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Abstract
Purpose—Glioblastoma (GBM) inevitably recurs despite surgery, radiation and chemotherapy.
A subpopulation of tumor cells, GBM stem cells (GSCs), has been implicated in this recurrence.
The chemotherapeutic agent, etoposide is generally reserved for treating recurrent tumors,
however its effectiveness is limited due to acute and cumulative toxicities to normal tissues. We
investigate a novel combinatorial approach of low dose etoposide with an oncolytic HSV to
enhance anti-tumor activity and limit drug toxicity.

Experimental design—In vitro, human GBM cell lines and GSCs were treated with etoposide
alone, oHSV-G47Δ alone or the combination. Cytotoxic interactions were analyzed using the
Chou-Talalay method and changes in caspase-dependent apoptosis and cell cycle were
determined. In vivo, the most etoposide-resistant human GSC, BT74, was implanted intracranially
and treated with either treatment alone or the combination. Analysis included effects on survival,
therapy-associated adverse events and histological detection of apoptosis.

Results—GSCs varied in their sensitivity to etoposide by over 50-fold in vitro, while their
sensitivity to G47Δ was similar. Combining G47Δ with low dose etoposide was moderately
synergistic in GSCs and GBM cell lines. This combination did not enhance virus replication, but
significantly increased apoptosis. In vivo, the combination of a single cycle of low dose etoposide
with G47Δ significantly extended survival of mice bearing etoposide-insensitive intracranial
human GSC-derived tumors.

Conclusions—The combination of low dose etoposide with G47Δ increases survival of mice
bearing intracranial human GSC-derived tumors without adverse side effects. These results
establish this as a promising combination strategy to treat resistant and recurrent GBM.
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Introduction
There has been minimal progress in the treatment of glioblastoma (GBM), due in part to
tumor heterogeneity, genetic diversity and the presence of radiation and chemotherapy
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resistant glioblastoma stem cells (GSCs)1. It has become clear that therapeutic
improvements will likely depend on effective combination therapies targeting multiple
aberrant signaling mechanisms. Although temozolomide is the standard chemotherapy
regimen for primary GBMs, recurrent GBMs are frequently treated with high doses of DNA
topoisomerase inhibitors such as irinotecan or etoposide plus platinum analogs2, 3.

Etoposide (VP-16) is a semi-synthetic derivative of a naturally occurring antibiotic,
podophyllotoxin, introduced in cancer clinical trails in 1971 and FDA-approved in 19834. It
inhibits topoisomerase II re-ligation of cleaved DNA molecules, resulting in the
accumulation of double-strand DNA breaks. This leads to late S and G2 cell cycle arrest 4.
Previous studies have reported that etoposide is effective against glioma cell lines and is
currently being widely used in the treatment of lung and ovarian cancer as well as recurrent
childhood brain tumors 5, 6. Although effective against GBM at high doses, etoposide often
leads to toxic side effects such as nausea, weight loss, alopecia, myelosuppression with
leucopenia, and thrombocytopenia 2, 3. Therefore, to avoid high dosage toxicities,
metronomic etoposide is being tested in combination with a number of drugs such as
Bevacizumab and Vandetanib for recurrent GBMs (Duke-clinical trials.gov) 7.

Oncolytic herpes simplex viruses (oHSV) are genetically engineered to selectively replicate
in and kill cancer cells but spare normal tissue. The safety of oHSV therapy has been
demonstrated in clinical trials with recurrent gliomas, however efficacy is limited8, 9. oHSV-
G47Δ, tested in this study, is currently undergoing clinical trial in patients with progressive
glioblastoma 10. Previously, it was shown that oHSV can combine with drugs such as
taxanes and temozolomide to synergistically kill various tumor cells 11, 12. However, this
study is the first to investigate combining clinically relevant etoposide (or irinotecan) with
oHSV as a strategy to improve overall efficacy for GBM 13.

We have established GSCs from human GBM specimens that provide a more representative
model for testing therapies on gliomas than the traditionally used adherent GBM cell lines.
Tumors generated from these GSCs retain the histopathological characteristics of GBM 14.
In this study, we demonstrated that low dose etoposide combined with G47Δ is efficacious
against intracerebral GBMs derived from chemotherapy resistant GSCs, without causing
obvious side effects.

