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Infection with Oncolytic Herpes Simplex Virus-1 Induces Apoptosis
in Neighboring Human Cancer Cells: A Potential Target to
Increase Anticancer Activity
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kill. Inhibition of apoptosis may improve the efficacy of
oncolytic HSV-1 therapy.
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INTRODUCTION

ABSTRACT
Purpose: The antitumor efficacy of a herpes simplex
virus (HSV)-1 oncolytic virus depends on the cytotoxic effect
of the virus, but also on viral replication and spread within
the tumor. Apoptosis is considered a defense mechanism of
infected cells that minimizes the spread of viral progeny by
limiting cellular production of virus. We sought to determine whether oncolytic HSV-1 infection induces apoptosis in
neighboring, uninfected cells and whether manipulation of
apoptosis can increase viral replication and cytotoxicity.
Experimental Design: NV1066 is an oncolytic HSV-1
mutant that contains the marker gene for enhanced green
fluorescent protein. OCUM human gastric cancer cells were
infected with NV1066 in vitro and inspected for apoptosis by
Hoechst and terminal deoxynucleotidyltransferase-mediated
nick end labeling staining and for infection by expression of
green fluorescence.
Results: A significant increase in apoptosis was seen in
cells infected by NV1066. More interestingly, a significant
percentage (10%) of uninfected cells also proceeded to apoptosis. After NV1066 infection, cells were also treated with
N-acetylcysteine (NAC), an inhibitor of apoptosis. By day 4
after infection, 2.7ⴛ more NV1066 was produced in cells
exposed to NAC than in those not exposed to NV1066 (P ⴝ
0.04). NAC also increased tumor kill when administered
with virus.
Conclusions: These data suggest that NV1066 induces
apoptosis in uninfected cocultured cells, potentially hindering propagation of viral progeny and concomitant tumor
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The antitumor activity of replication-competent, oncolytic
herpes simplex virus (HSV)-1 depends on the cytotoxic effect of
the virus and on the ability of the virus to replicate within the
tumor to produce progeny for further tumor lysis. Factors that
limit continued viral propagation are not completely understood.
Latent HSV genomes can be detected up to 1 year after infection
(1), but persistence of active HSV-1 virus or transgene expression is more ephemeral. Many groups have demonstrated that
replication is terminated and virus is cleared within days of
tumor infection (2– 4). Increasing and sustaining viral production should enhance tumor killing.
Apoptosis is a host cell defense mechanism that limits viral
infection by shutting down the cellular machinery necessary for
viral production. The cellular response to HSV-1 infection includes phosphorylation of eukaryotic initiation factor-2␣, which
shuts off protein synthesis and terminates the lytic cycle of the
virus. To counteract this apoptotic response, HSV-1 has evolved
to include genes such as ␥134.5, which encodes the ICP45
protein (5). Intact viral ICP45 prevents phosphorylation of eukaryotic initiation factor-2␣ and thus precludes the host cell shut
off of protein synthesis (6, 7). In fact, HSV-1 can prevent
apoptosis induced by hyperthermia (8), chemically induced osmotic shock (9), or exposure to C2-ceramide, tumor necrosis
factor ␣, and antibody to FAS (10). Several other HSV-1 genes
and proteins are involved in preventing the host apoptosis response such as ICP4 (8), Us3 and Us5 (11, 12), and ICP27 (13),
underscoring the importance of apoptosis to viral propagation.
Studies of HIV have demonstrated recently that HIV infection produces apoptosis in uninfected cells (14 –18). HIV
infection depletes circulating CD4⫹ T cells in part by the
induction of apoptosis in these cells (14, 15, 17, 19 –24) and kills
lymphocytes within nodal tissue (25, 26) through varying mechanisms (16, 18, 24, 27–31). Our current experiments were
conducted to determine whether a similar phenomenon is found
with HSV-1 infection. Furthermore, we examined whether pharmacological manipulation of apoptosis can increase viral replication and oncolysis with the aim of a mechanistically based
strategy to enhance viral efficacy.

