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and Is Likely the Target of Antiapoptotic Activity
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Herpes simplex virus 1 mutants lacking the gene encoding glycoprotein D (gD) and the gD normally present
in the envelope of the virus (gD~ stocks) or mutants lacking the gD gene but containing trans-induced gD in
their envelopes (gD~/*) cause apoptosis in human SK-N-SH cells. The gD’ virions are taken up by
endocytosis and are degraded, whereas gD ~/* viruses replicate but produce gD/~ virus. Apoptosis is blocked
by delivery of the gD gene in trans. Studies designed to test several hypotheses concerning the role of gD in
apoptosis revealed the following. (i) gD™'~ and gD /" stocks induce fragmentation of cellular DNA in
SK-N-SH, HEp-2, HeLa, and Vero cell lines. (ii) Chloroquine blocks apoptosis induced by gD ™'~ stocks but not
by gD~/* stocks. The drug also rescues gD/~ from degradation. (iii) Cells transduced with cation-independent
mannose 6-phosphate receptor (CI-MPR) block apoptosis induced by either gD™'~ or gD~/* virus. (iv)
Expression of sequences antisense to the cloned CI-MPR gene induced apoptosis by themselves. Wild-type
virus but not gD/~ or gD~'* stocks of mutant virus blocked apoptosis induced by the expression of CI-MPR
antisense sequences. These results exclude the possibility that to block apoptosis, gD must interact with its
HveA receptor, a member of the tumor necrosis factor alpha receptor family. Instead, the data suggest that gD
blocks the influx of lysosomal enzymes into the endosomal compartment by binding to CI-MPR. This conclu-

sion is consistent with published reports that phosphorylated gD interacts with CI-MPR.

In the course of studies of herpes simplex virus 1 (HSV-1)
mutants which induce apoptosis, workers in this laboratory
found that mutants lacking glycoprotein D (gD) induce pro-
grammed cell death in human SK-N-SH cells, as measured by
translocation of annexin V and DNA fragmentation (29). The
details and especially the requirements for blocking apoptosis
by these mutants depend on the nature of the stocks. gD~
mutants grown in cells expressing gD incorporate the glyco-
protein in their envelopes and hence have been designated
gD ~/*. The gD " virus stocks can infect gD~ cells, but the
progeny of this infection is cell associated, lacks gD in its
envelope (and hence is designated gD ~’/"), and cannot pro-
ductively infect cells.

Electron microscopic studies done at short intervals after
infection with gD/~ stocks have revealed the presence of
partially degraded viral particles in endosome-like vesicles, but
no trace of virus particles or viral gene expression was detected
past 1 h after infection. Cells transduced with baculoviruses
expressing gD or gJ driven by the human cytomegalovirus
immediate-early promoter blocked apoptosis induced by
gD/~ or gD™/* viruses (29). However, detailed analyses of
the requirements of gD to block apoptosis suggest that the
mechanisms by which the two virus stocks induce apoptosis are
different. Specifically, whereas the ectodomain of gD is suffi-
cient to block apoptosis induced by gD /" stocks, the structure
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required to block apoptosis induced by gD/~ stocks is the
entire gD gene or a combination of two macromolecules, of
which one consists of the gD ectodomain plus transmembrane
domain and the other consists of the gD transmembrane do-
main and the cytoplasmic carboxyl-terminal domain (30). The
conclusion of these studies is that while the blocking activity is
in the ectodomain, the cellular compartment in which the
ectodomain functions depends on the virus stock that triggers
the apoptosis.

To block apoptosis, gD must interact with cellular proteins
by itself or in association with other viral proteins. The func-
tions of gD are well documented in numerous publications. In
essence, gD mediates viral entry into cells by its interaction
with one of several cellular receptors (27). The interaction with
an entry receptor is followed by mobilization of additional viral
glycoproteins which cause the fusion of the viral envelope with
the plasma membrane. The major protein receptors involved
in entry are HveA, a member of the tumor necrosis factor
alpha (TNF-a) receptor family (20), and members of a family
of surface proteins known as nectins (6). The cation-indepen-
dent mannose 6-phosphate receptor (CI-MPR) has also been
reported to interact with gD, albeit it does not appear to play
a role in entry (4, 5). Conceivably, each of these receptors
could, in the absence of the gD ligand, activate a cascade of
events leading to cell death. Specifically:

(i) HveA and lymphotoxin  receptor are known to bind
LIGHT, a member of a superfamily of TNF ligands. Lympho-
toxin B receptor has been reported to be both necessary and
sufficient for the induction of apoptosis in tumor cells (25).
HveA together with its ligand has also been reported to acti-
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vate NF-kB and AP-1 (18). It is conceivable that in uninfected
cells in the absence of gD, unengaged HveA could serve a role
similar to that of lymphotoxin B.

