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In vitro screen of a small molecule inhibitor drug library identifies
multiple compounds that synergize with oncolytic myxoma virus
against human brain tumor-initiating cells
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Background. Brain tumor-initiating cells (BTICs) are stem-like cells hypothesized to form a disease reservoir that mediates tumor
recurrence in high-grade gliomas. Oncolytic virotherapy uses replication-competent viruses to target and kill malignant cells and
has been evaluated in clinic for glioma therapy with limited results. Myxoma virus (MyxV) is a safe and highly effective oncolytic
virus (OV) in conventional glioma models but, as seen with other OVs, is only modestly effective for patient-derived BTICs. The
objective of this study was to determine whether MyxV treatment against human BTICs could be improved by combining chemo-
therapeutics and virotherapy.

Methods. A 73-compound library of drug candidates in clinical use or preclinical development was screened to identify
compounds that sensitize human BTICs to MyxV treatment in vitro, and synergy was evaluated mathematically in lead com-
pounds using Chou-Talalay analyses. The effects of combination therapy on viral gene expression and viral replication were
also assessed.

Results. Eleven compounds that enhance MyxV efficacy were identified, and 6 were shown to synergize with the virus using Chou-
Talalay analyses. Four of the synergistic compounds were shown to significantly increase viral gene expression, indicating a
potential mechanism for synergy. Three highly synergistic compounds (axitinib, a VEGFR inhibitor; rofecoxib, a cyclooxygenase-
2 inhibitor; and pemetrexed, a folate anti-metabolite) belong to classes of compounds that have not been previously shown to
synergize with oncolytic viruses in vitro.

Conclusions. This study has identified multiple novel drug candidates that synergistically improve MyxV efficacy in a preclinical
BTIC glioma model.
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Glioblastoma multiforme (GBM) is a deadly brain cancer char-
acterized by poor clinical outcome and resistance to conven-
tional therapies.m? The current standard of care for GBMs
includes surgical resection, radiotherapy, and chemotherapy
using temozolomide (TMZ). However, virtually all patients suc-
cumb to recurrent disease.?

Brain tumor-initiating cells (BTICs) are stem-like cells hypoth-
esized to drive GBM recurrence and treatment resistance,>~> and

have been putatively identified in human gliomas through in situ
expression of neural stem cell markers.®’ Recently, researchers
investigating spontaneous murine high-grade gliomas have suc-
ceeded in tracing the emergence of a TMZ-resistant compart-
ment that possessed distinctive stem-cell characteristics.”
Such studies highlight the importance of developing alternative
therapies for targeting the BTIC compartment, which has re-
peatedly proven resistant to chemotherapy and radiation.®~**
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Cultured patient-derived BTICs represent a powerful tool for
evaluating the efficacy of novel GBM treatments. To maintain
BTIC populations in culture, patient-derived surgical samples
are grown as neurospheres in serum-free, growth factor-
supplemented neural stem cell-promoting conditions.*>** Cul-
turing GBM specimens as neurospheres has been shown to
retain the stem-like nature of the glioma, resulting in stable
retention of original tumor gene expression patterns and in
vivo growth characteristics when grafted into mice.***>

One promising experimental approach to treating the BTIC
compartment of GBMs is oncolytic virus (OV) therapy, which
uses replication-competent viruses to selectively infect and
kill malignant cells.'® Several OVs have been clinically evaluated
for the treatment of malignant gliomas, including herpes sim-
plex virus,*” =9 adenovirus,° reovirus,’! and Newcastle disease
virus.?? These trials were designed to establish the safety of in-
tracerebral OV injections, which were found to be safe. Howev-
er, ancillary observations noted only a handful of clinical
responses, suggesting that OV monotherapy is insufficient for
achieving durable responses.’® It is conceivable that combina-
tion therapy approaches would promote enhanced clinical effi-
cacy compared with virus alone.

