
Abstract. Oncolytic herpes simplex virus-1 (HSV-1) mutants
selectively replicate in and lyse tumor cells. Viral replication
is dependent on the cellular proliferative mechanism. Estrogen
increases cellular proliferation and decreases apoptosis in
estrogen receptor-positive (ER+) human breast cancer cells.
We hypothesize that the cellular changes produced by estrogen
may enhance oncolytic viral replication and improve the
treatment of ER+ breast cancer cells. Estrogen increased
proliferation and replication of the HSV-1 mutant, NV1066,
in ER+ breast cancer cells. Additionally, cells grown with
estrogen had lower rates of apoptosis and higher bcl-2 levels
at baseline and after infection. Estrogen enhanced the oncolytic
effect of NV1066, with cell kills of 95% and 97% at MOIs of
0.1 and 0.5, compared to 53 and 87% respectively without
estrogen (p<0.001). Therapy of ER+ human breast cancer cells
with a replication-competent HSV-1 mutant is improved in
the presence of estrogen, in contrast to more standard therapies,
such as chemotherapy and radiation, which demonstrate
decreased efficacy in similar conditions. These data provide
the mechanistic basis for the use of oncolytic HSV-1 in patients
with hormone receptor-positive breast cancer, particularly if
the disease progresses with conventional therapies.

Introduction

Breast cancer is the most commonly diagnosed new cancer in
women, excluding cancers of the skin. In 2004, breast cancer
alone accounted for approximately one-third of new cancer
cases and 15% of cancer deaths in women in the United States
(1). Breast cancer cells are often responsive to hormones,

with estrogen and its metabolites being the most widely
studied effectors. The cellular effects of estrogen have been
implicated as possible factors in the induction and promotion
of carcinogenesis (2). Additionally, estrogenic effects on
cells have been demonstrated to decrease the efficacy of
various chemotherapeutics and radiation therapy in vitro
(3-6). Although early-stage cancer may often be effectively
treated with combination therapeutic regimens, the 5-year
survival rates for stage III and IV breast cancer are only 46%
and 12%, respectively (7). New treatment strategies are needed,
particularly for patients with late-stage disease and for those
with tumors resistant to standard treatment protocols.

Multimutated replication-competent herpes simplex
viruses (HSV) are an effective therapy against a number of
malignancies in experimental models (8-13). Oncolytic HSV
are genetically engineered to selectively replicate within
tumor cells, sparing normal tissue. HSV-1 viral mutants are
known to cause both lysis and apoptosis in targeted tumor
cells (14-16). The antitumor efficacy of HSV-1 mutants
depends upon their ability to infect and propagate within the
tumor and upon host cell defense mechanisms that limit viral
replication. Previous studies have demonstrated the effective-
ness of HSV-1 mutants against both estrogen receptor-positive
(MCF-7 and T47D) and -negative (MDA-MB-231 and MDA-
MB-435) breast cancer cell lines (8,17). Given the established
role of tamoxifen and of newer selective estrogen receptor
modulators (SERMs) in the treatment of breast cancer, the
interaction between hormonal therapy and oncolytic HSV-1
therapy deserves examination.

We hypothesize that, in contrast to other in vitro therapies,
estrogen will improve the treatment of ER+ human breast
tumors with an HSV-1 mutant due to estrogenic effects on
cells, namely increasing cellular proliferation and decreasing
apoptosis. These effects may create an environment favorable
to viral replication and proliferation. We therefore designed
this study to explore the effect of hormonal milieu on the
efficacy of an HSV-1 mutant, NV1066, in the treatment of
breast cancer cells. Specifically, the purpose of this study was
to determine whether the virus is effective in the treatment of
both hormone-sensitive and -independent breast cancer cell
lines, to assess the effects of estrogen on viral replication and
efficacy, and to examine the mechanisms by which estrogen
may affect viral therapy.
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Materials and methods

Cells and cell culture. MCF7, T-47D, and HCC38 cell lines
were obtained from the American Type Culture Collection
(ATCC®, Rockville, MD). MCF7 and T-47D cells are ER+,
while HCC38 cells are estrogen receptor-negative (ER-).
MCF7 cells were grown in phenol red free MEM with 2 mM
L-glutamine, 1.0 mM sodium pyruvate, 0.1 mM non-essential
amino acids, 1.5 g/l sodium bicarbonate, 100 U/ml penicillin
and 100 mg/ml streptomycin, and 10% charcoal stripped
FCS (Atlanta Biologicals, Norcross, GA). T-47D and HCC38
cells were grown in phenol red free RPMI-1640 with 2 mM
L-glutamine, 10 mM HEPES, 1.0 mM sodium pyruvate, 4.5 g/l
glucose, 1.5 g/l sodium bicarbonate, 100 U/ml penicillin and
100 mg/ml streptomycin, and 10% charcoal stripped FCS.
The serum contained less than 5 pg/ml of 17 ß-estradiol and
estrone per the manufacturer's instructions. SKBr3, MDA-
MB-435, and HCC1954 cells were similarly obtained from
the ATCC and grown in the recommended media. Cells were
passaged either in the presence of 10 nM ß-estradiol in DMSO
vehicle or with vehicle alone. After one week in culture,
distinct populations of cells were plated for experiments with
either 10 nM ß-estradiol or vehicle alone, added at a 1:1,000
volume ratio to the media.

