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Background: Glioblastoma multiforme (GBM) is an aggressive form of brain cancer which
is associated with poor prognosis. A variety of oncolytic viruses have previously shown posi-
tive efficacy against GBM, potentially offering new treatment options for patients. One such
oncolytic virus is Myxoma virus (MYXYV), a rabbit-specific poxvirus that has been shown to
be efficacious against a variety of tumor models including GBM.

Purpose: The purpose of this study was to test the efficacy of MY XV combined with current
treatment regimens for GBM in both established cell lines as well as patient biopsy samples.
Materials and methods: U118 gliobastoma cell lines were treated under various standard of
care combinations (untreated, radiation and chemotherapeutic) prior to infection with MYXV.
Infection was then monitored for differences in rate of infection, titer and rate of spread. Cel-
lular death was measured by MTT assay and Caspase-3 colorimetric assay. Patient biopsies were
harvested and treated under similar treatment conditions.

Results: The addition of GBM standard of care to MY XYV infection resulted in an increased rate of
spread compared to single treatment with either radiation or chemotherapeutic alone. SOC did not
alter viral replication or infection rates. Similar effects were seen in ex vivo patient biopsies. Cellular
viability was significantly decreased with the combination therapy of SOC and MY XYV infection
compared to any other treatment outcome. Caspase-3 activity was also significantly increased in
samples treated with combination therapy when compared to any other treatment combination.
Conclusion: Our results show that the combination of MY XV with current SOC results in both
increased killing of GBM cells compared to either treatment regime alone as well as increased
spread of MYXYV infection. These findings lay the foundation for future in vivo studies on
combining MYXV with GBM SOC.
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Introduction
Glioblastoma multiforme (GBM) is a form of brain cancer which arises from the glial
cells of the brain and is characterized by aggressive spread.' As with most cancers, the
onset of GBM occurs later in life with most cases presenting between the ages of 45
and 75. The disease is often difficult to diagnose due to the generality of its symptoms,
which can include headaches, nausea and blurred vision. The challenge of a definitive
GBM diagnosis often leads to disease progression without the patient’s knowledge?
resulting in an average survival of only 12—-36 months after the onset of treatment.
Currently, the accepted standard of care (SOC) for GBM focus on the use of three
therapeutic options: surgery, radiation, and chemotherapeutic drugs.> Surgery is often
used first to remove the bulk of the tumor mass; however, this method is typically not
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efficient due to the invasion of malignant cells into the normal
neural networks which prevents complete surgical resection.’
After surgery, patients typically undergo treatment with the
chemotherapeutic drugs Temozolomide or Bevacizumab*®
in combination with radiation treatment. The combination
of these treatments serves to eliminate what remains of the
non-excised tumor.’

Unfortunately, since GBM develops in the brain, it pres-
ents a unique set of therapeutic challenges not commonly
associated with other types of cancer.'® One such obstacle is
the cell type from which the tumors originate. Both neurons
and glial cells are slow dividing cells that can evade tradi-
tional cancer treatments, such as chemotherapy and radiation,
which focus on killing rapidly dividing cells. An additional
challenge lies in the inherent structure of the brain and cranial
cavity, which has a minimal volume making it susceptible
to increased pressure and/or inflammation. These risks limit
the use of directly injected chemotherapeutic drugs, since the
injections can result in increased pressure unless delivered
in very low dosages. In addition, the blood-brain barrier,
which functions to prevent the transfer of substances either
into or out of the brain, presents a challenge in delivering
chemotherapeutic agents to the tumor and prevents many
drugs from being used against GBM.!" Due to these thera-
peutic challenges, GBM prognosis has remained poor and
the disease has become a focus of research to identify novel
treatments which can improve the overall patient survival.'>!3

One such novel treatment is oncolytic virotherapy (OV).'*
OV works through injection of a non-pathogenic virus into the
tumor mass.'* This injection reduces tumor burden through
two primary mechanisms. The first is through the direct
oncolytic effect by which infected cells are eliminated due to
either lytic viral replication or the induction of programmed
cell death.'s!'” The second mechanism is the induction of
an antitumor immune response. This response occurs due
to the presence of viral pathogen associated molecular pat-
terns that activate antigen-presenting cells. This activation
primes adaptive immune responses against both viral and
tumor antigens.'®!°