We and others have previously assessed the effectiveness of
OVs for treating the BTIC compartment?*~2?’ and have shown
that BTICs have variable levels of resistance to single agent
OV treatment. One approach that may increase viral tropism
for and enhanced killing of BTICs is the combined use of OV and
drug therapy. This strategy has been previously shown to en-
hance OV efficacy in various models.?®?? The mechanisms of
drug-virus interactions characterized to date tend to fall within
2 broad categories. First, there are drugs that act to modulate
the vasculature and/or immune system to improve viral delivery
and reduce immune-mediated viral clearance or improve ac-
quired anti-tumor immune responses. Examples of these include
gemcitabine,?® cyclophosphamide®® and cyclooxygenase-2 in-
hibitors.>! Alternatively, there are drugs that act on tumor cells
to improve viral replication and/or virus-mediated cell killing,
examples of which include histone deacetylase inhibitors*?
and topoisomerase II poisons.?’** Some drugs, such as rapa-
mycin, have demonstrated both mechanisms of action, making
them favorable choices for future combination therapy in the
clinic.?33%3°

Myxoma virus (MyxV) is a promising oncolytic candidate that
is highly effective in traditional xenograft models but shows
limited efficacy as a monotherapy in other models, including
syngeneic murine models and patient-derived BTIC mod-
els.?33*3%37 While we have previously shown that the mTOR in-
hibitor rapamycin modestly improves MyxV efficacy against
some patient-derived BTICs (an effect that is enhanced in
some BTIC lines by TMZ?3), the opportunity to develop more ef-
fective combinations remains open. Although drug screens
have been performed to enhance OV therapy in the past,
to our knowledge there has never been a screen designed to
identify chemotherapeutics that enhance OV efficacy against
BTICs. In this study, we manually screened a drug library con-
taining 73 compounds in various stages of clinical development
and identified multiple candidate compounds that enhance
MyxV oncolytic efficacy. Candidate compounds were then
tested for synergistic interactions with MyxV using the Chou-
Talalay method.*®° Not only did this approach confirm that

several drugs with known ability to synergize with OVs were
also effective with MyxV but, more importantly, we identified
several novel candidates for OV combination therapy, some
of which are in trials for glioma treatment (eg, bosutinib
[NCT01331291] and axitinib [NCT01562197, NCT01508117]).
These findings demonstrate that the drug screen approach
may be an important tool for discovering novel OV combinato-
rial therapies for GBM.

Materials and Methods

Brain Tumor-initiating Cell Isolation and Culture

The Brain Tumour Initiating Core at the University of Calgary
provided the human BTIC lines used in this study. BTIC lines
had been established, as previously described,® from tissue
samples obtained through the University of Calgary Neurologic
and Pediatric Tumor and Related Tissue Bank, following in-
formed consent from glioma patients and approval by the Uni-
versity of Calgary Conjoint Health Research Ethics Board. BTICs
were cultured as outlined in the Supplemental Methods and as
described previously.”?

Viruses Used

MyxV-dsRed consists of wild-type MyxV with a Discosoma red
fluorescent protein (dsRED) cassette under the control of a
late viral promoter.“? MyxV-FLuc contains both a green fluores-
cent protein and an enhanced firefly luciferase (FLuc) reporter
under the control of an early viral promoter.?® The virus was
propagated as described elsewhere*! and stored in aliquots
at —80°C. Titration of viral stock was performed on baby green
monkey kidney cells, using fluorescent foci-forming assays, as
described in the Supplemental Methods.

Viral Replication Assays

Early viral gene expression was measured by infecting BTICs
with MyxV-FLuc?? at the indicated multiplicity of infection
(MOI) in clear-bottom, black-sided 96-well plates with the indi-
cated concentrations of drugs. All treatments were performed
in quadruplicate, and luminescence was measured as de-
scribed in the Supplemental Methods.

Viability Assays

BTIC susceptibility to virus alone was assessed by plating cells
(1 x 10* cells/well) in 96-well clear-bottom tissue culture plates
and infecting with MyxV-dsRED at the indicated MOI. All treat-
ments were performed in internal replicates of 6 and biological
replicates of 3 unless otherwise noted. At the indicated time
point, viability was measured using Alamar Blue (Invitrogen)
according to manufacturer’s instructions.

Small Molecule Inhibitor Drug Screen

The drug library, compiled by ChemieTek, consisted of 73 che-
motherapeutic agents and small molecule inhibitors in various
stages of preclinical and clinical development (Supplementary

Neuro-Oncology

1087


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou359/-/DC1

McKenzie et al.: Combination treatment sensitizes BTICs to MyxV therapy

Table S1). The high-throughput screening procedure is de-
scribed in the Supplemental Methods.