Materials and Methods
Cell lines and Reagents

Human GBM cell lines U87, T98 and Vero cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA). Human astrocytes were obtained from
ScienCell (San Diego, CA). Cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% calf serum at 37°C and 5% CO2. GSCs GBM4, GBM8, and BT74
were isolated as previously described 14. BT74 was originally isolated by Dr. D. James as
GBM6 15. Cultures of GSCs were maintained as spheres in serum-free medium containing
20ng/ml recombinant human EGF (R&D systems) and 20ng/ml recombinant human FGF2
(Peprotech). Passaging of the cultures was performed by dissociating neurospheres using
NeuroCult Chemical Dissociation kit (StemCell Technologies, Vancouver, BC, Canada).
Etoposide (VP-16) and SN-38, used for in vitro studies, were purchased from Sigma and
dissolved in DMSO as a 51 mM stock solution. The final concentrations added to cells had
less than 0.5% DMSO, which is nontoxic to cells. For in vivo studies etoposide was
obtained from the MGH Pharmacy in solution at 20mg/ml.
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Cell susceptibility assays and Chou-Talalay analysis
Cells were dissociated and seeded into 96-well plates (4000 cells/well). The next day, the
cells were treated with either etoposide and/or G47Δ after 3–6 hours, at varying doses and
incubated at 37°C. 96h after incubation, MTS assays (Promega, Madison, WI) were
performed according to the manufacturer’s instructions. For U87 and T98 cells, MTT assays
(Sigma) were performed. For Chou-Talalay analysis, experiments were carried out as
described 16. Dose-response curves and 50% effective concentration values (EC50) were
obtained and fixed ratios of drug and virus were added to cells in combination. Mutually
exclusive equations were then used to determine Combination Index values (CIs). Briefly,
combined dose-response curves were fitted to Chou-Talalay lines 17 which are derived from
the law of mass action and described by the equation; log (fa/fu)=mlogD-mlogDm, where fa
is the fraction of total cells affected (percent cell death), fu is the fraction of total cells
unaffected, D is the dose, Dm is the median-effect dose, and m is the coefficient signifying
the shape of the dose-response curve. CI values were calculated using the equation CI=(D1/
Dx1)+(D2/Dx2)+(D1)(D2)/[(Dx1)(Dx2)], where Dx1 and Dx2 are the etoposide and G47Δ
doses, respectively, that are required to achieve a particular fa, and D1 and D2 are the doses
of the two agents (combined treatment) required for achieving the same fa. CI=1, >1, <1
indicate additive, antagonistic, and synergistic interactions, respectively.

Viral replication assays
U87 or dissociated GSCs were plated at 3× 104 cells/500μl in 24 well plates and etoposide
added at a concentration lower than EC50. 3–6 hours later cells were infected with G47Δ at a
multiplicity of infection (MOI) of 1, incubated at 37°C, and harvested with supernatant at
indicated time points. After three freeze-thaw cycles and sonication, the titers of infectious
virus were determined by plaque assay on Vero cells.

Western blotting and Caspase 3 Glo assay
Cells (1 × 105) were treated with etoposide alone (at less than EC50), G47Δ alone (MOI~1),
or the combination and harvested after 24 hours. Cell pellets were lysed in RIPA buffer with
a cocktail of protease and phosphatase inhibitors (Boston Bioproducts, Worcester, MA),
protein concentrations measured by Bradford assay, 40μg of protein loaded onto a 12% SDS
gel, electrophoresed, protein transferred to PVDF membranes, and probed with primary
antibody against cleaved caspase 3 (1:1000; Cell Signaling) or Actin (1:10,000; Sigma)
overnight at 4°C. This was followed by incubation with appropriate HRP-conjugated goat
anti-rabbit secondary antibodies (1:5000, Promega) for 1 hour at room temperature. Protein-
antibody complexes were visualized using ECL (Amersham Bioscience). Caspase-3 and -7
(caspase-3/7) activity was also evaluated using the Caspase-Glo 3/7 Assay kit (Promega),
according to the manufacturer’s instruction. Briefly, cells (5000 cells per well) were plated
in 96-well plates in triplicate, treated with etoposide (less than EC50) and 5 hours later
infected with G47Δ at MOI of 1 or mock. The caspase-glo solution was added 20 hours after
virus infection and luminescence read after one hour.

