
the absence of de novo protein synthesis (16). The two mutu-
ally nonexclusive hypotheses that could explain that observa-
tion are that in the course of viral replicative cycle one or more
viral functions block programmed cell death induced by the
attachment of the virus to the cell surface or due to the release
of a virion protein into the newly infected cell. The studies with
gD2/2 virus recapitulate this conclusion. Although gD2/2 vi-
rus is known to attach to the cell surface and could potentially
activate a stress response, we have also shown that the virus is
taken up and degraded in vesicles likely to be of endosomal
origin.

(ii) The available data do not exclude the possibility that the
interaction of HSV with the cell surface induces a stress re-
sponse that leads to apoptosis in the absence of counteracting
viral functions expressed later in infection. Of the various fac-
tors that come into play, at least two can be excluded a priori.
First, apoptosis was induced irrespective of the presence of gD
in the envelope of the virus (gD2/2 versus gD2/1); second, the
absence of gJ may also not be a factor since in the study of
Jerome et al. (21), gJ2 virus by itself did not induce the apo-
ptotic cascade.

FIG. 7. Agarose gels containing electrophoretically separated, ethidium bromide-stained low-molecular-weight DNA from SK-N-SH cell cultures that were mock
infected, exposed to wild-type or mutant virus alone, or exposed to both HSV and recombinant baculovirus. (A) Replicate 25-cm2 flasks of subconfluent cultures of
SK-N-SH cells were mock infected, exposed to 10 PFU of recombinant baculovirus per cell as indicated or to 100 PFU of Bac-XylE per cell, or doubly infected with
10 PFU of recombinant baculovirus and either 100 PFU of gD2/2 or 10 PFU of gD2/1 mutant virus per cell. (B) Replicate cultures of SK-N-SH cells were exposed
to 18 PFU of recombinant baculovirus expressing gB per cell or exposed to both 18 PFU of baculovirus and either 100 PFU of gD2/2 or 10 PFU of gD2/1 virus per
cell. The cells were harvested 24 h after exposure to virus and processed as described in Materials and Methods.
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(iii) The available data also do not exclude the hypothesis
that apoptosis is triggered by a factor introduced into cells after
infection. The property shared by gD2/2 and gD2/1 viruses
relevant to apoptosis does include introduction of virion pro-
teins into the cell. For gD2/1 virus, this would constitute the
normal sequence of events leading to productive infection. In
the case of gD2/2 virus, the putative factor responsible for the
induction of apoptosis could escape degradation and be re-
leased from the endosomic compartment into the infected cell.
Since it is likely that only a small amount of this factor would
be introduced into the cell by this pathway, it could account for
the finding that gD2/2 virus requires high PFU equivalents to
induce apotosis relative to the gD2/1 virus stock. We further
note that entry of gD2/2 virus likely in the endocytic-lysosomal
compartment may by itself represent a stimulus to apoptosis, as
activation of the lysosomal compartment has been shown to
induce apoptosis (30).

(iv) gD2/1 virus is the only HSV mutant found to date to
induced classical apoptosis and at the same time produce prog-
eny (gD2/2 virus), presumably by expressing all genes other
than those that that have been specifically deleted. The self-
rescuants reported in this study provide evidence that no genes
other than gD and gJ relevant to apoptosis are absent from the
gD2/1 mutants.

(v) Inasmuch as apoptosis is not caused by the absence of gJ
(21), the property shared by the gD2/2 and gD2/1 viruses that
could trigger apoptosis is the absence of the gene encoding gD
and not the absence of gD in the envelope of the virus to which
the cells were exposed. It follows therefore that function of gD
and gJ required to block apoptosis is expressed by the proteins
made de novo after infection.

(vi) There are at least three mechanisms by which the gD

could block apoptosis. The first and least likely involves the
reported interaction of gD with HveA, a member of the family
of TNF receptors (28). HveA in turn interacts with LIGHT, a
member of TNF superfamily shown to mediate apoptosis via
its interaction with lymphotoxyn-b receptor (32). If gD were to
block apoptosis by this pathway, HveA presumably would in-
duce apotosis in the absence of gD. However, HveA is nar-
rowly distributed in human tissues and has been reported not
to play a role in LIGHT-mediated apoptosis (28, 32).

The second mechanism would involve interaction of gD with
nectins, members of the immunoglobulin superfamily that in
uninfected cells function as intercelluar adhesion molecules
(12, 19, 27, 36). In contrast to HveA, the nectins are broadly
distributed in human cell lines and in human tissues. It is
conceivable that in the absence of the gD ligand, disruption of
intercellular adhesion by viral gene products during the course
of the replicative cycle induces a stress that is remedied either
by gD or gJ.

The third potential mechanism may involve interaction of
gD, modified by addition of mannose-phosphate with one of
the two mannose-phosphate receptors. It has been reported
that during productive infection, a small amount of gD be-
comes phosphorylated by addition of mannose-6-phosphate
residues, (6). At the time when this interaction was described,
the thought was that the mannose-6-phosphate receptors could
act as receptors for virus entry or could sort some of the gD
made during infection, modified by addition of phosphate res-
idues (6, 7). The possibility exists, however, that the mannose-
6-phosphate receptor interacts with mannose-6-phosphate–gD
to block apoptosis rather than to enable virus entry into cells.
This latter mechanism may be relevant to the gD-mediated
block to apoptosis induced by the gD2/2 virus stock, which

FIG. 8. Digitized images of SK-N-SH cells exposed to 100 PFU of gD2/2 or 10 PFU of gD2/1 virus per cell alone or doubly infected with gD2/2 or gD2/1 as
described for Fig. 7 and 10 PFU of baculovirus expressing either gD, gJ, or ICP22 per cell. The cells were fixed at 6 h after exposure to the virus and reacted with an
antibody specific for ICP0. The images were collected with a Zeiss confocal microscope as described in Materials and Methods.
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appears to be taken up in a compartment likely of endocytic
origin.

(iv) gJ is dispensable for viral replication at least in cultured
cells, and its function is not known. No cellular ligands have
been reported. The antiapoptotic stimulus mediated by gJ may
differ substantially from that induced by gD. HSV-1 lacking the
gJ gene was reported to be unable to block apoptosis induced
by anti-Fas antibody, suggesting that gJ plays an essential role
in this process (20). Our results indicate that gJ by itself is not
able to block apoptosis induced by an exogenous pathway such
as Fas ligand but can block apoptosis induced by either gD2/2

or gD2/1 viruses. The conclusion to be derived from these data
is that gJ acts at a signal transduction or post-signal transduc-
tion stage, that it is sufficient to block the apoptotic cascade in
the case of gD2/2 or gD2/1 viruses, but that it is not sufficient
to block apoptosis by Fas ligands under the conditions tested.
At least in the case of gD2/2 virus, its function is independent
from that of gD.

In essence, the results described in this report have shown (i)
that viruses impaired in gD and gJ genes can induce pro-
grammed cell death and (ii) that in the case of viruses lacking
both the gene and the glycoprotein it encodes, apoptosis re-
sults in the absence of de novo viral protein synthesis. The
association of the missing function with apoptosis is clearly and
unambiguously supported by the observation that administra-
tion of genes encoding the missing functions in trans blocked
apoptosis and in essence reconstructed the phenotype of the
wild-type virus. Studies now in progress may shed light on both
the mechanism by which the cells are induced to activate the
apoptotic cascade and the mechanism by which this cascade is
blocked. The findings presented in this report are novel; they
reinforce the growing realization that cells can respond by
activating an apoptotic cascade to the presence of an invading
pathogen and that HSV-1 too has evolved multiple functions to
block the cell from doing just that.
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