Virus. NV1066 is a replication-competent attenuated herpes
simplex-1 mutant virus described previously (18). Briefly,
the virus lacks single copies of the ICP-4, ICP-0, and Á134.5
genes (Fig. 1). The ICP-4 and Á134.5 protein products have
important anti-apoptotic roles in wild-type HSV-1 (19,20).
The virus additionally contains the enhanced green fluorescent
protein (EGFP) sequence under the control of a cytomegalo-
virus (CMV) promoter. Viral stocks were generated from
Vero cells using standard techniques.

Determination of cellular proliferation. MCF7 cells were
plated in 6-well plates (Costar, Corning Inc., Corning, NY) for
assessment of cellular proliferation. Either 10 nM ß-estradiol
or vehicle was added to the cell suspension prior to plating.
Each condition was assessed in triplicate. Cells were harvested
with 0.25% trypsin in 0.02% EDTA and live cells were counted
with trypan blue exclusion of dead cells.

Cell-cycle analysis. Cell-cycle distribution of MCF7 cells
was measured using flow cytometry. Cells were harvested
with 0.25% trypsin in 0.02% EDTA and centrifuged. Cells
grown with either 10 nM ß-estradiol or with vehicle alone were
suspended in NP-40 solution (10 mM NaCl, 3.4 mM sodium
citrate, 0.03% NP-40, 63 μM ethidium bromide, 10 μg/ml
RNase) and incubated (1 h) with gentle shaking. An equal
volume of high sucrose solution (0.25 M sucrose, 78 mM
citric acid, 100 μM ethidium bromide) was added, cells were
centrifuged, and the pellet was resuspended in 0.5 ml of the
combined solution. The DNA content of ethidium bromide-
stained nuclei was determined on a FACSCalibur machine
equipped with CellQuest software (Becton-Dickinson, San
Jose, CA).

TUNEL staining. MCF7 cells were plated in 4-well chamber
slides (Lab-Tek, San Diego, CA) with either 10 nM ß-estradiol

or vehicle prior to TUNEL staining. Cells were incubated
(37˚C, 48 h) and then harvested, air-dried, and fixed (4%
paraformaldehyde, 12 min). Cells were treated with 20 μg/ml
proteinase K (2 min) and then fixed again (4% paraformalde-
hyde, 2 min). After three phosphate-buffered saline (PBS)
washes, endogenase peroxidase was quenched with 0.1%
H2O2 (15 min). After a dH2O rinse, slides were immersed in
terminal deoxynucleotidyl transferase (TdT) buffer (3 mM
Tris, pH 7.2; 14 mM sodium cacodylate; 1 mM Cobalt
Chloride, 10 min). Next, cells were exposed to 30 U of TdT
(Roche Applied Science, Indianapolis, IN) and 5 μM biotin-
dUTP per slide at 37˚C in a moist chamber (1 h). The reaction
was stopped with 2X SSC and cells were blocked with 2%
BSA in PBS to eliminate non-specific reactivity. Slides were
then exposed to the secondary stain (1 h), washed in PBS and
treated with 0.5% Triton X-100 (2 min). Slides were stained
with a filtered diaminobenzidine (DAB) and H2O2 solution
(0.0012%), counterstained with Harris hematoxylin, washed in
dH2O and mounted with mounting media. Several fields were
inspected for TUNEL positivity under bright-field mode
using a Zeiss Axiophot-2 microscope (Carl Zeiss, Inc.,
Germany). The image-capture system consisted of a Retiga
EX digital CCD camera (Qimaging, Burnaby, BC, Canada).
At least 200 cells were examined. The same experiment was
performed, infecting cells with a multiplicity of infection
(MOI: number of viral plaque forming units (PFU) per tumor
cell) of 1.0 for the last 24 h of incubation.

Hoechst staining. MCF7 cells were plated in 4-well chamber
slides either with 10 nM ß-estradiol or vehicle as previously
described. Cells were incubated (37˚C, 72 h) and then
harvested, air-dried and fixed (4% paraformaldehyde, 12 min).
After two PBS washes, cells were stained with 1 μg/ml DNA
specific fluorochrome, Hoechst 33342 (NPE Systems, Inc.,
Pembroke Pines, FL) for 10 min. Slides were washed in PBS
twice and mounted with fluorescent mounting media. Several
fields were examined until at least 200 cells were counted.
Cells were first examined under a DAPI fluorescent filter to
assess nuclear morphology. Cells were determined to be
apoptotic based on accepted criteria for nuclear morphology
including nuclear pyknosis, chromatin condensation, nuclear
blebbing and fragmentation, and the formation of apoptotic
bodies (21). Cells were also examined following infection with
NV1066 at an MOI of 1.0 for the last 48 h of incubation.
Again, microscopic fields were examined for nuclear morpho-
logy using a DAPI fluorescent filter. The same microscopic
fields were examined after changing the fluorescent filter to a
GFP filter (fixed to allow passage of 470±40 nm wavelength
light). DAPI and GFP images were taken again using a Retiga
EX digital CCD camera. Two scientists blinded to the treatment
groups evaluated the specimens.

