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Herpes simplex virus (HSV) inhibits apoptosis induced by external stimuli in epithelial cells. In contrast,
apoptosis is the primary outcome in HSV-infected lymphocytes. Here, we show that HSV type 2 (HSV-2) gene
expression appears to be necessary for the induction of apoptosis in Jurkat cells, a T-cell leukemia line. HSV-2
ICP10 gene expression is sufficient to induce apoptosis in Jurkat cells, while its expression protects epithelial
HEp-2 cells from apoptosis triggered by cycloheximide and tumor necrosis factor alpha. Thus, the effect of
HSV-2 gene expression on the cellular apoptotic pathway appears to depend on the specific cell type.

Herpes simplex virus (HSV) may lead to either induction or
inhibition of apoptosis in infected cells. As we have reported
previously, the balance of these effects ultimately results in
apoptosis in lymphocytes (9). In contrast, HSV infection of
epithelial and neuronal cells, such as the carcinoma cell line
HEp-2, does not normally lead to apoptosis, presumably due to
dominant viral antiapoptotic mechanisms (8, 17).

To investigate whether HSV type 2 (HSV-2) gene expression
is necessary to trigger apoptosis in Jurkat cells, UV-treated
viruses were evaluated. Preparations of HSV-2 strain HG52
were exposed to 1.5 J of UV in a Stratalinker system (Strat-
agene, La Jolla, CA). Compared to the untreated virus, the
UV-treated virus had a reduction in titers of greater than 5 logs
on Vero cells, while maintaining an equivalent level of lacZ
reporter gene response on CHO-IEBS cells (data not shown).
CHO-IERS cells (gift of Patricia Spear, Northwestern Univer-
sity) were stably transfected with the Escherichia coli lacZ gene
under the control of the HSV-1 ICP4 promoter that is trans-
activated by virion protein VP16 (14). These results suggest
that the UV-treated virus had intact virion proteins but was
defective in replication, presumably due to DNA damage.

Jurkat cells were next mock infected or infected with UV-
treated or untreated HSV-2 at a multiplicity of infection
(MOI) of 5. The MOI was calculated based on the Vero cell
titer of unirradiated HSV-2, and the same volume of UV-
treated virus was used. Infected cells were analyzed for apop-
tosis at 6 and 24 h postinfection. For these experiments, we
used annexin V (AV) and propidium iodide (PI) to detect
apoptotic cells as previously described (9). Cells undergoing
apoptosis react to AV before the plasma membrane loses its
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ability to exclude PI. Thus, AV-positive PI-negative (AV*PI ™)
cells are in early apoptotic phase, while AV*PI* cells are
either in late apoptotic phase or necrotic. As shown in Fig. 1,
mock-infected cells showed a baseline percentage of AV™
cells, reflecting the level of apoptosis that normally occurs with
cells in tissue culture. Infection with untreated virus resulted in
an increased percentage of cells in early apoptosis at 6 h
postinfection. At 24 h postinfection, a further increase in
early-apoptotic-phase cells was observed with a correspond-
ing increase in late-apoptotic-phase cells. Cells infected with
UV-treated virus had a level of apoptosis similar to that of
mock-infected cells.

These results suggest that UV-treated HSV-2 does not trig-
ger apoptosis in Jurkat cells. Since UV treatment damages
viral DNA and accordingly prevents viral transcription, HSV-2
gene expression appears to be required for induction of apop-
tosis in Jurkat cells. As has been described in the literature (11,
23), Jurkat cells underwent apoptosis in the presence of acti-
nomycin D and cycloheximide alone, without viral infection
(data not shown).

Unlike T cells, HSV-1-infected epithelial cells do not nor-
mally show classic signs of apoptosis and undergo apoptosis
only when infected with HSV-1 mutants with gene deletions or
when infected under conditions where viral protein synthesis is
blocked (3, 12). A series of publications by the laboratory of
John A. Blaho have examined the role of immediate-early (IE)
or alpha gene expression in the inhibition or induction of
apoptosis in HEp-2 cells (1, 3, 20, 21). To summarize, infection
of HEp-2 cells with HSV-1 ICP27 gene deletion mutants
caused apoptosis (1), and HSV-1 ICP0 appeared to be neces-
sary to induce apoptosis when virus infection occurred in the
presence of cycloheximide (20).