Chou-Talalay Analysis

Cells were plated at 1 x 10%/well in 96-well plates and were
treated as follows in internal replicates of 8: (i) no treatment;
(i) drug alone (1 pM, 3 wM, 10 uM for high-dose hits; 100 nM,
300 nM, and 1000 nM for low-dose hits); (iii) virus alone
(1 MOI, 3 MOI, 10 MOI); and (iv) combination treatments in-

cluding every combination of drug and virus concentrations list-
ed. For each of the combination treatments, cells were
pretreated with drug for 4 hours prior to infection with virus.
Cells were incubated as described above for 48 hour, and viabil-
ity was measured with Alamar Blue.

Combination indices (CIs) were calculated using the Chou-
Talalay method,*®39 which stipulates that a CI > 1 indicates
antagonism, a CI =1 indicates an additive effect, and a CI <1
indicates synergy (described fully in Supplemental Methods).
Multiple studies have established that Chou-Talalay analysis is
applicable to pharmacoviral interactions*>“* as well as more
traditional drug-drug interactions.
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Statistical Analysis

All statistical analyses were performed using Microsoft Excel
and GraphPad Prism 6.0. Student’ t tests were 2 sided and con-
sidered significant at P<.05.

Results

Patient-derived BTICs Are Moderately Susceptible to MyxV
as a Monotherapy

The viability of patient-derived BTIC cultures following MyxV in-
fection was quantified using Alamar Blue at 48 hours post in-
fection with 0-10 MOI of MyxV-dsRED (Fig. 1A). Susceptibility
to MyxV-mediated cell death was variable, with BT012 cells
demonstrating the greatest susceptibility to MyxV, and BT025,
BT048, and BT073 cells demonstrating relatively limited sus-
ceptibility. Complete cell death (0% viability) was only observed
in one BTIC line (BT012) at 72 hours post infection at the high-
est dose tested, 10 MOI (Supplementary Fig. S1). This confirmed
previous observations that BTICs are only moderately suscepti-
ble to MyxV in vitro, which may underlie the limited efficacy of
MyxV as a monotherapy in vivo.”?
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Fig. 1. Brain tumor-initiating cells (BTICs) are moderately susceptible to MyxV infection and killing. (A) The viability of a panel of BTICs was assessed
using Alamar Blue at 48 hours following MyxV infection, with absorbance values normalized to the untreated control for each BTIC line. Data are
presented as mean 4 SEM (n = 3, each with 6 internal replicates). (B) BTICs demonstrate variable late viral gene expression following infection with
1 or 10 MOI MyxV-dsRED. Viral red fluorescent protein expression was assessed 24 hours post infection with MyxV-dsRED. Cells were imaged using
a Zeiss Axiovert microscope at 100X magnification with a rhodamine filter (scale bar = 50 um). (C) Whole-cell viral titers were performed to assess
viral replication at 72 hours post infection, demonstrating productive infection of all BTIC lines by MyxV. Data represent the mean number of
foci-forming units (FFU) at 72 hours post infection, with the input virus subtracted (n = 2).
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To verify that BTICs support a productive MyxV infection, we
used a MyxV construct tagged with red fluorescent protein
(RFP) under the control of a late viral promoter (MyxV-dsRED).
As shown in Fig. 1B, all BTIC lines expressed RFP at 48 hours
post infection, with BTO48 expressing the lowest levels. To fur-
ther confirm that infectious progeny virions were produced in
these cells, we performed viral titers and found functional in-
fectious virions in all BTIC lines (Fig. 1C). We selected the
BT025 line for use in the drug screen because it was moderately
resistant to MyxV-induced cell death (Fig. 1A) while still able to
support productive viral replication (Fig. 1B and C).

Primary Screen of the Drug Library at 1uM Identifies 8
Lead Compounds

We used a diverse library of 73 compounds (Supplementary
Table S1) and treated BT025 cells with MyxV-dsRED alone

(1 MOI), drug alone (1 wM), or a combination of drug and
virus (4 h preincubation with 1 uM drug prior to infection with
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1 MOI MyxV-dsRED), and assessed viability using Alamar Blue
48 hours post infection (Fig. 2A).