Quantitation of bcl-2. MCF7 cells were plated in 6-well
flat-bottom plates with either 10 nM ß-estradiol or vehicle.
Cells were then infected with NV1066 at MOIs of 10.0 or 1.0
and incubated (37˚C, 16 h). Uninfected cells served as controls.
Cells were lysed, proteins extracted with M-PER protein
extraction reagent (Pierce, Rockford, IL), and bcl-2 assessed
by standard ELISA (Oncogene Research Products, San Diego,
CA). All conditions were performed in triplicate. Bcl-2 levels
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were standardized per total protein levels as measured by
Bradford protein assay, using the total protein in the uninfected
cells grown in the presence of estrogen as the control. For the
manufacturer's assay standard, one unit of bcl-2 equals the
amount in the lysate of 5.6x104 HL60 cells.

Flow cytometry for EGFP. MCF7 cells were plated in 12-well
plates with either 10 nM ß-estradiol or vehicle and subsequently
infected with NV1066 at MOIs of 0.1 or 0.5. Untreated
cells served as negative controls. Cells were harvested with
0.25% trypsin in 0.02% EDTA, combined with the super-
natant fraction, centrifuged, washed in PBS, and brought up in
100 μl PBS. Five μl of 7-amino-actinomycin (7-AAD, BD
Pharmingen, San Diego, CA) was added as an exclusion dye
for cell viability. Data for EGFP expression from 1x104 cells
was acquired on a FACSCalibur machine and analyzed using
CellQuest software.

Viral titering. MCF7 were plated in 6-well plates with either
10 nM ß-estradiol or vehicle and subsequently infected with
NV1066 at MOIs of 0.1 or 0.5. Cells were harvested by cell
scraping, combined with supernatant, and then subjected to
three cycles of freeze-thaw lysis. Serial dilutions were made
of the suspension and viral plaques were grown and counted
on confluent Vero cells in a standard viral plaque assay. All
samples were tested in triplicate.

Cytotoxicity assay. MCF7, T-47D, or HCC38 cells were plated
in 12-well flat-bottom plates with either 10 nM ß-estradiol or
vehicle and subsequently infected with NV1066 at MOIs of
0.1 or 0.5. Every other day after infection, cells were washed
in PBS and lysed (1.35% Triton X) to release intracellular
lactate dehydrogenase (LDH). The cytotoxic effect of viral
infection on tumor cells was determined by comparison of
levels of LDH in the uninfected and infected cellular lysates.
LDH was quantified using a Cytotox 96 non-radioactive
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 LDH release compared to that of untreated, control
cells. All samples were tested in triplicate.

Statistical analyses. All pairwise comparisons were performed
using the exact permutation distribution of the Wilcoxon test.
The area under each viral-time curve was obtained and then
compared using the Wilcoxon test. 

Results

Effect of estrogen on cellular proliferation and cell cycle. To
confirm estrogenic effects on ER+ human breast cancer
cells, MCF7 cells were grown either in the presence of 10 nM 
ß-estradiol or vehicle. Cells grown in 10 nM ß-estradiol
proliferated more rapidly than those grown without estrogen.
After 10 days in culture (Fig. 2A), there was a 2-fold increase in
cell number in the cells grown in 10 nM ß-estradiol, compared
to cells grown without estrogen (p<0.05). To determine whether
this observed effect correlated with population distribution,
cell-cycle analysis was performed on MCF7 cells (Fig. 2B).
10 nM ß-estradiol increased the fraction of cells in S + G2

phases from 34% (±.4%) to 44% (±0.0%), while it decreased
the fraction of cells in the resting G1 phase from 66% (±0.4%)
to 56% (±0.0%). This relationship was maintained after 7 days
in culture although, as cells became more confluent, the
fraction of cells in the resting phase increased in both groups,
82% (±0.2%) vs. 64% (±0.1%) for no estrogen and 10 nM
ß-estradiol respectively, with a corresponding decrease in
percentage of cells in the S + G2 phase (p=0.05).

Determination of apoptotic index and bcl-2 levels. To
determine baseline apoptotic rates within MCF7 cell
populations, TUNEL staining, a nuclear stain that binds
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Figure 1. Molecular structure of NV1066. The wild-type HSV-1 genome consists of the unique long (UL) and unique short (US) sequences, flanked by
inverted repeats, terminal and internal repeats long (TRL and IRL) and terminal and internal repeats short (TRS and IRS). NV1066 has deletions from the
internal repeat sequences, with loss of one copy each of the ICP-0, ICP-4, and Á134.5 genes. The ICP-4 and Á134.5 genes have important anti-apoptotic
functions in wild-type virus. A sequence for enhanced green fluorescent protein (EGFP) has been inserted into the viral backbone under the control of a
constitutive cytomegalovirus promoter.
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Figure 2. Confirmation of estrogenic effects on MCF7 cells. (A) Cellular proliferation with 10 nM estrogen and with vehicle alone. There is a 2-fold increase
in cell growth of MCF-7 cells in the presence of estrogen after 10 days (p<0.02). (B) Cell-cycle analysis. Estrogen increases the fraction of cells in S + G2 phases
and decreases the fraction of cells in the resting G1 phase as measured by flow cytometry. (C) Baseline apoptotic rates. The absence of estrogen significantly
increases baseline apoptotic rates in MCF7 cells. (D) Bcl-2 ELISA. Cells grown in estrogen have a  3.2-fold higher level of bcl-2 expression.