(ii) The nectin family of proteins is a key and integral com-
ponent of intercellular adhesion complexes (24, 28). Although
there is no direct evidence of association of nectin with pro-
grammed cell death, it is conceivable that morphological
changes in the cell surface structure disrupt the nectin-nectin
interactions between adjacent cells that, in the absence of a
gD, could lead to apoptosis.

(iii) CI-MPR has been implicated in numerous regulatory
and transport functions. CI-MPR has been postulated to be a
tumor suppressor protein (14); CI-MPR is frequently mutated
in human breast and colon cancers (2). CI-MPR also regulates
the targeting of lysosomal enzymes. Thus, CI-MPR binds
newly synthesized lysosomal enzymes which are then packaged
in transport vesicles and transported with CI-MPR to the en-
dosomal compartment from which CI-MPR is recycled and the
lysosomal enzymes are transported to lysosomes (13, 31). CI-
MPR is the receptor of granzyme B, a serine protease released
into targeted cells by cytotoxic T lymphocytes (21). Conceiv-
ably, granzyme B interacts with CI-MPR to block the excessive
release of lysosomal enzymes that induce cell death.

The objective of the studies described in this report was to
begin to unravel the role of gD in blocking apoptosis induced
in the infected cells in its absence. The key findings reported
here are as follows.

(i) Earlier studies were done with SK-N-SH cells derived
from a malignant glioma. In this report we show that gD/~
and gD~/" induce apoptosis in HEp-2, HeLa, and Vero cell
lines.

(ii) Chloroquine blocks apoptosis induced by gD/~ but not
by gD /" stocks and prevents the degradation of gD~/ virus.
The results suggest that acidification of the endosomal com-
partment is an essential step to the degradation of the gD/~
virions and cell death and are consistent with the hypothesis
that the events critical to apoptosis in cells infected with gD/~
and gD /" viruses take place in different cellular compart-
ments.

(iii) Cloned CI-MPR blocks apoptosis induced by either
gD/~ or gD~/ viruses in SK-N-SH cells.

MATERIALS AND METHODS

Cells and viruses. SK-N-SH, HEp-2, HeLa, and Vero cells were obtained from
the American Type Culture Collection (Rockville, Md.) and maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum. 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. gD/~ and gD ~/* stocks of
mutant viruses were produced as described elsewhere (29). The HSV-1(KOS)
d120 mutant, a kind gift of N. DeLuca (University of Pittsburgh), lacks both
copies of the a4 gene and was grown in a Vero-derived cell line (ES) expressing
the a4 gene. The d120 mutant induces programmed cell death in all cell lines
tested to date, although the mechanism by which this is accomplished is cell line
dependent (8-10).

Infection of cell lines with gD~/~ or gD~/* and assays for fragmentation of
cellular DNA. Subconfluent cultures of HEp-2, HeLa, SK-N-SH, or Vero cells in
25-cm? flasks were mock infected or exposed to HSV-1(F) or gD/~ or gD ~/*
mutant virus stocks for 2 h at PFU/cell ratios as stated in Results. The inocula
were then replaced with fresh medium and incubation at 37°C was continued for
an additional 18 to 24 h as stated in Results. The cells were harvested and
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assayed for the presence of fragmented cell DNA as described in detail else-
where (10).

Construction of baculovirus recombinants expressing sense and antisense
CI-MPR. The baculovirus transfer vector pAc-CMV, containing the cytomega-
lovirus immediate-early promoter-enhancer sequences in the Xhol-BamHI sites
of pAc-SG2, was described elsewhere (29). The plasmid including full-length
CI-MPR was a kind gift provided from R. G. MacDonald, University of Ne-
braska, Omaha.