Cell cycle and apoptotic analysis
For cell cycle, gliomas cells were seeded into 10cm dishes and treated with G47Δ
(MOI~0.2), etoposide or the combination. Three to 4 days later, cells were pelleted, fixed
with cold 70% ethanol and stored at −20°C. Before analysis, fixed cells were washed in PBS
and then resuspended with propidium iodide (50μg/ml Sigma) solution containing 0.1%
sodium citrate, 0.1% Triton-X and 2μg/ml RNase (Sigma) and immediately analyzed by
flow cytometry using a BD FACSCalibur. For apoptosis TUNEL assay we used an APO-
BRDU kit (BD Bioscience), performed as per manufacturer’s instructions. Briefly, cells
treated with etoposide (less than EC50)alone, G47Δ alone at MOI of 0.5–1, combination of
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both, or mock, were fixed with 1% paraformaldehyde and 70% ethanol after 48hrs. These
cells were then labeled with DNA labeling solution for 1 hour followed by FITC-labeled
anti-BrdU antibody. Apoptotic cells were differentiated from non-apoptotic cells via flow
cytometry using a BD FACSCalibur. Data was analyzed using FlowJo software (Ashland,
OR).

Animal experiments
Nude mice were obtained from NCI and maintained under standard conditions. All mice
used in these studies were between 7–9 weeks of age. Dissociated human BT74 GSCs (2 ×
105 cells) were implanted stereotaxically into the right striatum (2.5-mm lateral from
Bregma and 2.5-mm deep), to generate orthotopic xenografts. On day 7, mice were
randomly divided into four groups (n=10/gp) and etoposide (3mg/kg) was injected
intraperitoneally (i.p) for 5 consecutive days to two groups of mice. On day 9, these two
groups and the other 2 untreated groups were injected with either 3μl of G47Δ (1.5 × 106

pfu) or PBS intratumorally using the same coordinates as for tumor implantation. Mice were
then followed for survival. Overall health of the animals, including body weight, was
recorded every 2–3 days, and animals were monitored for signs of discomfort or
neurological symptoms. All in vivo procedures were approved by the Subcommittee on
Research Animal Care, at Massachusetts General Hospital. For histological studies, mice
(21 days after tumor implantation) were treated with PBS, etoposide (5-day treatment; days
21 to 25) and/or G47Δ (day 23). 48 hours after virus injection or the last day of etoposide
treatment, animals were perfused with 4% paraformaldehyde and brains were removed,
embedded in OCT and sectioned. These sections were subjected to X-gal and hematoxylin
staining or immunocytochemistry with antibody against cleaved caspase-3 (Cell Signaling
Technology) followed by incubation with Cy3-conjugated anti-rabbit IgG secondary
antibody (Jackson ImmunoResearch, West Grove, PA) and DAPI.

Statistical Analysis
Comparisons of data in cell survival and viral yield assays were performed using two-tailed
Student’s t test. Survival was analyzed by Kaplan Meier curves, and comparisons
determined by logrank test. P values of <0.05 were considered significant. Statistical
analysis was conducted using Prism (GraphPad Software, Inc, San Diego, CA).