Since apoptosis is the main outcome in T cells infected with
wild-type HSV, we evaluated a series of HSV-1 viruses with
individual deletions of the ICP0O, ICP22, ICP27, and 1CP47
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FIG. 1. Percentages of apoptotic Jurkat cells following mock infec-
tion or infection with HSV-2 or UV-treated HSV-2 at 6 and 24 h
postinfection. Jurkat cells were mock infected or infected with HSV-2
or UV-treated HSV-2 at an MOI of 5. Cells were analyzed for apop-
tosis with AV and PI binding at 6 h and 24 h postinfection. (A) A
representative flow cytometry experiment is shown with mean percent-
ages of AV'PI™ (early apoptotic) and AV*PI"* (late apoptotic or
necrotic) cells from three independent experiments. (B) The percent-
ages of AV'PI™ (early apoptotic) cells for mock, HSV-2, and UV-
treated HSV-2 infections are shown at 6 and 24 h postinfection.
(C) The percentages of AV (AV'PI™ and AV*'PI") cells for mock,
HSV-2, and UV-treated HSV-2 infections are shown at 6 and 24 h
postinfection. In panels B and C, mean percentages with standard
error bars are shown for three independent experiments.

% of AV+ cells

24h

genes to determine the requirement of IE gene expression in
Jurkat cells. Rescue viruses of the mutants were evaluated as
controls. These viruses have been described previously (4, 7,
19, 22). For these experiments, Jurkat cells were mock infected
or infected with HSV-1 at MOIs of 5 and analyzed for apop-
tosis with AV staining at 24 h postinfection. As shown in Fig.
2, only cells infected with the ICPO gene deletion mutant
showed a decrease in apoptosis compared to that for wild-type
HSV-1 or its rescue virus, implying a role for ICPO in the
induction of apoptosis in Jurkat cells. However, Jurkat cells
infected with the ICPO gene deletion mutant still had a higher
percentage of apoptotic cells than the mock-infected cells,
suggesting an additional proapoptotic viral element(s). Al-
though there was a higher percentage of apoptotic cells among
Jurkat cells infected with the ICP27 gene deletion mutant than
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FIG. 2. Percentages of apoptotic Jurkat cells following infections
with HSV-1 deletion mutants and their rescue viruses. Jurkat cells
were mock infected or infected at an MOI of 5 with wild-type HSV-1,
the HSV-1(7134) ICPO gene deletion mutant (A0), ICPO rescue virus
(OR), R325 with a AC-terminal ICP22 deletion (A22), ICP22 rescue
virus R4968 (22R), the vBSA27 ICP27 gene deletion mutant (A27),
ICP27 rescue virus vBSA27R (27R), the ICP47~ ICP47 gene deletion
mutant (A47), or ICP47" rescue virus (47R). Cells infected with the
HSV-1(7134) ICPO gene deletion mutant showed a decrease in apop-
tosis compared to those infected with the wild-type HSV-1 or its rescue
virus, yet the level of apoptosis was still above the baseline seen in
mock-infected cells. Cells infected with vBSA27 showed an increase in
apoptosis compared to cells infected with its rescue virus.

among those infected with its rescue virus, the relatively small
difference in apoptotic cells suggests a minor antiapoptotic
effect of ICP27 on Jurkat cells, unlike what has been described
for HEp-2 cells (1). No differences were seen between the
apoptotic effects of the ICP22 and ICP47 deletion mutants and
their rescue viruses.

Based on our findings and previous work by Sanfilippo and
Blaho with HEp-2 cells (20), we sought to determine whether
HSV-1 ICPO gene expression is sufficient to induce apoptosis
in Jurkat cells. In addition, based on a previous work which
showed that a homologous gene in bovine herpesvirus 1 (USS8)
induces apoptosis in rabbit kidney cells (16), we tested whether
HSV-2 US9 gene expression would lead to apoptosis in Jurkat
cells. Because US9 protein is a virion-associated protein, our
prediction was that HSV-2 US9 gene expression would not
induce apoptosis in Jurkat cells, given our findings with the
UV-treated virus. The HSV-2 ICP10 gene (UL39; ICP6 in
HSV-1) was chosen to serve as a negative control, as it had
been previously shown by two different laboratories to protect
epithelial and neuronal cells from apoptosis (13, 18).