To construct the hemagglutinin (HA)-tagged CI-MPR into pAc-CMYV, the
plasmid was digested with Sall and Xbal to release 8.6 kb of the CI-MPR gene
(23). This fragment was further digested with Ndel to release the 600-bp frag-
ment from the 3’ terminus. This fragment was used as a template to amplify the
HA-tagged carboxyl-terminal fragment with the forward primer GGAGCCAA
CATATGCCAGGTGAAGCCCAACGATC and the reverse primer GCTCTA
GATCAAGCATAATCTGGCACATCATAGATGTGTAAGAGGTCCTCG
TCGCTG. The HA tag was inserted in front of the stop codon. The PCR
fragment was inserted back into the Ndel/Xbal fragment to yield the HA-tagged
CI-MPR. The HA-tagged CI-MPR was blunted by Klenow and inserted into the
transfer vector pAc-CMV predigested with EcoRI and Bg/Il and blunted by
Klenow. The resulting clones were screened for both sense and antisense orien-
tations of CI-MPR sequence relative to the cytomegalovirus promoter-enhancer
sequence.

The procedures for generation of recombinant baculovirus and infection of
mammalian cells were as described elsewhere (29).

Immunoblot assays. Polyclonal antibody against HA was purchased from
Santa Cruz Biotechnology. Protein concentration in whole-cell lysates was de-
termined with a protein assay reagent (Bio-Rad Laboratories, Hercules, Calif.).
Infected or uninfected cell lysates (50 mg of protein per lane) were electro-
phoretically separated in 7% denaturing polyacrylamide gels, electrically trans-
ferred to a nitrocellulose sheet, blocked for 2 h in 5% milk in phosphate-buffered
saline (PBS) at room temperature, and then reacted with the primary antibody
as indicated. After a thorough rinse, the nitrocellulose sheets were reacted at
room temperature for 1 h with the secondary antibody (Bio-Rad) conjugated to
alkaline phosphatase diluted 1:3,000 in PBS and containing 1% bovine serum
albumin and 0.05% Tween 20, rinsed in AP buffer (100 mM Tris [pH 9.5], 100
mM NaCl, and 5 mM MgCl,), and developed by the addition of AP buffer
containing 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium. The
reaction was stopped by the addition of stop buffer (100 mM Tris [pH 7.6], and
10 mM EDTA). All rinses were done with PBS containing 0.05% Tween 20.

Chloroquine treatment. Subconfluent (70%) cultures of SK-N-SH cells in
25-cm? flasks were exposed to 10 pM, 50 uM, 100 uM, or 200 pM chloroquine
(Sigma, St. Louis, Mo.) for 1 h. The cells were rinsed with mixture 199 supple-
mented with 1% calf serum (medium 199V) three times and maintained in
DMEM supplemented with 10% fetal bovine serum.

X-Gal staining. The cells were rinsed twice with PBS, fixed for 10 min at 4°C
in 2% paraformaldehyde-0.05% glutaraldehyde solution, rinsed four times with
PBS, and overlaid with X-Gal staining solution (5 mM potassium ferricyanide, 5
mM potassium ferricyanide-3H,0, 2 mM MgCl,, and 1 mg of X-Gal per ml) for
3 to 6 h at 37°C. Rinsing the cells twice with PBS stopped the X-Gal reaction.

Total RNA extraction and reverse transcription (RT)-PCR detection of anti-
sense CI-MPR. Subconfluent cultures of SK-N-SH cells in 25-cm? flasks were
infected with 10 PFU of recombinant baculovirus carrying CI-MPR in the anti-
sense orientation. After 24 h of incubation, the medium was replaced with 1 ml
of Trizol (Gibco-BRL #15596-018). The cell lysates were scraped, collected, and
extracted once with chloroform. The RNA was precipitated from the aqueous
phase with isopropyl alcohol, collected by centrifugation at 10,000 rpm for 20
min, rinsed with 75% ethanol, dried, and dissolved in 18 wl of diethyl pyrocar-
bonate (DEPC)-treated water. The RNA was treated with 0.5 U of RNase-free
DNase (Gibco-BRL #18068-015) for 1 h at 37°C and extracted with phenol-
chloroform, precipitated, and finally dissolved in DEPC-treated water.

For RT-PCR, 1 pg of total RNA was mixed with 120 ng of forward primer (for
antisense CI-MPR detection) or reverse primer (for endogenous CI-MPR de-
tection) in a 16-pl total volume and heated at 70°C for 10 min and chilled in ice
for 3 to 5 min. The PCR was then carried out with forward and reverse primers
according to the instructions contained in the RT-PCR kit (Promega, Madison).