RESULTS
Cytotoxicity of etoposide and G47Δ in human glioma cells

As a topoisomerase inhibitor, etoposide can cause DNA strand breaks leading to cell death.
The cytotoxic effect of etoposide was initially tested in human GBM cell lines U87 and T98.
Both U87 and T98 were sensitive to etoposide-induced cytotoxicity with EC50 = 5μM
(Figure 1A). Others have reported similar EC50 for U87 (6.5 μM)18. Human GSCs (BT74,
GBM4, GBM8) exhibited a broad range of etoposide sensitivity (50-fold range), with EC50
values of 18μM, 1μM and 0.3μM, respectively. Notably, of these GSCs, BT74 was the most
resistant to etoposide. Normal human astrocytes, were even more resistant to etoposide
(EC50 = 90μM; Figure 1A). Besides etoposide, we also tested the effects of SN-38, the
active metabolite of the topoisomerase I inhibitor irinotecan, on U87 and T98 cell lines and
BT74 GSCs. The EC50 values were 0.08μM, 0.1μM and 0.2μM, respectively
(Supplementary Fig 1A). We next tested the cytotoxic activity of G47Δ oHSV. As
previously reported 14, G47Δ oHSV was highly effective at killing the two GBM cell lines
(EC50 of U87 at MOI 0.1; T98 at MOI 0.6) as well as all three GSCs (EC50 MOIs 0.1 to 0.3,
Figure 1B), whereas normal human astrocytes are quite resistant to G47Δ replication (EC50
MOI~ 1; unpublished results).
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Combination Therapy In Vitro
Since these two therapies (oHSV and etoposide) utilize different modes of cell killing, we
evaluated the effect of combining a fixed low dose of etoposide (less than the EC50 values
for each respective cell line) with G47Δ. In U87 cells, a significant increase in cell death or
decrease in cell viability was observed with combination treatment when compared to either
treatment alone. The combination of etoposide and G47Δ also yielded a significant increase
in cell death for BT74 and GBM4 GSCs but not for GBM8 (Figure 2). In the most
etoposide-resistant GSC, BT74, 3μM etoposide by itself had no effect on cell killing,
however combining this with G47Δ significantly enhanced cell death over G47Δ alone at
both G47Δ doses, MOIs 0.03 and 0.1.

The median-effect method of Chou and Talalay was used to determine whether the
combination acted synergistically. In all glioma cells tested, at a low fraction affected dose
(Fa=0.2, refers to 20% cytotoxicity) showed a clearly synergistic effect of the combination
of etoposide with G47Δ. At Fa =0.4, all cells except GBM8 GSC showed synergistic-
additive responses (Table 1). We also investigated the combination of the irinotecan
metabolite, SN-38 with G47Δ, which was antagonistic (CI value ≥1) due to inhibition of
G47Δ plaque formation on Vero cells and reduced the viral yield in U87 cells at EC50 values
of SN-38 (Supplementary Fig 1B, C). Previously, it was shown that certain
chemotherapeutic drugs, such as mitomycin C, temozolomide and 5-Fluorouracil, increase
oHSV replication, which could account for the observed synergy in cell death 13. Therefore,
we tested whether the increase in cytotoxicity observed with the combination of etoposide
and G47Δ was due to an increase in virus replication. However, in a single-step growth
assay, there was no significant difference in virus yields at two etoposide doses, and the
virus growth kinetics were similar with or without etoposide, except for a single time point
in BT74 (Figure 3).

Effect on Apoptosis and Cell Cycle
We next determined whether these moderately synergistic effects in cytotoxicity were
mediated through apoptosis. Caspase 3 and 7 are common effector caspases of both the
intrinsic and extrinsic pathways of programmed cell death 19. Combining etoposide with
G47Δ in U87 and BT74 resulted in increased levels of cleaved caspase 3 protein compared
to that with either treatment alone (Figure 4A). This was quantified using a Caspase 3/7
activity assay, where a significant increase with the combination was detected in U87,
BT74, and GBM4 cells (Figure 4B). This was not observed in GBM8 GSC where the
interaction was mostly antagonistic (data not shown). Although these differences may be
small, it is important to point out that the differences in caspase activation were most
apparent in BT74 GSC, which is extremely resistant to etoposide by itself. Thus, GSCs that
are less sensitive to etoposide may respond better to the combination treatment.