MATERIALS AND METHODS
Cell Lines. OCUM-2MD3 human gastric cancer cells
were a gift of Dr. Masakazu Yashiro (Osaka City University
Medical School) and were maintained in DMEM with high
glucose, 2 mM L-glutamine, and 0.5 mM sodium pyruvate. Vero
cells were grown in MEM. All cell lines were maintained in
10% FCS, 100 g/ml penicillin, and 100 g/ml streptomycin.
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Virus. NV1066 is a replication-competent, attenuated
herpes simplex-1 mutant virus derived from HSV-1 virus (F
strain) as described previously (32). Briefly, the virus is deficient for UL23 and the internal repeat region (there is only one
copy of the immediate early genes ICP0 and ICP4 as well as the
␥134.5 gene). The enhanced green fluorescent protein gene
(eGFP) under control of a cytomegalovirus promoter was inserted into the deleted internal repeat sequence region. NV1066
was propagated and titered on Vero cells (33).
Hoechst Staining. OCUM cells (1.0 ⫻ 104) were grown
in 4-well slide chambers (Lab-Tek; Nalge Nunc) and treated
with NV1066 at a multiplicity of infection [MOI (i.e., virus:
tumor ratio)] of 0.1. Separate populations were left untreated to
serve as a negative control, and others were exposed to actinomycin D (Calbiochem), a known apoptosis-inducing agent, to
serve as a positive control (34). Cells were incubated at 37°C for
48 h and then harvested, air dried, and fixed in 4% paraformaldehyde for 12 min. After two PBS washes, cells were stained
with the DNA-specific fluorochrome Hoechst 33342 (1 g/ml)
for 10 min. Slides were washed in PBS twice and mounted.
Several fields were examined under ⫻100 oil immersion using
a Zeiss Axiophot-2 microscope until at least 200 cells were
inspected for apoptotic nuclear morphology and expression of
green fluorescence. Cells were first examined under a 4⬘,6diamidino-2-phenylindole fluorescent filter, and nuclear morphology was assessed. Cells were determined to be apoptotic
based on accepted criteria for nuclear morphology, which include nuclear pyknosis, chromatin condensation, nuclear blebbing and fragmentation, and formation of apoptotic bodies (35,
36). A partially blinded scientist examined the same microscopic field after changing the fluorescent filter to a green
fluorescent protein (GFP) filter. Cell expression or nonexpression of enhanced green fluorescent protein (eGFP) was noted. A
second completely blinded scientist confirmed the results. Any
disagreement between investigators was resolved through
discussion between the two. Photographs of representative microscopic fields were taken with a Zeiss LSM 510 confocal
microscope at 63 ⫻ 1.5 ⫻ 10 magnification under 4⬘,6diamidino-2-phenylindole and GFP filters. Overlay images were
created of the same field under the two filters within the system
software.
Terminal Deoxynucleotidyltransferase-Mediated Nick
End Labeling (TUNEL) Staining. OCUM cells (1.0 ⫻ 104)
were grown, virally treated, harvested, and fixed in the same
manner as described for the Hoechst staining. Cells were treated
with 20 g/ml proteinase K for 2 min and then fixed again in
4% paraformaldehyde for 2 min. After several PBS washes,
endogenase peroxidase was quenched with 0.1% H2O2 for 15
min. After a rinse with distilled H2O, slides were immersed in
terminal deoxynucleotidyltransferase buffer [3 mM Tris (pH
7.2), 14 mM sodium cacodylate, and 1 mM cobalt chloride] for
10 min. Cells were then exposed to 30 units of terminal deoxynucleotidyltransferase (Roche) and 5 M biotin-dUTP per
slide at 37°C in a moist chamber for 1 h. The reaction was
stopped with 2⫻ SSC, and cells were blocked with 2% BSA in
PBS to eliminate nonspecific reactivity. Next, slides were exposed to the secondary stain for 1 h, washed in PBS, and treated
with 0.5% Triton X-100 for 2 min. Slides were stained with a
filtered 3,3⬘-diaminobenzidine/0.0012% H2O2 solution, coun-