Figure 3. EGFP expression and viral replication in MCF-7 cells grown with
or without 10 nM ß-estradiol. (A) Growth of cells in estrogen leads to
significantly greater viral proliferation among live cells as measured by
FACS analysis of EGFP expression. Even at a 5-fold lower dose of virus
(MOI 0.1 vs. MOI 0.5), significantly more EGFP expression is present in
cells grown with estrogen by day 5 (p<0.002). (B and C) Greater replication
of NV1066 occurs in the presence of estrogen at MOIs of both 0.1 (B) and
0.5 (C). Peak viral titers occur on day 5, thereafter titers decrease as cell
death limits further replication. Viral growth was 2.9- and 2.5-fold higher in
MCF-7 cells grown in the presence of 10 nM B-estradiol infected at MOIs
of 0.1 and 0.5 respectively. More virus was produced at an MOI of 0.1 in
cells infected in the presence of estrogen than at an MOI of 0.5 in cells
infected without estrogen.
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labeled uridine bases to the DNA nicks characteristic of
apoptotic cells, was performed and cells were counted under
magnification x40. The percentage of apoptotic cells was
determined to be 0.59% (±0.21%) in cells grown in 10 nM
ß-estradiol and 1.90% (±0.31%) in cells grown in the absence
of estrogen in non-confluent populations (Fig. 2C, p=0.05).
This 3-fold decrease in the percentages of apoptotic cells when
grown with 10 nM ß-estradiol was confirmed by examining
cells stained with Hoescht nuclear stain under a DAPI filter
(0.40±0.07% vs. 1.35±0.29%).

Because apoptotic rates have been demonstrated to inversely
correlate with intracellular bcl-2 protein levels (22), we
examined bcl-2 production using an ELISA to compare the
levels of this anti-apoptotic protein within the different cell
populations. MCF7 cells were cultured either in the presence
or absence of 10 nM ß-estradiol for one week. The ELISA
was performed with bcl-2 levels standardized to total protein
levels. Cells grown in 10 nM ß-estradiol had an approximate
3.2-fold increase in bcl-2 levels compared to cells grown
without estrogen, with the cellular lysate containing 75 (±3) U/
ml of bcl-2 as compared to 24 (±3) U/ml in cells grown without
estrogen (Fig. 2D, p=0.05).

Viral proliferation. The EGFP transgene carried by NV1066
was used as a marker of infection, the protein product of
which was detected by flow cytometry. EGFP is expressed
4-6 h after viral entry into the cell and can localize functional
virus. EGFP expression was used to infer viral proliferation,
or percentage of live cells actively infected over time, among
cell populations treated with either estrogen or no estrogen
and subsequently with NV1066. With continued viral
replication, all cell populations trended toward 100% infection
after 5 days (Fig. 3A). Cell-to-cell spread of virus, however,
was significantly faster in cell populations grown in estrogen,
particularly at the lower MOI, with differences as high as
20-25% in the first 2 or 3 days. It is striking that, by day 5
after infection, an MOI of 0.1 in the cell population grown in
10 nM ß-estradiol resulted in a higher percentage of infected
cells than an MOI of 0.5 in cells grown without estrogen
(Fig. 3A, p=0.05).

Viral replication. EGFP expression was measured at several
time-points in the first 18 h after infection with NV1066,
with no significant differences in expression between cells
grown with and without estrogen (data not shown). This
suggested that there was no difference in initial viral binding
and entry into cells in the two populations. To compare the
amount of viral replication in the different treatment conditions,
standard plaque assays were performed. Peak viral titers were
achieved on day 5 with and without estrogen, at both MOIs
of 0.1 and 0.5 (Fig. 3B and C). Thereafter, titers decrease as
cell death limits further viral replication. Importantly, NV1066
was noted to effectively replicate with or without estrogen.
Cells grown and infected in the presence of 10 nM ß-estradiol
had significantly higher viral titers as compared to cells
grown without estrogen at both MOIs. Treated with an initial
MOI of 0.1, peak viral titers were 36.4x105 PFU/ml (±2.35x105)
and 9.83x105 PFU/ml (±1.2x105), respectively (p=0.05).
This represents a 730- and 200-fold increase of the initial
infecting dose, respectively. At an MOI of 0.5, peak titers

were 36.6x105 PFU/ml (±2.14x105) and 16x105 PFU/ml
(±2.65x105), respectively (p<0.05). By estimating the area
under the viral growth curves, the total virus produced in the
presence of estrogen was 2.9- and 2.5-fold higher for the
respective MOIs. Even when comparing an MOI of 0.1 in the
estrogen group to an MOI of 0.5 in the no-estrogen group,
there is an approximate 1.6-fold increase in total virus in the
estrogen group despite an initial MOI that is 5 times lower
(p=0.05). 

Effect of viral infection on apoptotic fraction and bcl-2
levels. To assess the ability of NV1066 to induce apoptosis
in human breast cancer cells, MCF7 cells were grown on
chamber slides either with or without estrogen and then
infected with NV1066 at an MOI of 1.0. A higher MOI was
used to mimic conditions in culture after viral infection and
subsequent replication had led to higher viral titers. Performing
the experiments in the first 48 h allowed comparison before
large differences in cell numbers and viral titers arose in the
two populations. TUNEL and Hoescht staining were performed
in separate experiments. Representative microscopic fields from
the cells infected either in the presence of 10 nM ß-estradiol
or without estrogen and then stained with the TUNEL stain
are shown in Fig. 4A and B, respectively. Apoptotic cells
are identified by uptake of the brown stain. After 24 h,
1.61±0.15% of cells grown in the presence of estrogen were
apoptotic, compared to 2.81±0.36% of cells infected in the
absence of estrogen, suggesting a protective effect of estrogen
against early viral-induced apoptosis (p=0.05).