It is well known that etoposide can arrest cells either in the G2-M or S-phase of the cell
cycle 4, so we tested the effects of combination treatment on modulating the cell cycle
profiles. Etoposide treatment alone caused an (1.5–2.5-fold) increase in the G2/M
population of U87, BT74 and GBM4 cells, with an additional increase in S phase in BT74
(Figure 4C). G47Δ infection, as expected12, results in some growth arrest at the G1/S phase
of the cell cycle, with a significant increase in sub G1 phase in BT74, GBM4 and U87 cells.
The combination of G47Δ with etoposide resulted in a significantly greater proportion of
cells in sub-G1 phase in all three cells, with a concomitant decrease in G1 and G2/M cells
compared to etoposide alone (Figure 4C). The sub-G1 population likely consists of apoptotic
cells, but could also represent mechanically damaged cells or cells with a lower DNA
content. Therefore, we directly examined the induction of apoptosis using the TUNEL assay
and flow cytometry after 48 hours (Figure 4D). Etoposide treatment alone in U87, BT74 and
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GBM4 resulted in only a small increase in DNA fragmentation (1.4%, 5.1% and 4.3%
respectively). Virus treatment alone induced a greater degree of apoptosis (25-, 3-, and 6-
fold greater than etoposide respectively). The combination treatment resulted in a
moderately synergistic response (greater than additive), so that the majority of U87 and
GBM4 cells were apoptotic (79.3% and 52.7% respectively). The apoptotic effects were also
observed within 24 hours of treatment in BT74 and GBM4 cells with etoposide alone
inducing apoptosis in 1.3% and 6% of cells, virus alone in 1.86% and 13.4% and the
combination at 4.81% and 18.7% of cells respectively. This suggests that apoptosis is an
important contributor to the combination effect in vitro.

Combination therapy with G47Δ and etoposide extends survival in an etoposide-resistant
intracranial model of human GSC

To translate the observed effects of combination treatment in vivo, we utilized BT74, which
was the most etoposide insensitive GSC tested. Histopathologically BT74 forms aggressive
tumors with high levels of vascularity and intratumoral hemorrhage 14, 16. The maximum
tolerated dose of etoposide in mice has been published to be 40mg/kg 20. We used a single
5-day cycle of low dose etoposide at 3mg/kg/day with intratumoral G47Δ injection in the
middle of the cycle (day 3 of etoposide), similar to the metronomic dose/scheme used in the
clinic for oral etoposide to avoid toxicities associated with high doses7, 21. A similar low
dose of etoposide was also used in the study by Bello et al., 2001 21. Control mice bearing
BT74 intracerebral tumors had a median survival of 40 days and treatment with low dose
etoposide alone had no effect at prolonging survival. A single intratumoral injection of
G47Δ improved survival (p<0.03) to a median of 46 days similar to what was seen
previously 14. However, the combination treatment of low dose etoposide with G47Δ was
much more efficacious than either treatment alone, significantly extending the median
survival to 57 days (p<0.05 vs. G47Δ, and p< 0.001 vs. etoposide). Two mice (out of 10)
from the combination treatment group survived more than 80 days (Figure 5A). One mouse
died at day 109 with a tumor, but the one alive at day 150, had a complete response with no
observable tumor on histological analysis. Gross macroscopic analysis of liver/spleen as
well as skin from the treated animals showed no abnormalities with any of the treatments. It
is important to note that this low dose etoposide regimen (3mg/kg) with or without G47Δ
did not produce any significant adverse effects as observed by measuring body weight over
the period of treatment (Figure 5B). The abrupt decrease in weight on day 10 was due to
anesthesia and surgery and all mice recovered similarly.

Combination therapy of G47Δ with etoposide enhances caspase 3 activation
Combining etoposide with G47Δ did not have any effect on viral infection and spread within
the tumor as illustrated by X-gal staining (G47Δ-infected cells) at 48 hours after virus
injection in the presence or absence of etoposide injections (Figure 6A). Since combination
treatment increased apoptosis in vitro, we examined BT74 tumor sections from mice for the
presence of activated caspase 3. PBS treatment induced barely detectable levels of cleaved
caspase-3 within the tumor while treatment with etoposide alone induced only a small
increase in cleaved caspase-3 positive cells (Figure 6BC). In contrast, G47Δ infection
induced a significantly larger increase in cleaved caspase 3-positive cells, which was further
increased when combined with etoposide (p<0.003 vs. G47Δ alone; p<0.0003 vs. etoposide
alone) (Figure 6B,C). These high immunopositive indices for caspase 3 activation provide
further support that increased apoptosis contributes to improved survival.

DISCUSSION
We report here the first study to demonstrate that low dose etoposide can be combined with
oHSV to effectively target GSCs. This combinatorial strategy holds great promise for the
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treatment of both primary and recurrent GBMs as it could enhance efficacy while
minimizing toxicity 22.