terstained with Harris hematoxylin, washed in distilled H2O,
and mounted with fluorescent mounting media. Several fields
were inspected under ⫻40 magnification in bright-field mode
using a Zeiss Axiophot-2 for TUNEL positivity until at least 200
cells were examined. Without altering the microscopic field, the
fluorescent filter was changed to a GFP filter. Cell expression or
nonexpression of eGFP was noted. Photographs of representative microscopic fields were taken with a Zeiss Axiovert 200
microscope at 63 ⫻ 10 magnification under a GFP filter, using
bright-field, phase-contrast microscopy with MetaMorph software. Overlay images were created of the same field by the two
microscopy modes.
Expression of eGFP Corresponds to HSV Infection.
OCUM cells (1 ⫻ 106) were grown and infected with NV1066 at
MOIs of 0.01, 0.1, and 1. Cells were harvested at 6, 12, and 24 h
after infection. eGFP-expressing cells were separated from noneGFP-expressing cells by fluorescence-activated cell sorting (MoFlo; Dako Cytomation, Fort Colling, CO) and fixed on slides for
immunohistochemistry. Uninfected cells served as negative controls. Slides were stained by the improved biotin-streptavidin amplified method (Biogenex Supersensitive Detection System) using
a polyclonal antibody to HSV-1. Slides were examined using a
Zeiss Axiovert 200 microscope for the presence of herpes and for
eGFP expression. Overlay images were created of the same field
viewed under routine light microscopy and eGFP microscopy
modes. Each condition was performed in triplicate.
Flow Cytometry for eGFP. OCUM cells (4 ⫻ 104) were
grown in 6-well plates, treated with NV1066 at various MOIs
ranging from 0.01 to 0.1, and exposed to assorted concentrations
of N-acetylcysteine (NAC). NAC is a known inhibitor of apoptosis (37–39). Cells were harvested on day 3 with 0.25%
trypsin in 0.02% EDTA, washed in PBS, and brought up in 100
l of PBS. Five l of 7-amino-actinomycin (BD PharMingen)
were added as an exclusion dye for cell viability. Data for eGFP
expression from 104 cells were acquired on a FACSCalibur
machine and analyzed with Cell Quest software. The experiment
was performed more than three times, and a representative
experiment is shown (Fig. 2).
Cytotoxicity Assay. OCUM cells (1.0 ⫻ 104) were
grown in 24-well, flat-bottomed plates and subsequently infected with NV1066 at various MOIs ranging between 0 and
0.1. Cells were exposed in vitro to 10 mM NAC or not exposed
and then incubated at 37°C for 1–7 days. Each day after infection, cells were washed in PBS and lysed with a 1.35% Triton
X-100 solution (percentage volume/PBS) to release intracellular
lactate dehydrogenase. The cytotoxic effect of viral infection on
tumor cells was determined by release of cytoplasmic lactate
dehydrogenase and comparison of these levels to levels in
untreated control cells grown under identical conditions. Lactate
dehydrogenase was quantified using a Cytotox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI) that measures
the conversion of a tetrazolium salt into a formazan product.
Absorbance was measured at 450 nm using a microplate reader
(EL 312e; Bio-Tek Instruments, Winooski, VT). Results are
expressed as the surviving fraction, based on the percentage of
the lactate dehydrogenase cells release compared with that of
untreated control cells. All samples were tested in triplicate, and
the experiment was repeated at least three times to ensure
reproducibility.
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Fig. 1 NV1066 induces apoptosis in infected cells as demonstrated by nuclear staining (A⫺C) and terminal deoxynucleotidyl transferase-mediated nick end
labeling (TUNEL; D⫺F). OCUM cells were infected with NV1066 (MOI ⫽ 0.1) and examined under separate filters for GFP expression and apoptosis.
Representative fields are depicted here and quantitatively described in Table 1. A, infected cells stained with Hoechst DNA fluorochrome express enhanced
green fluorescent protein (eGFP) as seen under a GFP filter at ⫻630 magnification. The eGFP protein can be found within nuclei and cytoplasm. B, under
a 4⬘,6-diamidino-2-phenylindole filter, Hoechst staining illustrates high resolution of nuclear morphology to assess nuclear morphology. C, an overlay image
is created by superimposing the GFP and 4⬘,6-diamidino-2-phenylindole filter images to concurrently evaluate nuclear morphology and eGFP expression.
Characteristic morphology of apoptotic cells, including pyknosis, nuclear fragmentation, and apoptotic bodies, is seen in the cells at the white arrows. These
cells do not express eGFP; that is, they are apoptotic but are not infected. The inset taken from another field illustrates that an apoptotic cell can express eGFP.
Characteristic apoptotic bodies are shown within the eGFP-filled cytoplasm. D, infected cells are stained by TUNEL and examined under a GFP filter at
⫻945 magnification. Expression of eGFP represents viral infection. E, using phase-contrast, bright-field microscopy, TUNEL staining is evaluated. Several
apoptotic cells are depicted by brown-stained nuclei. F, an overlay image is created to compare TUNEL positivity and eGFP expression. TUNEL-positive
cells do not express eGFP, confirming that apoptosis occurs in noninfected cells.
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Table 1 NV1066 induces apoptosis in uninfected and infected cells
Random microscopic fields of NV1066-treated cells were assessed
for nuclear morphology and eGFP expression, counted, and averaged
from three experiments. Cells are either apoptotic and do not express
eGFP, not apoptotic and express eGFP, apoptotic and express eGFP, or
not apoptotic and do not express eGFP. The last group is not represented
in the table. There was a significantly higher rate of apoptosis in the
infected cells compared with uninfected cells (P ⬍ 0.005, Fisher’s exact
test). Untreated samples represent the spontaneous rate of apoptosis in
cultured cells. Actinomycin D was used as a positive control for the
induction of apoptosis.
Cell phenotype (%)
⫹