Double infection. Subconfluent cultures of SK-N-SH cells in 25-cm? flasks
were first exposed at 37°C for 2 h to 10 PFU of recombinant baculovirus per cell
and then to either 100 PFU equivalents of gD/~ or 10 PFU of gD /" mutant
viruses per cell or wild-type HSV-1(F) as indicated in Results. The cell cultures
were then maintained for an additional 18 h at 37°C in medium containing 2.5
mM sodium butyrate.
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FIG. 1. gD/~ and gD~'" stocks of gD null mutants of HSV-1
induce cellular DNA fragmentation apoptosis in HEp-2, HeLa, SK-N-
SH, and Vero cells. Replicate cultures of SK-N-SH, Vero, HEp-2, and
HeLa cells were infected with gD/~ (A) or gD~/* (B) stocks as
shown. The cell were harvested at 18 h after infection and processed
for the DNA fragmentation assay as described in Materials and Meth-
ods.

RESULTS

gD/~ and gD~/" induce apoptosis in several cell lines.
Earlier studies of the apoptosis induced by gD/~ and gD ~/*
virus stocks were done primarily with SK-N-SH cells (29). In
order to determine whether apoptosis was associated with a
unique gD receptor, it was of interest to survey several cell
lines for their susceptibility to apoptosis on exposure to either
gD/~ or gD /" virus. In this series of experiments, replicate
cultures of HEp-2, HeLa, Vero, or SK-N-SH cells were ex-
posed to gD/~ or gD~/ viruses in ratios ranging from 10 to
150 PFU equivalents of gD/~ or 5 to 20 PFU of gD ~'* per
cell.

In the earlier study we showed that gD/~ stocks required a
higher multiplicity of infection then gD~/* stocks to induce
apoptosis (29). Wild-type virus does not induce apoptosis at
any multiplicity tested. The cells were harvested at 18 h after
infection and processed as described in Materials and Meth-
ods. The results (Fig. 1) were as follows. Cellular DNA frag-
mentation was observed in all cell lines exposed to at least 100
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PFU equivalents of gD/~ and 15 PFU of gD /" stocks per
cell. The DNA fragment ladders were clearly delineated in
electrophoretically separated DNA fragments in lysates of SK-
N-SH, Vero, and HeLa cells. The DNA fragments contained in
lysates of infected HEp-2 cells were more random in size
distribution, suggesting the possibility that the degradation of
DNA in HEp-2 cells occurs by a process different from that
occurring in other cell lines.

Chloroquine blocks fragmentation of DNA induced by
gD/~ virus but not by gD~/* virus. Subconfluent (70%) rep-
licate cultures of SK-N-SH cells were exposed to chloroquine
as described in Materials and Methods either 2 h before (-2,
Fig. 2, lanes 3 to 6), concurrent with (0, Fig. 2, lanes 7 to 10),
or 2 h after infection (+2, Fig. 2, lanes 11 to 14) with either
gD~/ stock (Fig. 2A, 100 PFU/cell) or gD~'* stock (Fig. 2B,
10 PFU/cell). The cells were harvested at 18 h after infection
and examined for the presence of fragmented DNA.

As shown in Fig. 2A, 100 pM chloroquine pretreatment
partly protected the cells from apoptosis induced by gD/~
stocks (lane 5). Fragmented DNA was not detectable in cells
pretreated with 200 wM of chloroquine (Fig. 2A, lane 6).
Moreover, DNA fragmentation was blocked by chloroquine
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FIG. 2. Chloroquine blocks the fragmentation of cellular DNA in
cells exposed to gD/~ (A) but not gD~/* (B) stocks of gD null
mutant. Replicate 25-cm? flasks of subconfluent cultures of SK-N-SH
cells were exposed to chloroquine for 1 h and then infected with either
100 PFU equivalents of gD/~ (A) or 10 PFU of gD /* (B) stock per
cell. The cells were harvested at 18 h postinfection and processed as
described in Materials and Methods.
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FIG. 3. HA-tagged CI-MPR encoded in a baculovirus is expressed
in mammalian cells. SK-N-SH cells in 25-cm? flasks were exposed to 10
PFU of CI-MPR recombinant baculovirus per cell. The cells were
harvested at 24 h after infection, solubilized, subjected to electro-
phoresis in 7% denaturing polyacrylamide gels, electrically transferred
onto a nitrocellulose sheet, and reacted with a polyclonal antibody to
the HA tag. The heavy band migrating between M, 97,000 and 116,000
reacted with anti-HA antibody and is probably a degradation product.

added to the medium before or concurrent with exposure to
the virus (0 h) but not at 2 h after infection (Fig. 2A, lanes 11
to 14).