Several oncolytic viruses have been previously tested
as treatments for GBM.? One such virus is Myxoma virus
(MYXYV), a normally rabbit specific member of the Lep-
oripoxviridae. While not tested in a human model to date,
MY XYV is an attractive oncolytic candidate due to its inherent
ability to specifically infect tumor cells as well as its non-
pathogenic nature towards non-rabbit species. This results in
an effective yet safe agent for use during OV in humans.?!
Previous studies examining MY X V-based treatment in GBM
models demonstrated a surprising effectiveness in reducing

tumor burden and decreasing cell viability against estab-
lished tumors in both mouse-?? and patient-derived xenograft
models.? These previous studies, however, did not examine
how MY XV may interact with the current GBM SOC. The
purpose of this paper is to determine how the addition of
MYXYV to SOC for GBM impacts the efficacy of treatment.
For the purposes of this paper, SOC is defined as treatment
with 1 Gray (Gy) and one of several chemotherapeutic drugs,
including Temozolomide, Crizotinib, and Bevacizumab.

Materials and methods

Cell lines and reagents

BSC40 cells (Cat# CRL-2761) were purchased from
American Type Culture Collection (Manassas, VA, USA).
U118, GL261 and T9 cells were purchased from Mediatech
(Herndon, VA, USA). All cells were cultured in DMEM
(10% fetal bovine serum +1 X penicillin—streptomycin—L—
glutamine Corning (Oneonta, NY, USA). Temozolomide was
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Crizotinib was purchased from Selleckchem (Houston, TX,
USA). Bevacizumab was purchased from Genentech, Inc.
(South San Francisco, CA, USA). Western blot samples
were prepared as described by Bartee et al.?* Cell viability
was measured using the CellTiter-96 Non-Radioactive Cell
Proliferation Assay (Promega Corporation, Fitchburg, WI,
USA), referred to as the MTT assay for the purposes of
this paper, according to manufacturer’s recommendations.
Caspase-3 activity was measured using the commercially
available Colorimetric Caspase-3 Assay Kit (CASP3C,
Sigma-Aldrich Co.) according to the manufacturer’s protocol.
Antibodies used for this study were purchased from Santa
Cruz Biotechnology Inc., Dallas, TX, USA and include
GAPDH (clone G-9, sc-365062), Caspase-3 (clone 3C119,
sc-70497), p-AKT (Clone 104A282, sc-52940).

Virus preparation and infection

MYXYV (strain Lausanne) expressing GFP from the intergenic
region between the m 1357 and m136r viral reading frames
(vGFP) has been previously described. The virus was
amplified in BSC40 cells and purified using sucrose gradient
centrifugation.?® For all experiments, cells were infected for
one hour at room temperature according to the multiplicity
of infection (MOI) stated for each experiment. Where noted,
cells were treated with 1 Gy of radiation 12 hours prior to
infection. After infecting for one hour, the media was replaced
and therapeutic drug was added at a concentration of 10 mg/
kg assuming a mass of 20 g (Figure 1A). Single step growth
curves, foci forming assays, and initial infection assays were
each performed as previously described.?”*
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GBM patient samples

Patient samples were collected surgically from patients diag-
nosed with GBM according to the Response Assessment in
Neuro-Oncology Criteria. Patients were evaluated based on
the MRI, as well as clinical and pathological examination.
Patients who received neoadjuvant chemotherapy and/or
radiotherapy prior to surgery were excluded. GBM samples
from three male patients (confirmed by histopathological
examination by a pathologist) were analyzed. All tissue was
collected and handled according to procedures approved by
the MUSC Institutional Review Board.