⫺a

A /G
Untreated
MOI of 0.1
Actinomycin D (1.2 M)

0.8 ⫾ 0.1
9.6 ⫾ 2.8b
18.4 ⫾ 4.7
b

A⫺/G⫹

A⫹/G⫹

0.1 ⫾ 0.1
12.8 ⫾ 2.4
0.0 ⫾ 0.0

0.0 ⫾ 0.0
4.4 ⫾ 1.9
0.0 ⫾ 0.0

a
A, apoptotic; G, enhanced green fluorescent protein; MOI, multiplicity of infection.
b
P ⫽ 0.009.

Viral Titering. OCUM cells (1.0 ⫻ 104) were grown in
24-well, flat-bottomed plates and infected with NV1066 at various MOIs between 0 and 0.1 and then cultured with or without
10 mM NAC. Culture well supernatants were collected 4 days
after infection. Serial dilutions were made of the supernatants,
and viral plaques were counted on confluent Vero cells in a
standard viral plaque assay. All samples were tested in triplicate,
and the experiment was repeated at least three times to ensure
reproducibility.

RESULTS
NV1066 Induces Apoptosis by Direct and Indirect
Methods. NV1066 reliably infects OCUM cells at MOIs of
0.01 to 1 (data not shown). Expression of the viral marker gene
eGFP is associated with NV1066 infection and is quantifiable.
NV1066 also replicates within OCUM tumor cells, producing
more virus and potentiating its oncolytic activity.
Exposure to NV1066 induces apoptosis in tumor cells. At
MOI ⫽ 0.1, 14.0% of tumor cells are apoptotic 48 h after
infection. Of these tumor cells, approximately one-third express
eGFP and are considered directly infected by NV1066. Apo-

ptosis also occurs in noninfected cells, constituting 9.6 ⫾ 2.8%
of the total cell population (Fig. 1 and Table 1).
Two assays confirmed this same finding. Hoechst nuclear
staining was performed after exposure to NV1066 (Fig. 1, A⫺C)
and counting at least 200 cells/sample (Table 1). This result was
confirmed in seven additional experiments. Two white arrows in
Fig. 1C mark apoptotic cells, which have no associated eGFP
expression. These apoptotic cells have distinct morphology including pyknosis, nuclear fragmentation, and formation of apoptotic bodies. The overlay image shown in Fig. 1C demonstrates that these cells are not infected (i.e., they do not express
eGFP). There is significantly more apoptosis in cells exposed to
NV1066 when compared with unexposed cells [9.6 ⫾ 2.8%
(NV1066-exposed cells) versus 0.8 ⫾ 0.1% (unexposed cells);
P ⫽ 0.009, Fisher’s exact test].
In total, 17.2% of cells express eGFP. Of these, 4.4 ⫾ 1.9%
are apoptotic and infected and are represented in the inset of Fig.
1C. These cells exhibit apoptotic morphology and expressed
eGFP in overlay images.
A total of 12.8 ⫾ 2.4% of cells express eGFP but are not
apoptotic, constituting the largest population of infected cells.
These cells have nuclear morphology consistent with viral infection (36). They are green in Fig. 1A but do not have apoptotic
morphology in Fig. 1B. This corresponds with data derived from
fluorescence-activated cell-sorting analysis for eGFP expression
at day 2 (Fig. 2).
In Table 1, untreated cells grown under identical conditions
did not have a significant proportion of apoptotic or eGFPexpressing cells. As a positive control, OCUM cells were treated
with actinomycin D, a known inducer of apoptosis. In Table 1,
18.4 ⫾ 4.7% of cells were apoptotic and uninfected (image not
shown).
Although evaluation of nuclear morphology is regarded as
a gold standard in the determination of apoptosis (35, 40), we
confirmed our findings in each experiment with TUNEL staining (Fig. 1, D⫺F). Identification of apoptosis is better assured if
more than a single assay is used (35). In the TUNEL assay,
labeled uridine bases are attached to the DNA nicks characteristic of apoptotic cells. Infection with NV1066 induces TUNELpositive apoptosis in uninfected neighboring cells, similar to the
Hoechst staining experiments. Fig. 1D shows a cell culture