As shown in Fig. 2B, chloroquine treatment of cells infected
with gD ~/* stocks did not block fragmentation of cellular
DNA.

Chloroquine blocked the degradation of gD/~ virus. An
earlier report has shown that gD/~ virions were internalized
into cytoplasmic vesicles and degraded (29). To determine
whether in addition to blocking apoptosis chloroquine also
blocks degradation of the endocytosed virions, subconfluent
cultures of SK-N-SH cells in a six-well plate were exposed to
100 PFU equivalents of gD/~ stock per cell for 30 min, then
mock treated or overlaid with medium containing 200 pM
chloroquine for 1 h. The cells were harvested 18 h after infec-
tion and stained with X-Gal as described in Materials and
Methods. The X-Gal-positive cells were 0 for mock-infected
cells, 30 for infected, untreated cells, and 320 for infected and
chloroquine-treated cells.

Interpretation of these results hinges in part on the experi-
mental design, which limited exposure of cells to the virus for
30 min and exposure to chloroquine for only 1 h after exposure
to virus, and in part on the absence of data on the efficiency of
uptake of gD/~ virus into endocytic vesicles. Notwithstanding
the limitations imposed by the experimental design, the data
indicate that the treatment with chloroquine significantly in-
creased the number of cells expressing the reporter protein
encoded in the gD/~ virus.

Expression of cloned mannose 6-phosphate receptor in
sense and antisense orientations. As described in Materials
and Methods, cloned CI-MPR was inserted into a baculovirus
in the sense and antisense orientations driven by the immedi-
ate-early cytomegalovirus promoter. The objective of the series
of experiments described below was to verify the expression of
the cloned sequences.
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In the first series of experiments, SK-N-SH cells in replicate
cultures were infected with 10 PFU of recombinant baculovirus
carrying the CI-MPR gene in a sense orientation. The cells
were harvested 24 h after infection, solubilized, subjected to
electrophoresis in a denaturing polyacrylamide gel, transferred
to a nitrocellulose sheet, and reacted with an anti-HA tag
polyclonal antibody. The results (Fig. 3) indicate that the re-
combinant baculovirus expressed a protein that reacted with
the antibody to the HA tag (Fig. 3, lane 2). The size of the
protein is consistent with the reported size of CI-MPR, M,
275,000.

In the second series of experiments, SK-N-SH cells were
infected with 10 PFU of a recombinant baculovirus carrying
the CI-MPR gene in the antisense orientation. Total cell RNA
was extracted from cells harvested 24 h after infection and
processed by RT-PCR as described in Materials and Methods.
The results (Fig. 4) were as follows. As expected, RNA anti-
sense to CI-MPR was detected by RT-PCR initiated with the
forward primer (Fig. 4, lane 3). Trace amounts of endogenous
MPR RNA were detected with the reverse primer (Fig. 4, lane
4). The size of the RT-PCR product could not be differentiated
from that obtained by PCR using the anti-MPR-pAc-CMV as
the template (Fig. 4, lane 5). Lastly, the RT reaction was
essential for the detection of RNA; in its absence, no products
were detected (Fig. 4, lanes 1 and 2).

We conclude from these series of experiments that the re-
combinant baculoviruses expressed both the sense and anti-
sense products of the CI-MPR gene.

Expression of CI-MPR protects SK-N-SH cells from apo-
ptosis induced by either gD/~ or gD~/*. SK-N-SH cells were
exposed to 10 PFU of recombinant baculovirus per cell for 2 h
and then infected with gD/~ or gD~/ virus. The cells were
harvested 18 h after HSV-1 infection and processed as de-
scribed in Materials and Methods. The results (Fig. 5) were as
follows. DNA fragmentation induced by gD/~ or gD~/*
stocks was blocked by baculovirus expressing the CI-MPR pro-
tein (Fig. 5, lanes 5 and 6). The mechanism by which CI-MPR
blocks the fragmentation of cellular DNA appears to be re-
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FIG. 4. CI-MPR antisense RNA is expressed from baculoviruses
encoding the gene in antisense orientation. SK-N-SH cells in 25-cm?
flasks were exposed to recombinant baculovirus encoding CI-MPR in
an antisense orientation vis-a-vis the cytomegalovirus promoter (10
PFU/cell). The cells were harvested at 24 h after infection. Total RNA
was extracted and subjected to RT-PCR as detailed in Materials and
Methods.
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FIG. 5. CI-MPR blocks apoptosis induced by gD/~ or gD /"
stocks but not by the d120 mutant of HSV-1. Replicate cultures of
subconfluent SK-N-SH cells in 25-cm? flasks were infected with 10
PFU of baculovirus per cell for 2 h and then infected with 100 PFU
equivalents of gD~'~, 10 PFU of gD /", or 10 PFU of d120 virus per
cell. The cells were harvested 18 h after HSV infection and processed
for the presence of fragmented cellular DNA as described in Materials
and Methods.