In vitro, etoposide was just as effective at targeting human GSCs as the human gliomas cell
lines. These results may seem counterintuitive, however, recent evidence has shown that
cancer stem cells are genetically diverse, can differ in drug efflux resistance mechanisms,
and that certain chemotherapeutics may preferentially target GSCs23, 24. BT74 was the most
resistant GSC to etoposide when compared to the other GSCs and glioma cell lines tested
(Figure 1). In contrast, GBM8 was very sensitive to etoposide alone (EC50 0.3 μM). Reasons
for the differences in etoposide sensitivity observed in GSCs include differences in
proliferation rate, cell-cycle distribution, DNA repair, and drug resistant efflux
mechanisms 25. Some studies also suggest that cells with wild-type p53 and Akt-myr-
transduced Ink4a/Arf−/− are more sensitive to cell death by etoposide 26, 27. This is in line
with our in vitro etoposide susceptibility data with GBM8, expressing wild type p53, the
most sensitive to etoposide, followed by GBM4 that is heterozygous for p53 (unpublished
data) and BT74 with mutated p53, being the least sensitive15, 28. Further genetic analysis of
the GSCs may identify signaling pathways responsible for the apoptotic response to DNA
damage by etoposide in GSCs with mutant p53.

We show that etoposide and oHSV when combined cooperatively kill GBM cells including
GSCs much more effectively than either agent alone. Some drugs can predispose cancer
cells towards increased viral replication by increasing the expression of ribonucelotide
reductase (RR) or GADD34 29, 30, which would amplify the progeny and spread of oncolytic
virus to adjacent cells to enhance cytotoxicity as with temozolomide11. Although there
appears a significant but minimal increase in the kinetics of viral replication after etoposide
treatment in BT74 cells, over time the viral yield plateaus off and is similar to control
(Figure 3). Negligible differences in G47Δ titers with or without etoposide treatment were
seen regardless of the cell line or GSC tested, and, thus increased viral replication is not the
cause of the additive to moderately synergistic cytotoxic effects observed with combination
treatment (Figure 2, Table 1). Such effects on cell killing with no increase in viral
replication have been observed previously with other chemotherapeutics such as paclitaxel,
docetaxel and cisplatin12, 13. Importantly, we observed that unlike etoposide, SN-38, the
active metabolite of irinotecan, inhibits G47Δ replication in U87 glioma cells even at low
doses (Suppl. Figure 1). Accordingly the additive to synergistic cytotoxic responses
observed with the G47Δ-plus-etoposide combination, were not observed with irinotecan.
This difference of action between the two types of topoisomerase inhibitors may be related
to the finding that topoisomerase II levels are found to be higher during the S phase and in
proliferating cells, whereas topoisomerase I levels are almost constant during the cell
cycle 31. The ability of etoposide to induce cells to enter the S or G2-M phases may make
cells more sensitive to oncolysis by G47Δ. Such mechanisms have been proposed for
treatment with adenovirus delta 24 and S-phase dependent treatments 12, 32.

We performed cell cycle analysis since both etoposide and oHSV have been reported to
block the cell cycle at different phases. Etoposide alone induced predominantly a G2/M
arrest, as reported by others4, and a decrease in G0/G1 cells. oHSV has been reported to
cause a G1/S phase arrest33, but the most predominant effect of G47Δ in GSCs and U87 was
the increase in Sub-G1. Treatment with the combination of etoposide and G47Δ resulted in a
significant increase in the Sub-G1 population, and a decrease in the G2/M phase. This
knowledge of cell cycle phases both in terms of the drug’s cytostatic effect and its ability to
induce apoptosis may provide helpful information for designing future combination
treatments34.
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Although cells in sub-G1 may be undergoing apoptosis35, to directly measure apoptosis, we
labeled DNA fragmentation, a classic irreversible apoptosis marker, using the TUNEL assay
(Figure 4D). The combination of G47Δ with a low concentration of etoposide, greatly
increased apoptosis over either treatment alone, in U87, BT74 and GBM4 cells. However, it
is worth noting that other cell death pathways, such as autophagy, necrosis or pyroptosis
(caspase-1-dependent inflammation), could also contribute to the enhanced efficacy of the
combination in vivo. Etoposide has been reported to induce autophagy in certain cells36 and
it is known that caspase activation can also be induced in glioma cells undergoing
autophagy37. The differences in the extent of apoptosis amongst the cells may potentially be
due to p53 status or activation of Cdk1 checkpoint but further studies may be required to
understand this38.