The viability data generated for all 73 drugs alone and in
combination with MyxV-dsRED are shown in Supplementary
Fig. S2. Data are summarized as the difference in viability be-
tween combination-treated cells and drug-alone-treated cells
on a scatterplot for all 73 compounds (Fig. 2B). Drugs for which
combination treatment did not enhance MyxV efficacy were
clustered around 0%, while combination treatments that were
less effective than drug alone were represented as negative val-
ues. Since virus alone leads to a ~20% reduction in the viability
of cells (indicated by the solid grey line), combination treat-
ments that reduced viability >20% than by drug alone were
considered candidate compounds for further investigation.
Based on this criterion, 8 potential candidates were selected
for further characterization. All 8 drugs showed a significant
(P<.05) combination effect when compared with either drug
or virus alone (Fig. 2C). These drugs and their known activities
are listed in Supplementary Table S1. Drugs that were identified
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Fig. 2. Primary screen of 73 cytotoxic and small molecule inhibitors in combination with MyxV in BT025 reveals 8 candidate compounds for further
characterization. (A) Schematic for primary drug screen. Brain tumor-initiating cells (BTICs) were incubated with 1 uM drug for 4 hours prior to
infection with MyxV (1 MOI). Viability was assessed 48 hours post infection. (B) Summary of primary screen: drugs are positioned sequentially
on x-axis relative to their number in Supplementary Table S1. Values on the y-axis indicate the percent difference in cell viability between drug
alone and combination treatment. Combination treatments that caused a > 20% loss in cell viability than drug alone were considered candidate
compounds (threshold for hits is indicated by horizontal grey line). The 8 candidate compounds identified are labeled by name. (C) viability was
reassessed to validate these candidate compounds, and all 8 candidate compounds showed a significant (P < .05, *) combination effect compared
with either drug alone or virus alone. Data are plotted as the mean viability + SEM (n = 3). (D) Twenty-one potent drugs (those for which drug alone
killed >70% of cells at 1 uM) were rescreened as shown in Supplementary Fig. S3A at 100 nM. Three of these drugs were shown to significantly (P <
.05, *) improve cell killing compared with either treatment alone. Data are plotted as the mean viability + SEM of 3 independent experiments, each
with 6 internal replicates.
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as candidate compounds at 1 uM in the first-pass screen are
referred as “high-dose candidate compounds.”

Secondary Screen at 100nM Identifies 3 Additional Lead
Compounds

Based on the primary screen (Supplementary Fig. S2), we obser-
ved that 21 compounds caused a > 70% reduction in BT025
viability at 1 pMin the absence of virus. This level of cytotoxicity
was thought to obscure the opportunity to discover potential
combination effects. Subsequently, these drugs were rescreened
at a lower dose (100 nM) in 3 independent trials. Data for all 21
drugs are shown in Supplementary Fig. S3. From this screen at
100 nM, 3 additional drugs were identified for which combina-
tion treatment significantly (P < .05) improved the efficacy of
MyxV compared with drug alone or virus alone (see Fig. 2D).
For ease of identification, drugs that were identified as candi-
date compounds at 100 nM in the secondary screen were re-
ferred to as low-dose candidate compounds.

As shown in Supplementary Fig. S3A, several drugs were highly
cytotoxic even at 100 nM. These drugs were rescreened in a third
and final screen at a concentration of 10 nM (Supplementary
Fig. S3B); however, no further candidate compounds were identi-
fied. Lastly, to validate the Alamar Blue assay, several drugs were
shown to reduce absolute cell number in combination with MyxV
using trypan blue staining. A representative example at 48 hour
post infection is shown in Supplementary Fig. S3C.

Six Candidate Compounds Synergize With MyxV at the
Lowest Dose Tested

To determine the nature of the interaction observed with our 11
drug-virus combinations, Chou-Talalay analysis was performed.
This analysis considers the concentration of drug or virus re-
quired to achieve a 50% loss of viability as a monotherapy
(ICso) and compares this with the dose of each required to
achieve 50% loss of viability in the combination treatment con-
dition. By comparing the theoretical versus observed concen-
trations of drug and virus required to achieve a 50% loss of
viability, a CI can be calculated, and drug-virus interactions
can be classified as synergistic, additive, or antagonistic.