stricted inasmuch as the DNA fragmentation induced by the
d120 mutant in SK-N-SH cells was not blocked by infection of
the cells with the baculovirus expressing CI-MPR in the sense
orientation (Fig. 5, lanes 7 and 8).

Antisense CI-MPR induced apoptosis in SK-N-SH by itself.
In this series of experiments, SK-N-SH cells infected with 10
PFU of baculovirus expressing the CI-MPR in an antisense
orientation were harvested at 18 after infection and processed
for the presence of fragmented DNA as described in Materials
and Methods. As shown in Fig. 6, lanes 1 and 3, the expression
of sequences antisense to the CI-MPR gene induced DNA
fragmentation in the absence of any other exogenous gene
expression.

To test whether gD blocks apoptosis induced by expression
of sequences antisense to the CI-MPR gene, SK-N-SH cells
were doubly infected with 100 PFU of gD/~ stock or 10 PFU
of gD~/* stock and 10 PFU of baculovirus expressing the
CI-MPR gene in the antisense orientation or 10 PFU of bac-
ulovirus expressing wild-type gD per cell for 1 h, then incu-
bated for an additional 18 h. The results (Fig. 6 and 7) were as
follows.

Neither gD/~ stocks nor gD /" stocks were able to block
apoptosis induced by the expression of sequences antisense to
the CI-MPR gene (Fig. 6, lanes 5 and 6 and 9 and 10). As
expected from results published earlier, the fragmentation in-
duced by the gD™/* or gD/~ stocks was blocked by concur-
rent transduction of cells with baculoviruses expressing wild-
type gD (Fig. 6, lanes 4 and 8).

The objective of the last series of experiments was to deter-
mine whether wild-type virus could block apoptosis induced by
the expression of sequences antisense to the CI-MPR. Repli-
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FIG. 6. Expression of the sequences antisense to CI-MPR causes
fragmentation of cellular DNA that is not blocked by gD. Replicate
subconfluent SK-N-SH cell cultures in 25-cm? flasks were exposed for
2 h to baculovirus encoding CI-MPR in the antisense orientation
relative to the cytomegalovirus promoter (10 PFU/cell) alone or in
mixtures with 10 PFU of baculovirus encoding wild-type gD (Bac-gD)
and then infected with 100 PFU equivalents of gD/~ virus or 10 PFU
of gD~/* virus stock per cell. The cells were harvested 18 h after HSV
infection and processed for the presence of fragmented cellular DNA
as described in Materials and Methods.

cate cultures of SK-N-SH cells in 25-cm? flasks were infected
with 10 PFU of the baculovirus carrying CI-MPR in an anti-
sense orientation and 10 PFU of HSV-1(F). The cells were
harvested 18 h after infection and processed as described
above. The results (Fig. 7) show that HSV-1(F) blocks apopto-
sis induced by the antisense expression of the CI-MPR gene
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FIG. 7. HSV-1(F) blocks apoptosis induced by the expression of
sequences antisense to CI-MPR. Subconfluent SK-N-SH cells in 25-
cm? flasks were infected with 10 PFU of recombinant baculovirus
expressing the sequences antisense to CI-MPR per cell for 2 h and
then infected with 10 PFU of HSV-1(F) stock per cell. Cells mock
infected or infected with baculovirus or HSV-1(F) alone served as
controls. The cells were harvested 18 h after HSV infection and pro-
cessed for the presence of fragmented DNA as described in Materials
and Methods.
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(Fig. 7, lanes 2 and 4), As expected, HSV-1(F) did not cause
fragmentation of cellular DNA (Fig. 7, lane 3).

DISCUSSION

Glycoprotein D interacts with at least three classes of cellu-
lar proteins. These are HveA, members of the nectin family,
and CI-MPR (4, 27). The studies described in this report are
the first step in the process of defining the role of cellular
proteins that interact with gD in apoptosis induced by the
mutants lacking the glycoprotein. The salient features of this
report are as follows.