Fig. 2 Inhibition of apoptosis increases expression of the viral
eGFP gene. Cells were infected
with NV1066 at a multiplicity of
infection (MOI) of 0.1 and a MOI
of 0.01 and exposed to 10 mM
N-acetylcysteine (NAC) or 1 mM
NAC or left untreated. Cells were
harvested and examined by flow
cytometry for enhanced green fluorescent protein expression each
day for 4 days after infection. Inhibition of apoptosis with NAC
increases enhanced green fluorescent protein expression at both
MOIs when compared with infection alone in this representative
experiment (P ⬍ 0.001, z-test).
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through a GFP filter exposed to NV1066. Fig. 1E shows the
same field using phase-contrast, bright-field microscopy. Nuclei
that take up 3,3⬘-diaminobenzidine stain in the TUNEL assay
are brown, indicating apoptosis. The overlay image of the two
microscopic modalities is shown in Fig. 1F. The percentage of
apoptotic cells determined by TUNEL is approximately the
same as the number of apoptotic cells determined by Hoechst
nuclear staining (data not shown).
Mechanism of Induction of Apoptosis. The potential
mechanisms by which uninfected cells are induced into apoptosis by infected ones are manifold (41, 42) but remain undetermined. We were unable to find a soluble mediator from infected
cells that causes apoptosis. To determine whether a defective or
incomplete viral particle shed into the culture media triggers
apoptosis, we harvested “conditioned” media from infected
cells, removed free virus by ultracentrifugation, and cultured
naı̈ve cells in this media. We also assayed supernatants of
infected cells for tumor necrosis factor, a known mediator of
apoptosis. Lastly, lysates from sonicated OCUM cells were
incubated on naı̈ve cells to simulate lysis and release of intracellular protoplasm. None of these approaches triggered apoptosis.
Another potential mechanism is that of abortive viral transcription or assembly resulting in nonproductive infection (41–
43). It is plausible that a structural protein of the HSV-1 virion
is responsible (44), just as the gp120 protein has been implicated
in HIV-induced apoptosis (16, 18, 27, 28). In a study of human
herpes virus-7, 25% of apoptotic cells were observed by electron
microscopy to have empty virion capsids (43). However, in our
studies, neither heat-inactivated nor UV-inactivated NV1066
induced apoptosis. We have data that suggest that greater cell
density in culture correlates with greater occurrence of apoptosis. When compared with uninfected cells grown at similar
confluence, there was a statistically significant increase in apoptosis at greater cell density (P ⬍ 0.001, Jonckheere-Terpstra
test), suggesting that cell-to-cell contact plays a role in the
induction of apoptosis.
Expression of eGFP Corresponds with NV1066 Infection. eGFP expression corresponds to immunohistochemistryproven NV1066 infection. After cultured OCUM cells were
infected with NV1066 at MOIs of 0.01, 0.1, and 1, they were
fluorescence-activated cell-sorted into eGFP-expressing and
non-eGFP-expressing populations. One hundred percent of
eGFP-expressing cells were positive for HSV by immunohistochemistry. Of the fluorescence-activated cell sorted cells that
did not express eGFP, none were positive for HSV by immunohistochemistry, except for ⬍1% of cells infected at a MOI of
1 at 24 h. This finding supports the argument that eGFP is an
accurate marker of HSV infection (45, 46). This was also
confirmed in an in vivo model, in which we administered
NV1066 i.p. to animals with i.p. carcinomatosis. Tissues that
expressed eGFP contained NV1066 by quantitative PCR for an