Slice cultures were prepared from fresh human GBM
specimens. Following surgical excision, the tissue was
transported to the laboratory in minimal essential medium
(MEM; Thermo Fisher Scientific, Waltham, MA, USA).
The tissue was prepared using the standard Stoppini Slice
Culture Technique at a thickness of 250 um.* The slices
were then transferred onto membrane culture inserts
(EMD Millipore, Billerica, MA, USA) in 6-well plates at
a maximum of three slices per insert. Slices were cultured
in MEM (Gibco, Waltham, MA, USA), supplemented with
25% Hank’s Balanced Salt Solution (with Ca and Mg;
Gibco), 20% horse serum (Gibco), 2 mM L-glutamine
(Braun, Bethlehem, PA, USA), 0.5% glucose, and 1%
penicillin/streptomycin (Sigma-Aldrich Co.). Slices were
then cultured on a liquid/air interface in a humidified
incubator at 37°C and 5% CO,. The medium was changed
three times a week.

Results
GBM SOC increases MYXYV spread

In order to test the efficacy of combining MYXV with the
SOC for GBM, we first looked at how SOC affected the
ability of MYXYV to establish initial infection, produce new
infectious viral progeny, and spread to neighboring cells. To
measure how SOC impacted initial infection, U118 cells were
inoculated with varying MOIs (1, 3, 10) of vGFP in either the
presence or absence of radiation (1 Gy) and/or temozolomide.
Infections were allowed to progress for 12 hours after which
the initial infection of cells was determined by analyzing the
percent of GFP+ cells using flow cytometry. Not surpris-
ingly, we observed an increase in GFP+ cells correlated to an
increase in MOI. However, the number of GFP+ cells was not
significantly impacted by addition of radiation, temozolomide,
or SOC (Figure 1B). To analyze the impact of SOC on the
production of new infectious progeny virus, U118 cells were
either mock treated or treated with 1 Gy of radiation and then
infected at an MOI of 15. Following infection, cells were

treated with either saline or temozolomide. Samples were
harvested at several time points postinfection (3, 6, 12, 24,
48 and 72 hours) and the number of new infectious progeny
virus was analyzed by titering each sample on BSC40 cells.
The results indicated that treatment with radiation, temozolo-
mide, or SOC did not impact the production of new infectious
progeny in MYXYV infected U188 cells (Figure 1C). Finally,
to analyze the effect of SOC on the ability of MYXV to
spread from cell to cell, U188 cells were treated as above and
infected with various low MOIs (0.01-0.0001). At 24-hour
intervals postinfection, pictures of individual GFP+foci were
taken and analyzed in Photoshop. No obvious morphological
differences were observed in foci formed following any of
the treatment conditions (Figure 1D). A significant increase
in foci size, however, was observed 72 hours postinfection
between mock and cells treated with GBM SOC (Figure 1E,
P<0.05). Interestingly, this difference was not observed in
groups treated with either Temozolomide or radiation alone,
suggesting that it was specific to triple combination therapy.
Similarly, experiments were conducted to determine whether
SOC containing bevacizumab or Crizotinib also enhanced
viral spread. However, these combinations were found to
be too toxic to allow for accurate analysis of foci formation
(Figure S1). To determine whether this increase in viral spread
also occurred in primary GBM patient samples, we obtained
GBM patient biopsies and tested how addition of SOC would
impact MYXYV infection in these samples. Each sample was
either mock treated or irradiated and then infected with 1x10’
FFU of vGFP. Initiation and spread of infection was then
assayed by monitoring GFP expression every 24 hours after
infection. While individual foci could not be identified in
primary slice cultures, the results clearly indicated increased
GFP expression in GBM biopsies pretreated with radiation
compared to the non-irradiated samples 48 hours postinfec-
tion (Figure 2).

MY XV combined with SOC decreases
GBM cell viability

We next set out to determine if the combination of viral treat-
ment and SOC would increase killing of GBM. In order to
assess this, we assayed cellular viability and Caspase-3 activ-
ity following treatment with MXY'V in either the presence or
absence of SOC. U118, T9 and GL261 cells were infected
at an MOI of 15 in either the presence or absence of radia-
tion, chemotherapeutic agent, or SOC. Measurements were
taken at 72 hours post treatment. While all mono-therapies
decreased cellular viability to some extent, we observed
that the combination therapy, including MYXYV, radiation
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Figure | Standard of care increases Myxoma virus (MYXYV) spread.