As part of this analysis, dose-response curves of cell viability
were generated using drug-alone, virus-alone, and drug-virus
combinations for each of the 11 candidate compounds with
a range of drug concentrations (1 pM, 3 uM, and 10 uM for
the high-dose compounds; 0.1 uM, 0.3 uM, and 1 uM for the
low-dose compounds) and virus concentrations (1 MOI, 3
MOI, 10 MOI) (Supplementary Fig S4A-J). Based on these
dose-response curves, the ICsq values for the virus (IC54™*Y)
were calculated, both alone and in combination with each
dose of each drug (Supplementary Table S2). As expected, for
the majority of drugs, the ICso™*¥ decreased when the virus was
used in combination with the candidate compounds. CI values
were calculated for MyxV in combination with each dose of
drug. Fig. 3 shows the combination indices for the lowest
dose tested of each drug. According to the Chou-Talalay meth-
od,*® a drug interaction is considered synergistic if CI < 1, addi-
tive if CI =1, and antagonistic if CI > 1. By this method, 6 of the
original 11 candidate compounds were shown to be synergistic.
Supplementary Table S3 shows the CI values for all 3 doses of

Antagonistic
Additive 1 i
& . I ' i i & &
& | - a2 =] = = 21 % 32
= = g = 2 =
£ 8 B|E R|8 2 8|8 %F|f
= 7 S 2| B E ] = 8| =
< (L= | || 2|5| 2 =
a Q ~N = o o] wi
[C) = | @ < s | & E ]
~N j=% a.
>
I
100nM 1000nM

Fig. 3. Six of 11 candidate compounds are synergistic with MyxV in
BT025 cells. Combination index (CI) values for drug-virus interactions
were calculated for all 11 compounds based upon multiple dose
response curves (Supplementary Fig. S4). CI values were calculated,
as described in the Materials & Methods, and plotted as shown.
According to the Chou-Talalay method, the interaction is considered
synergistic when CI < 1. Six of the 11 drugs interacted synergistically
with MyxV. Data are plotted as the mean CI for each combination
treatment 4+ SEM of 2 independent CI calculations.

each drug tested. To determine whether the induction of apo-
ptosis was a possible mechanism of synergy, the 6 compounds
shown to be synergistic with MyxV were screened alone and in
combination with MyxV for changes in caspase-3/-7 activation.
However, no change in caspase-3/-7 activation was observed
forany combination-treated group (Supplemental Fig. S10), sug-
gesting that other mechanisms of cell death may be more im-
portant in this model.

Five Candidate Compounds Significantly Increase Viral
Gene Expression

To determine whether the combination effect was due to
an increase in viral infection, MyxV-FLuc, which contains a high-
ly sensitive firefly luciferase reporter construct under the control
of an early viral promoter, was utilized. The cytotoxicity of the
FLuc-expressing virus was shown to be comparable to MyxV-
dsRed (Supplementary Fig. S6). This method of assaying prelim-
inary viral replication is sensitive, as can be seen by the directly
proportional response of infecting BT025 at varying MOIs and
the observed luminescence (r? = 0.998; Supplementary Fig. S6B).

To determine whether combination treatment with any of the
11 candidate compounds increased viral gene expression, viral
luminescence in MyxV-treated and combination-treated BT025
cultures was monitored at 0, 24, 48, and 72 hours post infection
(Fig. 4A and Supplementary Fig. S7. In the MyxV-only condition,
viral gene expression increased steadily over time (Fig. 4A), pla-
teauing after 48 hours. Interestingly, 5 of the 6 synergistic can-
didate compounds demonstrated a significant (P < .05) increase
in viral luciferase expression compared with the virus-only con-
trol by 72 hours post infection (Fig. 4A), suggesting a possible
mechanism for the interactions between drug and virus.