3

S. F. Stanziale, B. M. Stiles, A. Bargava, S. A. Kerns, N. Kalakonda,
and Y. Fong. Oncolytic herpes simplex virus-1 mutant expressing green
fluorescent protein can detect and treat peritoneal cancer, submitted for
publication.

immediate early gene, and tissues that did not express eGFP did
not contain the gene.3
Inhibition of Apoptosis Increases Expression of eGFP.
OCUM cells infected with NV1066 in vitro reliably express
eGFP in a MOI-dependent fashion that can be quantitated by
flow cytometry (Fig. 2). Two, 3, and 4 days after treatment with
NV1066 at a MOI of 0.01, 1%, 5%, and 65% of cells express
eGFP. At a MOI of 0.1, 9%, 44%, and 96% of cells express
eGFP. More important, however, is that NAC increases eGFP
expression at both MOIs. Both 10 and 1 mM NAC increase
eGFP expression compared with virus alone, with the higher
concentration associated with greater eGFP expression than the
lower concentration (P ⬍ 0.05 for all pairwise comparisons, z
test). This effect did not extrapolate to concentrations of ⱖ20
mM NAC at either MOI (data not shown).
Inhibition of Apoptosis Increases Viral Infection and
Tumor Kill. NV1066 is cytotoxic to OCUM cells in a dosedependent fashion (Fig. 3A). Day 4 after infection was chosen as
a representative day because it denotes the approximate halfway
point of the experiments. By day 4, 40% of cells infected at
MOI ⫽ 0.1 survived, compared with 88% of cells infected at a
MOI of 0.01 (P ⫽ 0.0003, paired t test). Inhibition of apoptosis
with 10 mM NAC increased tumor killing at both MOIs (P ⬍
0.05 for MOI ⫽ 0.1 and P ⫽ 0.20 for MOI ⫽ 0.01). Importantly, exposure to 10 mM NAC without viral infection had no
cytotoxic effect on cells during the 7 days of the experiment
(data not shown).
Inhibition of apoptosis also increases NV1066 production
by OCUM cells. Viral plaque-forming units were counted from
supernatants of OCUM cells infected and then exposed or not
exposed to 10 mM NAC. On each of the 7 days measured, NAC
increased viral production. Fig. 3B shows the significant increase in viral production 4 days after infection in cells treated
with NAC. At a MOI of 0.1, NAC is associated with 3⫻ more
viral production than untreated cells (P ⫽ 0.05, paired t test). At
a MOI of 0.01, 19⫻ more virus is produced (P ⫽ 0.04, paired
t test). Others have demonstrated significant changes in viral
production of a similar magnitude (3, 47–53).

DISCUSSION
Apoptosis is an active cellular process of self-destruction
defined by morphological and biological criteria (54). Apoptosis
protects an organism by ridding it of individual cells whose
survival could be detrimental to the organism as a whole (41,
55). Viral infection often leads to an apoptotic response by a
cell, thereby defending other cells from a similar fate (56) and
limiting viral spread. Improving viral propagation in cancer cells
is a potential approach to enhance efficacy of oncolytic viral
therapy. This study confirms that a HSV-1 virus elicits apoptosis
in infected cells (9, 11–13, 57, 58) but also demonstrates that the
virus induces apoptosis in uninfected, cocultured cells. Chemical inhibition of this response improves viral production and
tumor kill.
The observation that virally infected cells can induce apoptosis in uninfected, noncancerous cells has been described for
other viruses including mouse hepatitis virus A59 (59), African
swine fever virus (60), porcine reproductive and respiratory
syndrome virus (61), human herpes virus-7 (43), human herpes
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Fig. 3 Inhibition of apoptosis increases viral cytotoxicity and proliferation. OCUM cells are infected in vitro at multiplicities of infection of 0.1 and
0.01 and treated or not treated with 10 mM N-acetylcysteine (NAC). All samples were performed in triplicate and are presented as the mean ⫾ SE.
A, cells were harvested every day for a week, and cell survival was determined in a lactate dehydrogenase release assay. Cytotoxicity of viral treatment
is enhanced in the presence of NAC at all time points until maximal lysis is achieved. B, supernatants from cell cultures were assayed in a standard
viral plaque assay for viral count. By day 4, there is an increase of approximately 3⫻ and 19⫻ in viral production in the presence of NAC in the
multiplicity of infection ⫽ 0.1 and 0.01 cultures, respectively.