Notes: (A) Timeline of treatment protocol for all experiments. (B) Cells were plated in replicates onto 12-well plates. Percent of GFP+ cells were analyzed by flow
cytometry |2 hours after infection with vGFP and treatment as indicated in the protocol. Data represent summation of three independent experiments (P<0.05). (C) Cells
were plated into replicates on to |2-well plates. The numbers of replication competent MYXYV particles were determined by titering after harvesting from cells pretreated
with the indicated treatment protocols in duplicate. Data represent the summation of two independent experiments. (D) Cells were plated onto 6-well plates in replicates.
Images of GFP positive foci, infected with vGFP and treated as indicated, at 4x magnification 72 hours after infection under fluorescent microscopy. (E) Mean foci area was
assessed at 24-hour intervals after infection with vGFP and treated as indicated for 72 hours. There was a significant difference between cells treated with | Gy of radiation
and untreated cells (*=P<0.01 ). Data are representative of three independent experiments.
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Figure 2 Infection of primary GBM biopsies.

Notes: Biopsies were collected from three patients with GBM. Samples were prepared via the standard Stoppini Slice Culture as outlined. Samples were then treated as
indicated and infected with vGFP for 48 hours prior to imaging at a magnification of 4x. Images taken via fluorescent microscopy.

Abbreviations: GBM, glioblastoma multiforme; MYVX, Myxoma virus.

110 submit your manuscript Oncolytic Virotherapy 2018:7

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Myxoma virus synergizes with GBM standard of care

>

120
100
*kk
2> 80
E *kk
o)
T 60
> 40 *kk
20
0
S =
SEL 5 o &
S & LN S S
S &EIE &S
RO SN & *
g & LS ¢ o
Q;Z: * Qy)‘Q-
B *k%k
*kk
2 *kk
)
(2]
®©
1)
3]
£ 15
ke
[e)
s
1
N Q Q N
N ) F £
T
S &S $F $
S O LIS S
q}g q}rv *{g}S Aq?g
& @ Q?w*,( Q;b:z:v
GL261
C Akt
Caspase-3
GAPDH
Myxoma
Radiation
Bevacizumab
Crizotinib

Temozolomide
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Notes: (A) Cells were plated in replicates and treated as indicated prior to infection with vGFP. Cell viability of Ul 18 tumor cells measured by MTT assay as percent of
control at 72 hours postinfection. All treatments resulted in significant decrease in viability compared to untreated cells (P<0.001, individual values not shown). Combination
therapy of chemotherapeutic drug, MXYV and radiation significantly reduced cell viability compared to all other treatment groups at 72 hours (*¥<0.001). Data are the
summation of three independent experiments. (B) Cells were plated in replicates and treated as indicated prior to infection with vGFP. Fold increase of Caspase-3 activity
compared to control was measured using a commercially available kit, as described, at 24-hour intervals postinfection. Combination treatment of chemotherapeutic drug,
MXYV and radiation significantly increased Caspase-3 activity compared to any other treatment group at 72 hours (**¥<0.001, **<0.01). Data are the summation of three
independent experiments. (C) Western blot analysis of p-Akt, Caspase-3 and actin in GL26| mouse brain tumor cells, T9 rat brain tumor cells and U 18 human tumor cells.
Samples were treated with each chemotherapeutic agent either with or without radiation and MYXV.

Abbreviations: MYXV, Myxoma virus; Rad, radiation; .

and a chemotherapeutic drug resulted in significantly higher
decrease in cell viability compared to any other condition
(Figure 3A). These results were consistent across all three
chemotherapeutic drugs tested. Similarly, when using either
Bevacizumab or Crizotinib as the chemotherapeutic drug,
we observed a significant increase in Caspase-3 activity
when cells were treated with the triple combination of
MYXYV, radiation, and drug (Figure 3B). Interestingly, we

observed a much lower increase in Caspase-3 activity with
Temozolomide with either of the two other chemotherapeutic
agents, though it was still significantly different from that
with SOC combined with radiation and MYXV (Figure 3B).
Consistent with these results, we observed both increased
levels of cleaved Caspase-3 and decreased phosphorylation
of AKT in samples treated with MYXV and SOC (Figure
3C). To again confirm the previous results in primary GBM
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Figure 4 Ex vivo analysis of cell viability of combined treatment conditions.