The HSV genes were initially cloned into a pGORF-F vector
that expresses the gene of interest from an hEF1-eIF4g pro-
moter. pGORF-F was constructed by inserting a multicloning
site from pUC19 in place of the mILI10 gene in a pORF5-
mIL10 plasmid (InvivoGen, San Diego, CA). The HSV-1 ICP0
gene was derived from the Ncol-to-Pstl fragment of pSHZ
(15). The HSV-2 ICP10 gene was from the Pvul fragment of
pGZ26 (6), and the HSV-2 US9 gene was from the Alul-to-
Taql fragment of pBB17 (6). The fragments contain the entire
coding region for each gene and also include the introns within
the coding region for the HSV-1 ICPO gene. Plasmids pGZ26
and pBB17 were kindly provided by Valerie Preston, MRC
Virology Unit, University of Glascow, Glascow, Scotland.
Hemagglutinin (HA) and Myc epitope tags were inserted at
the C termini of the HSV-2 ICP10 and US9 genes, respectively,
by a PCR-based method as previously described (10). The
protein expression of these plasmids was verified in Jurkat cells
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(see Fig. 4A). Briefly, the expression plasmids were electropo-
rated into Jurkat cells, using the Nucleofector system (Amaxa,
Gaithersburg, MD). Immunoblots were performed with 1 X
10° transfected cell lysates or 30 ug of protein per well, as
described previously (9), with anti-ICPO (Goodwin Institute,
Plantation, FL), anti-HA-tagged (6E2), or anti-Myc-tagged
(71D10) antibodies (Cell Signaling, Danvers, MA).

The HSV genes were subsequently cloned into a pMCC20
vector (a gift from Maxim Cheeran, University of Minnesota)
that expresses the gene of interest from an hEF1-eIF4G pro-
moter derived from pORF5-mIL10 (InvivoGen, San Diego,
CA). The genes were cloned, using parallel restriction enzyme
sites located within the vector sequences of pGORF-F and
pMCC20. pMCC20 also expresses the enhanced green fluores-
cent protein (GFP) from a separate cytomegalovirus promoter
in an opposite orientation from the gene of interest. Protein
expression of the HSV genes from these plasmids was detected
in HEp-2 cells (see Fig. 4A) by Western blotting, as described
for Jurkat cells.

We then tested the reported pro- and antiapoptotic effects of
HSV-1 and HSV-2 genes in HEp-2 cells. Using flow cytometry,
transfected cells were identified as those cells expressing GFP
at 24 h posttransfection. GFP-positive (GFP ™) cells were then
gated and analyzed for apoptosis. Gating for GFP™ cells was
performed to avoid differences in transfection efficiencies that
could impact our analysis. At 24 h posttransfection, apoptosis
was induced in one set of cells by adding 50 wg/ml of cyclo-
heximide (MP Biomedicals, Solon, OH) and 50 ng/ml of hu-
man recombinant tumor necrosis factor alpha (TNF-a) (In-
vitrogen, Carlsbad, CA). HEp-2 cells were either left untreated
or treated with cycloheximide alone as controls. Seven hours
after the treatment, transfected cells were analyzed for apop-
tosis by flow cytometry by measuring activated caspase-3 and
the cleaved product of the DNA repair enzyme poly(ADP-
ribose) polymerase (PARP). AV positivity was not a feature of
apoptotic HEp-2 cells in our experiments. As shown in Fig. 3B,
only HSV-2 ICP10-transfected cells had decreased apoptosis
following induction by cycloheximide and human recombinant
TNF-a. With no treatment or cycloheximide treatment alone,
only cells transfected with the HSV-1 ICP0O gene showed an
increase above the baseline (Fig. 3B). These results confirm
previous findings that HSV-1 ICPO is proapoptotic, while
HSV-2 ICP10 is antiapoptotic, in epithelial cells (5, 20).

We then investigated the effects of the viral genes in Jurkat
cells. In these experiments, we compared the percentages of
cells in early apoptosis (or AV"PI ™). As shown in Fig. 4B, cells
transfected with the HSV-2 ICP10 gene showed the highest
percentage of apoptosis at 24 h posttransfection. Cell trans-
fected with the HSV-1 ICPO gene showed the next highest
percentage of apoptotic cells, while cells transfected with the
HSV-2 US9 gene had a baseline level of apoptosis. We ob-
served similar levels of apoptosis in cells transfected with
HSV-2 ICP10 and US9 gene expression vectors with and with-
out epitope tags at the C terminus, suggesting that the pres-
ence of epitope tags did not alter the apoptotic outcome in
Jurkat cells (data not shown).