Most chemotherapy regimens are inherently toxic when administered at high doses, and
their therapeutic benefits are based upon the balance between maximizing antitumor effects
and minimizing non-specific toxicities on normal cells. Multiple studies have shown that the
anti-tumor activity of etoposide is schedule dependent, as smaller doses over several days or
small daily doses result in higher response rates than a single large dose 39, 40. Our in vivo
study was devised to utilize one injection of G47Δ, a clinically relevant oHSV, sandwiched
within one cycle (5 day treatment) of low dose metronomic etoposide. This low dose
etoposide treatment was very well tolerated by the animals as demonstrated by the absence
of any weight loss or adverse effects. There has been evidence that multi-drug resistant
tumors can be effectively targeted by low doses of cytotoxic drugs given at close regular
intervals or metronomic doses with minimal toxic side effects 41. Recent observations also
suggest that chemotherapeutic agents may have additional properties of therapeutic
relevance such as anti-angiogenic effects through targeting of endothelial cells and
beneficial effects on the regulatory arms of the immune system42–45. These may in part
account for our observation of increased cleaved caspase 3 expression with etoposide
treatment alone in vivo, despite the etoposide resistance of BT74, however this needs to be
further investigated. It is important to note that although this dose of etoposide did not
produce an improvement in survival on its own, the combination with G47Δ was effective at
enhancing survival. Furthermore, the combination treatment of etoposide and G47Δ resulted
in a significant increase in activated caspase 3 in vivo over either agent alone. Our findings
have important implications for the design of protocols with combination treatment and can
influence the construction of more rational oncolytic therapeutics16, 46. One such example is
HSV-2 mutant (Delta-PK) in which the relatively limited virus replication is associated with
a robust tumor cell killing via a bystander effect through functionally distinct proteases47.

A combination therapy regimen to combat a treatment-refractory cancer like GBM is likely
to have a higher probability of success than treatments with single agents, given the need to
counter a wide variety of possible resistance mechanisms. Indeed, the use of oral etoposide
combinations such as with angiogenesis inhibitors, chemotherapy and/or radiation has
demonstrated activity in a number of mouse tumor models and in patients 48, 49. As an FDA
approved drug, etoposide is ideally suited for use in combination with G47Δ to treat primary
or recurrent GBM. In summary, our data highlights the importance of exploring
combinations of low dose chemotherapeutic agents with oHSV to treat drug resistant human
GBMs without inducing toxic side effects. Additional studies will be needed to evaluate the
optimal dosing and scheduling of combination oHSV with metronomic etoposide in human
patients, along with genetic analysis to provide insights for future stratification of patients
based on chemotherapy resistant mechanisms. However, metronomic chemotherapy can be
cost effective and well-tolerated, and thus these data can reposition an existing drug into a
new clinically-relevant role 50.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Despite aggressive multi-modal therapies (including chemotherapy with etoposide), the
outcome for patients with glioblastoma (GBM) has not improved much over the last three
decades. Patients frequently encounter side effects of current chemotherapy regimens and
more effective and less toxic strategies are needed to eradicate GBM including the
glioblastoma stem cells (GSCs). This study shows for the first time that the
topoisomerase inhibitors, etoposide and irinotecan, are effective at killing GSCs. More
importantly, topoisomerase II inhibitor etoposide, but not topoisomerase I inhibitor
irinotecan, can synergistically to additively cooperate with the oncolytic herpes simplex
virus (oHSV-G47Δ), to induce apoptosis of GSCs and improve survival in mice with
intracranial human GSC tumors without inducing toxic side effects. Since both etoposide
and G47Δ have already been used independently in clinical trials, these findings provide
support for a clinical trial utilizing the combination of low dose etoposide with G47Δ for
the treatment of GBM.
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Figure 1. Dose response curves of etoposide and G47Δ in human glioma cell lines and GSCs
(A) Increasing concentrations of etoposide were assayed in U87 and T98 cell lines (left),
three human GSCs (BT74, GBM4, GBM8) (middle) and normal human astrocytes (right).
(B) Increasing MOI of G47Δ oHSV in U87 and T98 cell lines (left), and human GSCs
(right). (C) Table showing EC50 values of etoposide calculated for human glioma cells and
normal human astrocytes. Cells were seeded in 96 well plates and incubated with increasing
concentrations of etoposide or different MOI of G47Δ, and cell viability measured 96 hours
later. The percentage of viable cells relative to mock-treated controls (% survival) was
plotted. Points are means of triplicate wells and three different experiments; bars, SEM.
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Figure 2. Combinatorial strategy with low dose etoposide and G47Δ shows increased cytotoxicity
Cytotoxic assays in U87, BT74, GBM4, and GBM8 cells were performed with indicated
doses of etoposide (less than EC50) and/or with G47Δ at MOI 0.1 or 0.03. Cells were plated
in 96 well plates and etoposide added 3–6 hours before G47Δ. Cell death was measured at
96 hours after treatment and expressed as a percentage of mock treated controls. Results are
the means of triplicate wells and three different experiments; bars, SEM. * p <0.05, **
p<0.01 (by paired t-test).