Notes: (A) Patient biopsies were harvested, cultured in duplicate 96-well plates, infected with vGFP and treated as indicated. Cell viability of patient biopsies was measured
by MTT assay as described at 24-hour intervals postinfection. Addition of all treatments resulted in a significant decrease in cell viability (P<0.01, individual values not shown).
Combination treatment of chemotherapeutic agent, radiation and MYXV showed a significant decrease in cell viability compared to any other treatment combination
(***<0.001, **<0.01, *<0.05). Data are the summation of three independent experiments. (B) Patient biopsies were harvested, cultured in duplicate 96-well plates, infected
with vGFP and treated as indicated. Caspase-3 activity of patient biopsies was measured by a colorimetric kit, as described, at 24-hour intervals postinfection. Fold increase
of Caspase-3 activity was calculated as compared to control. Addition of all treatments resulted in a significant increase in Caspase-3 activity (P<0.01, individual values not
shown). Combination treatment of chemotherapeutic agent, radiation and MYXV showed a significant increase in Caspase-3 activity compared to any other treatment
combination (*¥*<0.001, *¥<0.01). Data are the summation of three independent experiments. (C) Western blot analysis of p-Akt, Caspase-3 and actin in three patient GBM
biopsies. Samples were treated with each chemotherapeutic agent either with or without radiation and MYXV.

Abbreviations: GBM, Glioblastoma; MYXV, Myxoma virus; Rad, radiation; MYXV, Myxoma virus; GBM, Glioblastoma.

samples, experiments similar to those described above were
performed in primary GBM patient biopsies. Similar to
what was seen in cell lines, the results demonstrated that
the combination of MYXV and SOC significantly reduced
cellular viability of primary GBM cells, more than other
treatment regimens (Figure 4A). This reduction in cellular
viability was again correlated with increased Caspase-3

activity and cleavage as well as decreased phosphorylation
of AKT (Figure 4B and C).

Discussion

The poor outcomes of a GBM diagnosis have remained static
over the years. However, OV is to be considered a promising
novel treatment option for GBM.?® Current oncolytic viruses,
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including adenovirus, newcastle disease virus, herpes simplex
virus, poliovirus, measles virus, H1 parvovirus, reovirus and
vaccinia virus have been tested against GBM models and
have shown therapeutic efficacy.’'*? While these viruses have
shown oncolytic potential, there is risk associated with their
natural human pathogenicity. In light of this, MYXV a non-
human pathogenic virus which has previously been shown to
be an effective oncolytic virus against multiple myeloma,*
has shown efficacy as a potential GBM treatment.** While
there is some literature which suggests that the combination
of MY XV and chemotherapeutics, such as rapamyacin,? may
increase the efficacy of treatment, little work has been done
to elucidate the interaction between MYXV and SOC for
GBM. In this study, we were able to show that MYXV is a
suitable oncolytic virus for GBM in vitro and synergistically
increases efficacy when combined with SOC.