To verify our findings, we analyzed transfected cells for the
presence of activated caspase-3 and the cleaved product of
PARP. At 24 h posttransfection, cells were probed with fluo-
rescence-labeled antibodies against activated caspase-3 and
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FIG. 3. The HSV-1 ICPO gene induces apoptosis, while the HSV-2
ICP10 gene protects against apoptosis in HEp-2 cells. (A) Immunoblot of
HSYV proteins in HEp-2 cells. HEp-2 cells were transfected with empty vector,
a plasmid expressing HSV-1 ICP0, HA-tagged HSV-2 ICP10, or Myc-tagged
HSV-2 US9. Protein expression in transfected cells was evaluated by im-
munoblotting with anti-ICP0, anti-HA-tagged (6E2), or anti-Myc-tagged
(71D10) antibodies. (B) Following transfection, cells were left untreated,
treated with cycloheximide, or treated with cycloheximide and TNF-« for 7 h
and were then analyzed for apoptosis with antibodies for activated caspase-3
and the cleaved product of PARP. Only cells transfected with HSV-1 ICP0O
showed an increase in apoptosis with no treatment or with cycloheximide
treatment alone. Only cells transfected with HSV-2 ICP10 showed a decrease
in apoptosis with cycloheximide and TNF-« treatments. Mean percentages
with standard error bars are shown for three independent experiments.

the cleaved product of PARP (BD Biosciences, San Jose, CA)
followed by flow cytometry. Consistent with the above results,
the highest percentage of apoptotic cells was seen in cells
transfected with the HSV-2 ICP10 gene (Fig. 4B). Again,
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FIG. 4. HSV-1 ICPO and HSV-2 ICP10 genes induce apoptosis in
Jurkat cells. (A) Immunoblot of HSV proteins in Jurkat cells. Jurkat
cells were transfected with empty vector, a plasmid expressing HSV-1
ICPO, HA-tagged HSV-2 ICP10, or Myc-tagged HSV-2 US9. Protein
expression in transfected cells was evaluated by immunoblotting with
anti-ICP0, anti-HA-tagged (6E2), or anti-Myc-tagged (71D10) anti-
bodies. (B) Jurkat cells were transfected with empty vector, HSV-1
ICPO, HSV-2 HA-tagged ICP10, or HSV-2 Myc-tagged US9. Cells
were analyzed for apoptotic markers at 24 h posttransfection. Results
from three independent experiments are shown. Mean percentages
with standard error bars are shown for staining with AV and PI,
anti-activated caspase-3 antibody, and antibody to the cleaved product
of PARP.

smaller increases were seen in cells transfected with the HSV-1
ICPO gene, while transfection of cells with the HSV-2 US9
gene did not result in an appreciable increase above the base-
line, as seen with cells transfected with empty vector.

Taken together, these experiments indicate that (i) UV-
treated HSV-2 does not trigger apoptosis in Jurkat cells, pre-
sumably due to the lack of viral gene expression; (ii) HSV-1
ICPO gene expression leads to the same apoptotic outcome in
both Jurkat and HEp-2 cells; and (iii) HSV-2 ICP10 gene
expression induces apoptosis in Jurkat cells while inhibiting
apoptosis in HEp-2 cells. It is important to note that as with
wild-type HSV infections, viral genes induced apoptosis in
Jurkat cells without any chemical treatment. To our knowl-
edge, our finding with HSV-2 ICP10 represents the first de-
scription of a viral gene which has opposite effects on the
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apoptosis pathway depending on the specific cell type. It is our
current hypothesis that HSV-2 ICP10 (UL39) gene expression
leads to the same initial signaling event in all cell types, yet
results in different apoptotic outcomes due to differences in the
subsequent signaling cascade. Such phenomena have been
noted for T-cell receptor stimulation, which can lead to pro-
liferation or apoptosis, depending on the particular T-cell lin-
eage and cosignaling molecules. We are currently exploring
whether HSV-1 UL39 gene expression also leads to induction
of apoptosis in Jurkat cells. Such a finding would suggest that
the HSV-1 UL39 gene is the additional viral element that
induces the apoptosis observed in Jurkat cells infected with
HSV-1 ICPO gene deletion mutants. Additional studies are
needed to determine whether the apoptotic response to HSV-2
ICP10 gene expression is unique to Jurkat cells or whether this
represents a general response in all immune cells.

Although we have now described two viral genes that can
independently induce apoptosis in Jurkat cells, other viral
genes that are capable of inducing apoptosis may also exist.
Such a situation would be similar to what has been described
for HSV-1 antiapoptotic genes where individual genes that are
partially redundant yet have unique natures are seen (2). Since
the level of apoptosis seen with individual genes does not equal
that seen with wild-type HSV, the apoptotic effect of genes
may be additive. The identification of two different HSV genes
that are each sufficient to induce apoptosis in Jurkat cells
suggests that the proapoptotic effects of HSV are multifacto-
rial and complex, particularly given the fact that one of the
genes can also inhibit apoptosis in other cell types.
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