To determine whether bcl-2 levels were affected by
infection with NV1066, protein was harvested from separate
cell populations infected either in the presence or absence of
10 nM ß-estradiol. Bcl-2 levels were significantly lower in
all of the groups grown in the absence of estrogen when
compared with groups grown in 10 nM ß-estradiol (Fig. 4C).
In the presence of 10 nM ß-estradiol, infection with NV1066
at MOIs of 1.0 and 10.0 for 16 h decreased bcl-2 levels by
15% and 30%, respectively as compared to control (p=0.05).
In the absence of estrogen, bcl-2 levels were decreased by
similar percentages, although this did not reach statistical
significance given the low baseline levels of expression
(p=0.2, p=0.1, respectively). MOIs of 10.0, although higher
than those initially used in other experiments, are reached in
culture after viral replication has occurred. 

To confirm these results, separate populations of cells were
stained with a nuclear Hoescht stain. Two distinct mechanisms
of cell death were noted to occur in the cell populations,
apoptosis and oncolysis, which could be easily distinguished
at magnification x40, using a DAPI fluorescent filter. By
viewing the cells concomitantly through a GFP filter, EGFP
expression could be assessed and related to apoptosis (Fig. 5A).
To determine apoptotic rates after 48 h of NV1066 infection,
MCF7 cells were grown either with or without estrogen,
incubated for 48 h with NV1066, and fixed with Hoescht
stain. A significant difference again existed between cells
grown either in the presence or the absence of estrogen
(Fig. 5B). With an MOI of 1.0, apoptotic fractions were
7.86±1.48% and 11.36±1.33% (p=0.05) for cells grown with
and without ß-estradiol, respectively. With a GFP filter,
identical microscopic fields were examined to determine
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EGFP expression in relation to apoptosis. No apoptotic cells
strongly expressed EGFP.

Viral cytopathic effects in vitro. To examine the effect of
estrogen on oncolysis, cells were again plated either with
10 nM ß-estradiol or vehicle alone, and then infected with
NV1066 at MOIs of 0.1 and 0.5. Results are reported as
surviving fraction of untreated control cells. NV1066 is cyto-
toxic to MCF7 cells in a dose-dependent manner (Fig. 6A
and B). There is a significantly greater cytopathic effect in
cells treated in the presence of estrogen, particularly at the
lower dose of virus, which is more dependent upon viral
replication and proliferation for cell kill. By day 7, only
5.1% (±0.64%) of cells are still alive in the group grown with
estrogen and treated at an MOI of 0.1 compared to 47.5%
(±3.23%) of cells in the no-estrogen group treated with the
same dose of NV1066 (p=0.05). Significant differences are
also present at the higher MOI of 0.5, with a 10-20% advantage
to cell kill in the presence of estrogen on days 3 through 7.
An MOI of 0.1 is more cytotoxic to MCF-7 cells grown in
estrogen than is an MOI of 0.5 to cells grown without estrogen
(12.7% cell survival, ±1.39%), by day 7 (p=0.05).

The same experiment was performed using two other
human breast cancer cell lines, T-47D and HCC38. T-47D
cells are also ER+ and demonstrate increased proliferation
and decreased apoptotic fractions in the presence of estrogen,
similar to MCF7 cells (data not shown). In contrast, HCC38
cells are ER- and do not appear to be responsive to estrogenic
effects in vitro, based upon cellular proliferation studies (data
not shown). Although the cytotoxic effect of NV1066 was more
delayed in the slower growing T-47D cells, a significantly
greater percentage of cell kill was again noted in the presence
of estrogen, particularly at the lower MOI of 0.1 (Fig. 6C).
By day 9, 39.9% (±0.5%) of cells in the no-estrogen group
survived, compared to only 15.6% (±0.3%) of cells treated
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Figure 4. Effect of viral infection on apoptotic fractions and bcl-2 levels. (A
and B) Representative fields of TUNEL staining examined by bright field
microscopy at magnification x40, grown either in 10 nM ß-estradiol (A) or
no estrogen (B) demonstrating several brown stained apoptotic nuclei.
Apoptotic fractions after 24 h of infection with NV1066 were significantly
lower in MCF-7 cells grown in estrogen (p<0.01, t-test). (C) Lower rates of
apoptosis in cells grown with estrogen were associated with higher levels of
bcl-2 in both uninfected and infected cell populations. Infection with
NV1066 for 16 h significantly decreased bcl-2 levels in the cell population
grown in estrogen, while it also decreased the already low bcl-2 levels in
cells grown without ß-estradiol. 