In order to be effective, oncolytic viruses must initiate
infection and successfully replicate within tumor cells,
resulting in cell death. Our results indicate that combining
MY XV with SOC does not alter initial infection or the abil-
ity of MY XV to replicate in GBM cells. Importantly, we did
observe that viral spread was increased upon MY XYV infec-
tion with both radiation and Temozolomide. Furthermore, a
similar result was observed in patient biopsies in terms of
fluorescence, both with and without radiation. Interestingly,
we observe a discrepancy between the in vitro cell lines and
ex vivo patient biopsies in terms of viral spread in the pres-
ence of radiation. We hypothesize that this discrepancy is
due to the makeup of the patient biopsies compared to cells
grown in culture. While cultured cells offer a fairly homozy-
gous population, patient biopsies are comprised of a diverse
cellular makeup. It is possible that the patient biopsies then
react differently to radiation and viral treatment than how
cultured cells do, resulting in the observed discrepancy of
spread between samples. Additionally, differences between
these two samples sets could be related to tumor treatment
prior to the harvesting of the biopsy. It is possible that part
of the initial treatment primed the cells in the biopsies to
allow for increased spread, priming which cultured cells
would not have undergone. The differences between initial
infection and spread are curious, and merit further inquiry,
particularly in terms of patient biopsies, as they are the most
clinically relevant model. This could be due to a number of
factors, including alterations in cellular morphology, such as
cellular junctions, which allows MYXYV to spread between
the cells more effectively than under normal conditions.
Additionally, treatment of the cells with SOC could result
in the increased ability of the virus to egress from infected

cells, either through changes in cellular permeability or by
some other mechanism, and would explain the differences
in the foci forming assay but not in the single step growth
curve or the initial infection assay.

We next decided to check the effect that our treatment
protocol had on cell viability by both, an MTT assay and
Caspase-3 colorimetric assay. The results of our MTT assay
show that the combination of SOC and MYXV greatly
reduced cell viability compared to either treatment alone.
This increase correlated with similar increases in Caspase-3
activation following SOC using all three chemotherapeutic
drugs. Interestingly, while all drugs showed an increase in
Caspase-3 activity when combined with MY XV, a markedly
smaller increase was observed when using temozolomide
compared to either Bevacizumab or Crizotinib. We hypoth-
esize that this is the result of different mechanisms of action
for each chemotherapeutic drug. Temozolomide methylates
the DNA of cells, whereas Bevacizumab targets the VEGF/
VEGF-R interaction to prevent cell survival. Another pos-
sibility is the half-life of Temozolomide, which is 1.8 hours
in vitro. This could potentially hinder treatment outcomes,
especially over the course of experiments which extend
out several days. These differences could lead to cell death
through pathways other than Caspase-3, and thus explain
the differences we observed between p-Akt and Caspase-3
levels. Future studies are needed to find the true cause of
this difference.

In addition to our work in cell lines, we also tested the
combination of MYXV and SOC in primary GBM patient
biopsies. We first saw that the addition of radiation to the
patient samples resulted in increased GFP expression in
tumor slices, even in the absence of chemotherapeutic drug.
These results differ somewhat from our results with cultured
cells where the addition of both radiation and drug was
needed to increase viral spread. This could be due to the
makeup of patient biopsies, as they contain more hetero-
geneous cell populations than purified cultured cell lines.
SOC may therefore affect individual populations of cells
differently and may explain the inconsistent results between
the biopsies and cultured cells. Further investigation into in
vivo models is needed in order to determine the potential
cause of this difference and make the results more clinically
relevant to patient care.

Replication of the MTT and Caspase-3 assays in our
ex vivo model showed similar results as observed in vitro.
We did, however, observe that the Caspase-3 assay showed
a larger fold change in activity than the ex vivo samples.
This could be due to the heterogenicity of the tumor cells
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in the patient biopsy vs that of the cultured cells that could
be undergoing death by different mechanisms. These
results could also be a product of the harvesting process
of patient tumors where the stimuli of the patient-specific
tumor microenvironment may affect how these cells react
to different treatments when compared to the cultured U118
cell lines.

Taken together, this data suggests that MY XV combined
with SOC can increase efficacy of treatment for GBM by both
increasing the apoptosis of tumor cells as well as by enhanc-
ing the spread of viral infection. Whether this data suggests
that such effects would also deliver significant benefits in
vivo, where the immunological impact of SOC must be taken
into account, remains to be determined. We hope that this
data provides the basis for subsequent studies looking at the
combination of MYXYV and SOC in a biologically relevant
model of GBM.
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Figure S1 (A) Images of Ul 8 cells treated with the corresponding treatment
viewed under phase at 72 hours after infection. (B) GFP positive foci of infected
U8 cells treated with the corresponding treatment regimen 72 hours after
infection.
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