virus-6 (62), and HIV (14 –18, 63). In each, the uninfected cells
induced into apoptosis were lymphoid cells. One group showed
that HIV can induce apoptosis in uninfected cells in the lymph
nodes of HIV-infected pediatric patients and simian immunodeficiency virus-infected macaques by undetermined “indirect
mechanisms” (26). By labeling lymph nodes with in situ hybridization for viral transcripts and TUNEL for apoptosis, the
group evaluated individual cells to show that apoptotic, uninfected cells were in close proximity to productively infected
ones. In our study, we confirm that 10% of cells are apoptotic
and are not infected. To ensure that this population is not
infected, we demonstrate that eGFP expression corresponds to
immunohistochemistry-proven HSV infection and confirm this
in an in vivo model by quantitative PCR for NV1066. Secchiero
et al. (43) infected lymphoblastoid cells with human herpes
virus-7 and found two populations of cells: infected, necrotic
multicellular syncytia; and uninfected, apoptotic single cells.
Interestingly, empty viral capsids were visualized by electron
microscopy in 25% of the apoptotic cells, potentially implicating nonproductive viral infection as a mechanism. Our study is
novel in that it describes apoptosis in uninfected tumor cells by
an oncolytic virus. Importantly, we establish that chemical inhibition of apoptosis increases viral replication and cytotoxicity.
This implicates such apoptosis in limiting viral spread and
favors killing by oncolytic viruses.
In our experiments, the expression of the viral eGFP protein is an appropriate marker of viral infection for several
reasons. First, the gene construct was inserted into the viral
genome with a constitutively expressed cytomegalovirus promoter, replacing two immediate early genes, ICP0 and ICP4, in
the viral genome. In our laboratory, we have detected eGFP as
early as 6 h after infection at a MOI of 1. Additionally, we
demonstrate that apoptotic cells retain the ability to express
eGFP. In the inset of Fig. 1C, we demonstrate expression of
eGFP within a cell of typical apoptotic nuclear morphology.

This population, which accounted for 4.4 ⫾ 1.9% of all cells,
was expected; HSV-1 oncolytic viral mutants trigger apoptosis
and lyse the tumor cells that they infect (64). Apoptosis without
infection occurred in 9.6% of cultured cells, which, interestingly, is similar to the 10% of cells induced into apoptosis by
HIV-GFP constructs in a previous study of HIV infection of
lymphocytes (27).
NAC, an inhibitor of apoptosis, was used to confirm the
hypothesis that such inhibition will alter viral efficacy. At
day 2, there was a significant difference in apoptosis between
NAC-treated and untreated cells that resulted in a significant
difference in viral appearance (3, 47–53). This difference in
viral appearance also parallels the difference in cytotoxicity
and eGFP expression between the NAC-treated and untreated
groups. Importantly, NAC at the treatment concentration of
10 mM has no independent cytotoxic effect on cultured cells
in our cytotoxicity assay. NAC has been used clinically as a
mucolytic for 30 years and is currently being used to decrease
oxidative stress in HIV infection, cancer, and heart disease.
In addition, NAC has had extensive use in the treatment of
acetaminophen toxicity. Therefore, the application of NAC as
an adjuvant in oncolytic therapy is plausible and merits in
vivo testing.
In summary, these data show that the oncolytic HSV-1
mutant NV1066 induces apoptosis in uninfected, cocultured
cells. Much like the induction of apoptosis in infected cells, this
limits the lateral spread of viral progeny and likely protects the
host against more widespread viral infection. Therefore, these
data supply the impetus for further investigation into the combined use of inhibitors of apoptosis with HSV-1 oncolytic viral
therapy. Improving propagation of viral progeny and concomitant tumor kill in such a way could potentially maximize the
lateral spread of virus and minimize the required dose of oncolytic viral mutants for cancer therapy. Such a strategy could
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have important implications on the efficacy of viral oncolytic
therapy.
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