To assess whether the drugs that increase viral gene expres-
sion dampen the intracellular antiviral response, levels of
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Fig. 4. Viral gene expression in combination-treated BTO25 cultures increases over time and is enhanced by combination treatment with 5 of 6
synergistic compounds. (A) Brain tumor-initiating cells were infected with MyxV-FLuc with and without concomitant drug treatment, and
luminescence was quantified at 0-72 hours post infection. Five drugs were shown to significantly increase (P < .05, *) viral luminescence at
the 72 hour time point Data are plotted as the mean viability + SEM of 3 independent experiments, each with 6 internal replicates. Data for all
11 drugs are shown in Supplementary Fig. S6. (B) Only pemetrexed increased whole cell virus titers at 72 hours post infection. Data are plotted
as the mean viability + SEM of 2 independent experiments, each with 2 internal replicates.

phosphorylated and total STAT1 were assessed 24 hours post
treatment by immunoblot. Although MyxV in all cases ap-
peared to dampen constitutive Stat1 phosphorylation on serine
727, combination-treated BTICs appeared to have lower levels
of phosphorylated STAT1 than virus-only treated cells (Supple-
mental Fig. S7), suggesting that drug treatment may decrease
intracellular antiviral signaling and promote oncolysis.

To assess whether an increase in viral replication mirrored
the increase in viral infection and early gene expression, BTIC
cells and supernatant were harvested 72 hours after treat-
ment, and whole-cell titers were performed on the samples.
As shown in Fig. 4B, only pemetrexed increased viral replication
above baseline levels (P<.01).

Axitinib Synergizes With MyxV in 3 Other BTIC Lines

To determine whether the combination effect observed follow-
ing drug pretreatment was unique to BT025, we assessed BTIC
viability in 3 other patient-derived BTIC lines: BT012, BTO48, and
BTO73 (Supplemental Fig. S8). Axitinib (compound D8) was
shown to increase cell killing significantly in all 3 BTIC lines test-
ed. This interaction was shown to be synergistic at several
doses in BTO73 (Fig. 5). The dose response data for this analysis
are shown in Supplementary Fig. S9. We also investigated
whether the mechanism of synergy with axitinib was depen-
dent upon apoptosis. As shown in Supplemental Fig. S10, nei-
ther caspase-3/-7 activation (A) nor PARP cleavage (B) was
observed in treatment with MyxV, axitinib, or combination
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Fig. 5. Axitinib demonstrates synergism in 3 additional brain
tumor-initiating cell (BTIC) lines. (A) Combination indices (CI) for
drug-virus interactions were calculated for axitinib in 3 additional
BTIC lines (BT012, BT048, BT073) based upon multiple dose response
curves (Supplementary Fig. S6). CI values were calculated as
described in the Supplemental Methods. Data are plotted as the
mean CI for each combination treatment 4+ SEM for 2 independent CI
calculations.

treatment in BT025, suggesting that this synergistic interaction
is independent of apoptosis. Because axitinib is upstream of
phosphatidylinositol 3-kinase (PI-3K), we hypothesized that di-
rect PI-3K inhibition may also have a synergistic effect with
MyxV. Using 2 other PI-3K inhibitors (LY294002 and ZSTK474),
we also observed a significant increase in BTIC killing compared
with either drug alone or virus alone, suggesting that PI-3K in-
hibition may represent an important mechanism for achieving
synergy with MyxV.

Discussion

As investigators prepare to evaluate MyxV in the clinical setting,
preclinical studies must realistically assess the limitations of the
virus as a monotherapy and explore opportunities to enhance
viral oncolytic efficacy. Identifying compounds that act synerg-
istically with MyxV may be an effective strategy for optimizing
tumor cell killing. We performed a single-dose in vitro screen of
73 chemotherapeutics and small molecule inhibitors against
BTO25 brain tumor-initiating cells to identify compounds that
synergize with MyxV. Unlike previous, much larger pharmacovi-
ral screens (>10 000 drugs**), our library contained only well-
characterized drug candidate compounds including widely
used chemotherapeutics and small molecule inhibitors that
are in preclinical or clinical development. This approach elimi-
nated reagents with unknown or prohibitive toxicity profiles.
We found 11 clinically relevant compounds that significantly
increased the efficiency of MyxV cell killing; 6 of these were
shown to be synergistic, as determined by Chou-Talalay analy-
ses. We demonstrated that viral infection, viral replication, viral
gene expression, and intracellular antiviral signaling pathways
(eg, phospho-STAT1) can be modulated by these compounds,
although these effects may be underestimated due to BTIC
cell death at later time points. Two of the candidate com-
pounds we identified (ie, the phosphatidylinositol 3-kinase
(PI-3K) inhibitor GDC-0941 and the topoisomerase II poison
etoposide) have previously been shown to improve the efficacy