CI-MPR, the protein known to interact with gD, does ap-
pear to play a role in apoptosis. Specifically, the results pre-
sented in this report show that overexpression of CI-MPR
blocks apoptosis induced by both gD/~ and gD /" viruses. It
is convenient to consider the role of CI-MPR in blocking
apoptosis induced by gD/~ and gD /" stocks separately.

As noted in this and earlier studies, the quantities of gD/~
particles required to induce apoptosis appear to be signifi-
cantly higher than those required to induce apoptosis by gD /"
stocks. The gD/~ virions are taken up in endosome-like ves-
icles and appear to be rapidly degraded, and ultimately the
infected cells undergo programmed cell death. The hypothesis
that explains these observations is that gD/~ particles are
endocytosed and degraded by lysosomal enzymes and that
when the concentration of endocytosed particles is very high,
as would be expected from the ratio of PFU equivalents per
cell required to induce apoptosis, the enzymes engaged in the
degradation of virus particles initiate a process that ultimately
leads to cell death. The results presented in this report are
consistent with and support this hypothesis.

(i) Chloroquine, which blocks acidification of endosomal
vesicles, blocks apoptosis in cells exposed to this drug before or
concurrent with exposure to gD/~ mutant stocks but not in
cells exposed to the drug 2 h after infection, that is, after the
virus is degraded. A potentially causal link between degrada-
tion of virus particles by lysosomal enzymes and apoptosis is
also apparent from the observation that even under suboptimal
conditions chloroquine precluded total destruction of gD/~
virus.

(ii) As noted in the introduction, CI-MPR is involved in the
transport of lysosomal enzymes to the endocytic pathway from
which CI-MPR is recycled and lysosomal enzymes are diverted
to lysosomes (3, 7). CI-MPR has been shown by Brunetti and
colleagues (5) to interact with gD and to colocalize either with
gD alone or with virus particles in endosomes. As illustrated
diagrammatically in Fig. 8, a function of gD may be to retain
CI-MPR in endosomes by binding the protein and preventing
the release of lysosomal enzymes. Overexpression of CI-MPR
may have a similar effect by affecting the transport of lysosomal
enzymes.

Support for the hypothesis that gD specifically interacts with
CI-MPR through its phosphorylated mannose residues also
emerged from extensive studies of the function of numerous
gD mutants (G. Zhou, E. Avitabile, G. Campadelli-Fiume,
G. H. Cohen, R. J. Eisenberg, and B. Roizman, unpublished
data). In these studies we found that gD carrying amino acid
substitutions that precluded N-linked glycosylation failed to
block apoptosis induced by either gD/~ or gD™/" mutant
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stocks. The hypothesis that CI-MPR ligands can affect the life
or death of the cell is also evident from the report that induc-
tion of apoptosis by cytotoxic T cells depends on the interac-
tion of granzyme B with its ligand, the CI-MPR (21).

(iii) At face value, the evidence that cells transduced with
constructs expressing sequences antisense to CI-MPR undergo
apoptosis adds weight to the antiapoptotic role of CI-MPR.
This interpretation of the data may not be correct; we cannot
differentiate between interference with the synthesis or accu-
mulation of CI-MPR and the translation of some toxic peptide
from the antisense mRNA. If the function of gD is to specif-
ically interact with CI-MPR, the failure of gD to block apo-
ptosis in these cells would be expected. On the other hand,
HSV-1(F) has proven to be very adept at blocking apoptosis by
a vast variety of exogenous stimuli that include, in addition to
Fas ligand, thermal and osmotic shock (9-11, 15, 16, 26).

(iv) The role of lysosomal enzymes in the degradation of
nucleosomes of apoptotic cells has been established (22). Al-
though the evidence in support of the endocytic pathway as the
site of initiation of proapoptotic events is compelling, we
sought to block endocytosis by transducing cells with mutant
constructs of dynamin 1 and dynamin 2 (1). The results were
inconclusive because the cells transduced with the mutant con-
struct underwent apoptosis (G. Zhou and B. Roizman, unpub-
lished studies).

Apoptosis induced by gD /" stocks differs from that induced
by gD/~ stocks in several respects. Thus, apoptosis is induced
by significantly smaller amounts of virus, chloroquine does not
block apoptosis, and the ectodomain of gD is sufficient to block
apoptosis by gD~/* stocks. In contrast, in the case of gD/~
virus either the intact gD or a mixture of gene expressing
ectodomain and transmembrane domain plus transmembrane
domain and carboxyl-terminal cytoplasmic domain is required
to block apoptosis. Either intact gD or gJ or overexpression of
CI-MPR s sufficient to block apoptosis.