Cheema et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Etoposide does not affect G47Δ replication
U87 (left), BT74 (middle) and GBM4 (right) were infected with G47Δ at MOI=1 in the
presence or absence of etoposide at the indicated concentrations (<EC50). At indicated time
points, cells and medium were harvested and viral titers were determined on Vero cells. *
p<0.05 versus G47Δ alone (by paired t-test)
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Figure 4. Increased apoptosis with combination of low dose etoposide and G47
Δ. U87 (left), BT74 (middle) and GBM4 (right) were (A) processed for western blotting
with the antibody against cleaved caspase 3 (~17–19 kDa) after 24-hour treatment with
mock-treated (ctrl), etoposide (E) alone (3μM in U87 and BT74 and 0.4μM in GBM4),
G47Δ (V) alone (MOI=1) or the combination (E+V). Actin was used as a loading control.
(B) Caspase 3/7 activity was measured by luminescence assay after 18–20 hours of the same
treatments as in A. ** p<0.05 from E alone or V alone (by Student’s t-test). (C) Cell cycle
analysis was performed at 3–4 days after etoposide (Etop) at the same concentrations as in A
and/or G47Δ (MOI=0.2). Percentage of cells in each phase of the cell cycle was calculated.
Increase in percentages *p<0.05 from ctrl, **p<0.05 from G47Δ or etoposide alone (by
Student’s t-test). (D) APO-BRDU assay (right) at 48hrs after etoposide (Etop) at the same
concentrations as in A and/or G47Δ (MOI=0.5–1). The graphs (Fluorescein-BrdU Vs. Total
DNA- Height) show the percentages of apoptotic (Apop) and non-apoptotic (Non-Apop)
cells.
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Figure 5. Treatment of intracranial BT74 tumors
BT74 GSCs were implanted intracranially in athymic mice. Seven days later the mice were
treated intraperitoneally (i.p) with etoposide (3mg/kg/day, black arrows) or PBS for five
consecutive days and injected intratumorally with G47Δ (1.5 × 106 pfu, black diamond) or
PBS in 3μl on day 9. (A) Kaplan-Meier survival curves with treatments. Etoposide alone is
not different from PBS whereas G47Δ treatment alone is significantly different from PBS
(p<0.03). Combination treatment was significantly different from G47Δ (p<0.05) as well as
etoposide alone (p<0.0005). (B) Body weight of mice in gms. Arrows represent the daily
etoposide injections (5 days) and a black diamond indicates the day of G47Δ intratumoral
injection. The decrease in weight observed on day 10 is due to anesthesia and surgery
performed the day before. No statistical differences were observed between all four groups
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Figure 6. Staining of brain sections from treated tumor-bearing mice
(A) Lac Z staining of brain sections from mice treated with injection of intratumoral G47Δ.
Mice receiving G47Δ alone or combined with etoposide were sacrificed 48 hrs after G47Δ
injection. Hematoxylin was used for counterstain (40x magnification) (B) Representative
images of brain tumor sections immunostained with an antibody to cleaved caspase-3 (red)
(30x magnification) (C) Quantification of cleaved caspase-3 immunopositivity. Pictures
were taken from 3–4 random fields/section and positive staining quantified in 2 mice/group
(** p< 0.05).
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