Figure 5. Hoescht staining of infected cells. (A) Overlay photo created by
merging photographs taken through DAPI and GFP filters. Infected cell
populations demonstrate two mechanisms of cell death, oncolysis and
apoptosis. Oncolysis is a consequence of the virus overtaking the host cell
machinery to reproduce, while apoptosis is a cellular defense mechanism to
prevent reproduction and spread of the virus. Cells strongly expressing
EGFP have cytoplasmic swelling and nuclear dispersion, consistent with
oncolysis. Neighboring cells (arrows) display nuclear condensation and
blebbing of the nuclear membrane, morphology consistent with apoptosis.
(B) Apoptotic fractions following 48 h of infection with NV1066 were
significantly higher in cells grown in the absence of estrogen.
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with NV1066 in the presence of estrogen. This difference
was not noted in HCC38 cells, although the cells were also
quite sensitive to viral therapy, more so than the T-47D cells.
Cytotoxicity was essentially identical with or without estrogen,
with less than 5% survival in both treatment groups by day 7
(Fig. 6C).

In addition, NV1066 was effective against multiple breast
cancer cells even in the absence of estrogen (Fig. 7). In vitro,
at an MOI of 1, more than 90% of cells were killed by day 7
in all cell lines. This is observed across a wide range of
breast cancer cells irrespective of phenotype. The cells tested

were estrogen receptor positive (MCF-7, T47D) or negative
(HCC38, SKBr3, MDA-MB-435s, HCC1954), progesterone
receptor positive (T47D) or negative (MDA-MB-435s,
HCC1954, HCC38), p53 positive (MCF-7, T47D, SKBr3),
and HER2/c-erb-2 overexpressing (SKBr3, HCC1954).

In contrast to the increased efficacy of NV1066 in the
presence of estrogen, the decreased efficacy of chemo-
therapeutics and radiation therapy in the treatment of ER+

human breast cancer cells in the presence of estrogen has been
demonstrated in numerous in vitro studies. In our experiments,
the presence of estrogen reduced cell kill in vitro in both
estrogen receptor-positive cell lines, MCF-7 (51±4% to
16±2%) and T47D (26±3% to 13±1%), when exposed to taxol
at a concentration of 5 μM. Similar results were observed at
varying concentrations of taxol 0.5 and 50 μM (data not
shown).

Discussion

Herpes simplex viral mutants such as NV1066 infect, replicate
in, and lyse a variety of malignant tumor cells (8-13).
Replication-competent HSV-1 mutants are currently in clinical
trials for recurrent malignant gliomas and for unresectable
colorectal metastases to the liver (23,24). Phase I studies
have demonstrated favorable safety profiles (23-25). Animal
studies have demonstrated the efficacy of HSV-1 mutants in
the treatment of metastatic sites relevant to breast cancer,
including metastatic models of the lymph nodes, brain, liver,
and pleural cavity (8,11,18,26). Despite the large body of
literature concerning herpes viruses, little has been published
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Figure 6. Cell survival following infection with NV1066 either in the
presence of 10 nM ß-estradiol or vehicle alone. (A) MCF7 cells, MOI 0.1.
Significantly less cell survival is demonstrated by day 7 following treatment
with NV1066 in the presence of ß-estradiol at an MOI of 0.1. Only 5.1% of
cells survive compared to 47.5% without estrogen. (B) MCF7 cells, MOI
0.5. There was a 10-20% advantage to cell kill in the presence of estrogen
on days 3 through 7. An MOI of 0.1 in estrogen is more cytotoxic to MCF7
cells than is an MOI of 0.5 to cells without estrogen. (C) Cytotoxicity of
NV1066 to T47D and HCC38 cells. NV1066 at an MOI of 0.1 effectively
killed both cell lines. In T-47D cells (ER+), a significantly greater percentage
of cell kill was again noted in the presence of estrogen. HCC38 cells (ER-)
were very sensitive to viral therapy with NV1066; however, sensitivity was
essentially identical with or without estrogen, with the survival curves
overlapping.

Figure 7. Cell survival following infection with NV1066 in multiple breast
cancer cell lines at an MOI of 1. NV1066 effectively killed more than 90%
of all cells at an MOI of 1 by day 7. MDA-MB-435s and HCC1954 cells
were exquisitively sensitive to NV1066. Nearly 60-90% of the cells were
killed by day 3.
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regarding the interaction between viral therapy and hormonal
milieu. Oncolytic therapy with replication competent HSV-1
mutants has previously been demonstrated to be effective
against human breast cancer cell lines, without controlling
for in vitro or in vivo estrogen levels (8,17). Using the HSV-1
mutant, G207, Toda et al found a significant in vitro cytopathic
effect in three of four human breast adenocarcinoma cell
lines with an estrogen receptor negative cell line being least
susceptible (8). In the same study, this group demonstrated
efficacy of the virus in vivo in the treatment of subcutaneous
tumors and in a metastatic brain tumor model. Subsequently,
the same group reported on the successful use of G207 in
purging occult breast tumor cells from human bone marrow
cells in vitro (17). G207 was not cytotoxic to human bone
marrow cells themselves, and in fact stimulated hematopoietic
cell proliferation.

In our study, HSV was effective against multiple breast
cancer cells irrespective of receptor status. In all cell lines
tested, NV1066 killed greater than 90% of cells by day 7
after infection. Given the apparent efficacy of HSV-1 mutants
against human breast cancer cells and the established role
of hormonal therapy in the treatment of breast cancer, we
sought to determine, in this study, whether the hormonal
environment affects HSV-1 oncolytic therapy.