of oncolytic herpes simplex virus in glioma stem cell mod-
els.?”**3 Thus, these compounds served as de facto positive
controls within our drug library, and their identification by our
screen provides confidence in its validity. Despite being previ-
ously shown to enhance MyxV-mediated cell killing,?* rapamy-
cin (Drug 67 in Supplementary Fig. S2) showed only a modest
(~10%) improvement in killing of cultured BTICs, a difference
that was below our threshold for designating a candidate com-
pound of interest in this study. By setting the threshold high, we
endeavored to identify compounds that offer a substantial im-
provement over rapamycin for in vitro combination therapy.

Interestingly, our screen identified several classes of drugs
not previously shown to synergize with any OVs in vitro. Nota-
bly, our 3 most synergistic drugs (axitinib [a tyrosine kinase in-
hibitor that inhibits vascular endothelial growth factor receptor
{VEGF-R}, c-Kit, and others], rofecoxib [a cyclooxygenase-2
{COX-2} inhibitor], and pemetrexed [a folate antimetabolite])
represent classes of compounds that have not been previously
shown to act directly upon tumor cells to enhance OV efficacy.
Although inhibitors of the COX-2*' and VEGF*> pathways have
been investigated in the context of OV therapy as immunomod-
ulatory and vascular normalizing agent, respectively, this is the
first time these compounds have been shown to improve OV
efficacy in tumor cells directly. This is exciting because these
drugs may have additional positive effects on oncolytic therapy
in vivo, improving BTIC tumor susceptibility while increasing viral
delivery or modulating immune responses. Axitinib, which is syn-
ergistic in multiple BTIC lines, is of particular interest, given that
this compound is already in phase 1I clinical trials for gliomas
(NCT01562197 and NCT01508117). We are currently investigat-
ing the mechanisms of these virus-drug interactions in vitro and
in vivo, and we believe these drug classes are excellent candi-
dates for further preclinical and clinical evaluation.

Several interesting patterns emerged from this screen. For
instance, several of the compounds observed to interact either
additively or synergistically with MyxV (including GDC-0941,
axitinib, hypothemycin, and erlotinib) target the PI-3K/Akt/
mTOR signaling pathway at either the receptor or intracellular
level. This is consistent with previous reports from our lab and
others indicating that targeting the PI-3K pathway with rapa-
mycin or other inhibitors is a viable approach for improving
viral oncolysis.?***3> The PI-3K pathway is known to promote
cellular proliferation and survival, which suggests that inhibiting
this pathway prior to viral infection may be important for dir-
ecting the infected cell’s fate towards death. In support of this
hypothesis, we demonstrated that direct inhibition of PI-3K by
2 additional compounds also improves MyxV efficacy in BTICs.
Dysregulation of the PI-3K/Akt/mTOR pathway is particularly
common in high-grade gliomas,*®~“® making this a rational
and appropriate target for combination therapy. There is also ev-
idence for COX-2 inhibition affecting this pathway since COX-2 in-
hibition has been shown to impair Akt phosphorylation and lead
to growth arrest.*® The antifolate pemetrexed has also been
shown to inhibit mTOR signaling in a lymphoblastic leukemia
model.”° The elucidation of such patterns highlights an impor-
tant strength of the drug screen approach for identifying candi-
dates for combination therapy with OVs, namely the capacity to
identify overarching patterns of drug-virus interactions.

Our in vitro pharmacoviral screen is an important first step
for elucidating potential drug-virus combinations to develop
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an effective, multipronged approach to OV therapy. In deter-
mining which drugs to pursue further, a number of features
should be considered including (i) the ability to achieve synergy
at doses that correspond to clinically achievable plasma con-
centrations of the drugs; (ii) the ability of the drug to cross
the blood-brain barrier in preclinical models; (iii) the presence
of ongoing or completed clinical trials in GBM to verify blood-
brain barrier penetration in humans; (iv) acceptable toxicity
profiles; (v) oral bioavailability; and (vi) the potential for addi-
tional beneficial clinical effects. Based upon these criteria, opti-
mal therapeutic regimens for combinatorial OV therapy can be
strategically developed.

Supplementary Material

Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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