As illustrated diagrammatically in Fig. 8, one hypothesis that
explains the events occurring in cells infected with gD /" mu-
tant stocks is that apoptosis is triggered not at the time of entry
of the virus into cells but rather during the egress from infected
cells. This conclusion is based on three lines of evidence.

(i) Chloroquine failed to block apoptosis induced by gD '+
mutant stocks. This is consistent with the observation that
significantly less virus is required to induce apoptosis by gD /"
stocks than by gD/~ stocks and hence the level of activated
lysosomal enzyme would be below the threshold for induction
of apoptosis.

(ii) Brunetti et al. reported that CI-MPR colocalized with
gD or virus particles in endosomes (5). Given the time of
fixation of cells postinfection, it is likely that these were newly
assembled virus particles in the exocytic pathway impressed for
virus egress (13) rather than virus particles internalized at the
time of infection, since the latter are rapidly degraded.

(iii) The observations that the minimal gD sequences re-
quired to block apoptosis by gD/~ and gD /" stocks also
support the conclusion that apoptosis induced by the mutant
stocks initiates in different cellular compartments. The pres-
ence of the signal sequence in the construct encoding the gD
ectodomain would insure that the translation product would be
targeted for a secretary pathway usurped during productive
infection for viral egress. The glycosylated polypeptide repre-
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FIG. 8. Schematic representation of a model of the intracellular events in cells infected with gD null mutants. (A) Exposure of cells to gD/~
stocks of gD null mutants. Virions are taken up in endocytic vesicles (a) to which CI-MPR delivers lysosomal enzymes (b, yellow vesicles). CI-MPR
is recycled (green arrow, white vesicles). gD/~ virions are degraded (c) and lysosomal enzymes cause nucleosomal degradation of cellular DNA.
(d) Chloroquine blocks acidification of the vesicles and the fragmentation of DNA. There is reduced degradation of virions inasmuch as a small
fraction expressed reporter genes encoded in the viral genome. (B) Exposure of gD/~ stocks in cells expressing gD. Glycosylated gD with mannose
6-phosphate interacts with CI-MPR and consequently apoptosis is blocked but viral infection does not ensue. gD containing the transmembrane
domain could be expected to be transported to the Golgi stacks and be incorporated in the membranes of endocytic vesicles. (C) Exposure of cells
to wild-type virus. Since the multiplicity is lower, fewer virions are endocytosed, and hence the induction of apoptosis at early stages of infection
either does not ensue or is blocked by gD present in virion envelopes. At late stages of infection, gD made by the virus relatively early in infection
saturates cellular compartments (a) and is present in the secretory pathway used by the virus to egress from the cell (b). (D) gD /" virus infects
cells by fusion of the plasma membrane with the viral envelope, and the multiplicity of infection required to induce apoptosis is significantly lower
than that required with gD/~ stocks. At lower multiplicities of infection, fewer particles are endocytosed, and most likely apoptosis is activated
at late stages of infection rather than at the time of entry into cells. gD ~/* stocks produce gD~/ virus in infected cells. In the course of entry into
the secretory pathway, the progeny gD/~ virus induces apoptosis (a). In cells expressing gD (b), apoptosis is blocked. Intact gD or gD ectodomain
minus the transmembrane domain would also be excreted via the secretory pathway and be available to interact with CI-MPR to block apoptosis.
N, nucleus.

senting the ectodomain could therefore be expected to be
present in the compartment containing CI-MPR and virions on
its way out of the cell and would be available to interact with
CI-MPR to block apoptosis. The ectodomain destined for the
secretary pathway would not be expected to be present in
vesicles containing internalized, endocytosed virus particles. In
contrast, intact glycoproteins or heterodimers linked through
transmembrane domain could potentially find their way to the
endosomal vesicles and be available to interact with CI-MPR
to preclude apoptosis.

In early studies by Johnson and coworkers, the interaction of
CI-MPR with gD was sufficiently strong and compelling to
suggest that CI-MPR plays a role in the entry and dissemina-

tion of HSV-1 from cell to cell (4). The more likely function of
the interaction of gD with CI-MPR is to block activation of
lysosomal enzymes that would be harmful to the infected cells
and hence to virus replication. The results presented in this
report add to the existing evidence that CI-MPR through its
regulatory functions is a determinant of the life or death of the
cell.
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