HSV-1 mutants are genetically altered for selective
replication in rapidly dividing cells. Our laboratory has
demonstrated that tumor cells with higher S-phase fractions
and shorter doubling times are generally more sensitive to
oncolytic HSV-1 viral therapy (12,27). Metabolically active
tumor cells provide mutant viruses with an environment in
which host cell machinery can be appropriated for viral
replication. In contrast, viruses replicate poorly in quiescent
cells. This biological phenomenon has important implications
in the use of viral mutants in hormone-sensitive tumors. In
the present study, we demonstrate that ER+ human breast
cancer cells have more rapid growth rates and higher S-phase
fractions when grown in the presence of estrogen. We believe
that this plays a significant role in the increased replication
and proliferation of NV1066 in cell populations grown in the
presence of estrogen.

With regard to ER- tumors, the effects of estrogen on
cellular proliferation are less clear. However, ER- breast
cells have been demonstrated to have significantly higher
proliferative indices than ER+ cells in several studies (28,29),
which should promote robust viral replication and oncolysis.
As demonstrated in this study, these tumors are also highly
sensitive to viral therapy. Doses as low as one viral PFU per
10 tumor cells killed over 95% of ER- cell populations after
one week in culture. It is particularly interesting that some of
these lines appear to be exquisitely sensitive to viral therapy
(MDA-MB-435s and HCC1954 cell lines, 60-90% cell kill
by day 3 with NV1066 at an MOI of 1). We believe that our
data provide preliminary evidence to postulate that oncolytic
viral therapy holds promise for ER- breast cancer. Factors
that are present in ER- cells that enhance proliferation or
inhibit apoptosis may favor replication competent viral vectors.
Because ER- negativity may be associated with a poor
prognosis following other forms of adjuvant therapy (30),
oncolytic viral therapy holds promise in such a clinical
setting.

Returning to ER+ breast cancer cells, part of estrogen's
ability to act as a growth and survival factor also occurs
through the prevention of apoptosis (4,31). Previous studies
have demonstrated that, in the absence of exogenously
provided estrogen, tumors of ER+ human breast cancer cells
may regress with evidence of apoptotic cell death (32,33).
Tamoxifen and other SERMs have also been demonstrated to
cause apoptotic cell death (32-35). Wild-type HSV-1 has
evolved mechanisms for suppressing apoptotic DNA frag-
mentation and cell death (14,36). HSV-1 mutants, including
NV1066 (15), lack functional viral proteins that have been
demonstrated to contribute to this anti-apoptotic effect
(16,19,20,37). Accordingly, previous reports have demonstrated
that such HSV-1 mutants induce morphologic and biochemical
changes consistent with apoptosis, whereas wild-type viruses
do not (16,38). Apoptosis in both infected and uninfected
bystander tumor cells has been shown to limit the replication
of viral progeny and to decrease the efficacy of viral-based
therapy (39,40).

NV1066 lacks single copies of the viral genes, ICP-4 and
Á134.5. The ICP-4 protein product acts as a transcription factor
to transactivate viral genes and plays a role in inhibition of
apoptosis in infected cells (15). The Á134.5 gene encodes for
the protein, ICP34.5, which functions to inhibit the ability of
infected cells to shut down protein synthesis and undergo
apoptosis in the face of viral infection (15). Loss of these
viral genes significantly attenuates NV1066 and renders
infected cell populations susceptible to virally induced
apoptosis. Apoptosis in infected cells and bystander cells
may be considered a host cell defense mechanism to minimize
the spread of viral progeny by limiting cellular production of
the virus. In the present study, we demonstrate that estrogen
led to decreased apoptotic fractions in infected cells and to
subsequent higher viral titers and improved oncolysis. In
contrast to these findings, similar differences in apoptotic
fractions have been suggested to decrease the efficacy of taxol
and of UV irradiation in MCF7 cells grown in the presence of
estrogen (4). While a difference of 1-2% in apoptosis may not
lead to a large cumulative difference in outcome using standard
treatment regimens such as chemotherapy or radiotherapy,
it can have a significant impact on replication-competent
biological therapies. For example, consider a clinical scenario
in which the virus infects two groups of 100,000 cells each.
If one population of cells undergoes a 1% higher rate of
apoptosis in response to viral infection, 1,000 fewer cells go
on to actively replicate the virus. Assuming that each lysed
tumor cell releases 100-1,000 viral progeny, an extra 1,000
cells may increase the effective dose of the virus by 100,000-
1,000,000 PFU with only one life cycle. Experiments conducted
in other cancer cell lines from our laboratory have shown that
such inhibition of apoptosis resulted in a significant advantage
of viral replication and propagation.

Decreased efficacy of chemotherapeutics and of radiation
therapy in the treatment of ER+ human breast cancer cells in
the presence of estrogen has been demonstrated in several
in vitro studies (3-6). Taxol and UV-irradiation are known to
induce apoptosis in human breast cancer cells. Estrogen is
thought to cause resistance to taxol and UV-light induced
apoptosis in ER+ cells by increasing expression of anti-
apoptotic genes and by increasing proliferation signals in the
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cells. These mechanisms are activated via specific steroid
receptors.

Regarding apoptosis, the relationship between the hormonal
environment and oncolytic viral therapy with regard to their
effect on bcl-2 levels is of particular interest. Bcl-2 acts at the
level of the mitochondria to block apoptosis (22). It is a member
of a family of proteins that includes both prosurvival proteins
and proapoptotic proteins. Although the anti-apoptotic effects
of estrogen are incompletely understood, the bcl-2 pathway is
thought to play a significant role (3,4,39,41). In the presence
of estrogen, cell survival has been shown to correlate with
increased expression of bcl-2 (6). Previous studies have
demonstrated that overexpression of the bcl-2 gene significantly
inhibits apoptotic cell death and cytotoxicity induced by various
chemotherapeutics and radiotherapy in vitro in human breast
cancer cells (3-5). It has been suggested that drug sensitivity
is directly related to the amount of bcl-2 expressed by the cell
(42). Additionally, cells that overexpress bcl-2 demonstrate
higher metastatic potentials in vivo in mouse models of meta-
static breast cancer (38). Clinically, although it is difficult to
assess the true prognostic meaning of bcl-2 overexpression
due to its close association with estrogen receptor positivity,
high bcl-2 levels have been associated with resistance to chemo-
therapy in advanced breast cancer (40). Treatment with bcl-2
antisense oligonucleotides in vitro has been demonstrated to
sensitize ER+ breast cancer cells to treatment with anti-cancer
drugs, including doxorubicin, paclitaxel, and cyclophosphamide
(41). Reduction of bcl-2 levels by antisense oligonucleotides
has also been demonstrated to be effective in facilitating
apoptosis in ER- breast cancer cells with low baseline bcl-2
levels, suggesting that the relative reduction is perhaps more
important than the absolute reduction (43).

Studies in the virology literature have suggested that
specific HSV-1 mutants, including ICP4-null mutants, decrease
bcl-2 levels by decreasing mRNA levels and by protein
destabilization (38). This reduction of bcl-2 levels is thought
to be a key event during apoptosis induced by these viruses
and correlates with decreased viral yields after infection.
In the present study, we demonstrate that estrogen increases
bcl-2 levels in ER+ breast cancer cells. This probably helps to
protect the cells from early apoptosis following viral infection,
which allows for subsequent replication and propagation of
the virus. This early cytoprotective effect ultimately leads to
increased cytotoxicity, as significantly more oncolytically
active virus is produced. Furthermore, the ability of HSV-1
mutants to decrease bcl-2 levels, as confirmed in this study,
may sensitize cells to other therapies, including chemotherapy
and radiotherapy. This may have important implications in
clinical trials in which the virus is given concomitantly or
prior to other therapies.

In conlusion, we believe that the effects of endogenous
estrogen on ER+ human breast cancer cells establish an
environment favorable to treatment with replication competent
HSV-1 mutants. These oncolytic viruses are also quite effective
against hormone receptor-negative cell lines. Thus, oncolytic
viral therapy may be an especially attractive option for
patients who fail SERM therapy or who have hormone-
insensitive tumors. Hormonal therapy with tamoxifen or
other SERMs is given to most patients with ER+ tumors.
However, approximately one-third to one-half of ER+ breast

cancers fail to respond to tamoxifen initially and up to 90%
develop resistance within one year (44,45). Most breast tumors
with acquired SERM resistance continue to express ER of
normal size and DNA-binding ability (46). Additionally,
tumors that initially respond to SERMs may develop resistance
to adjuvant chemotherapy by overexpression of antiapoptotic
proteins such as bcl-2 in residual cells (47). IIn vitro, high intra-
cellular levels of bcl-2 have been shown to confer resistance
against a variety of anti-cancer drugs and radiotherapy. In
therapy with replication competent HSV-1 mutants, increased
bcl-2 levels and a decreased rate of apoptosis should correlate
with enhanced viral proliferation, replication, and persistence,
leading to an improved oncolytic effect. NV1066 is therefore
an attractive treatment strategy for breast cancers that may be
resistant to other forms of therapy.

Further studies need to be completed to better define how
HSV-based therapy would integrate with current breast
cancer therapies. The results of this study suggest that HSV-1
mutants should not be used concurrently with tamoxifen or
other SERMs. Estrogenic effects on cells create an environment
favorable to viral replication and proliferation. The improved
efficacy of replication competent viral vectors in this setting
is unique. Combination therapy using HSV-1 mutants and
either chemotherapy or radiation therapy also holds promise.
Since genetically engineered herpes simplex viruses kill cancer
cells by oncolytic mechanisms differing from standard anti-
cancer therapies, there is an opportunity that synergistic inter-
actions with other therapies might be found with the use of
combination therapy. Improved understanding of the oncolytic
herpes simplex viral life cycle resulted in an exploration of
multiple such interactions between viral and cellular gene
products. Our laboratory has demonstrated that such inter-
actions are beneficial to reduce the dosage of individual
therapies without compromising cell kill in multiple cancers
(48,49). One possible mechanism of this synergy which has
not been previously explored is the reduction of anti-apoptotic
proteins caused by viral infection. In this report, we confirm
the results from previous studies that viral infection causes
significant decreases in bcl-2 expression in infected cells.
Overexpression of bcl-2 has been shown to inhibit cell death
caused by various chemotherapeutics and radiation therapy.
This raises the intriguing possibility that pretreatment with
HSV-1 mutants may sensitize cells to these other forms of
therapy. Further investigations are warranted as oncolytic
HSV-1-based therapy is utilized clinically.
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