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Abstract

Purpose—Glioblastoma (GBM), a fatal brain cancer, contains a subpopulation of GBM stem-
like cells (GSCs) that contribute to resistance to current therapy. Angiogenesis also plays a key
role in GBM progression. Therefore, we developed a strategy to target the complex GBM
microenvironment, including GSCs and tumor vasculature.

Experimental design—\We evaluated the cytotoxic effects of VEFGR tyrosine kinase inhibitor
(TKI) axitinib /n vitro and then tested anti-tumor efficacy of axitinib in combination with
oncolytic herpes simplex virus (0HSV) expressing anti-angiogenic cytokine murine IL12 (G47A-
mIL12) in two orthotopic GSC-derived GBM models: patient-derived recurrent MGG123 GSCs,
forming vascular xenografts in immune-deficient mice, and mouse 005 GSCs, forming syngeneic
tumors in immune-competent mice.

Results—GSCs form endothelial-like tubes and were sensitive to axitinib. G47A-mIL12
significantly improved survival, as did axitinib, while dual combinations further extended survival
significantly compared to single therapies alone in both models. In MGG123 tumors, axitinib was
effective only at high doses (50 mg/kg), alone and in combination with G47A-mIL12, and this was
associated with greatly decreased vascularity, increased macrophage infiltration, extensive tumor
necrosis and PDGFR/ERK pathway inhibition. In the mouse 005 model, anti-glioma activity, after
single and combination therapy, was only observed in immune-competent mice and not T cell-
deficient athymic mice. Interestingly, immune checkpoint inhibition did not improve efficacy.

Conclusions—Systemic TKI (axitinib) beneficially combines with G47A-mIL12 to enhance
anti-tumor efficacy in both immune-deficient and immune-competent orthotopic GBM models.
Our results support further investigation of TKIs in combination with oHSV for GBM treatment.
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INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant brain tumor with no curative
treatments (1). Despite advances in molecular understanding, diagnosis, and standard of care
(surgical resection, radiation therapy and chemotherapy), overall median survival of GBM
patients has only been extended to about 14 months (1). GBM stem-like cells (GSCs)
isolated from GBM patient specimens have characteristics of self-renewal, differentiation
into multiple mature lineages, and efficient tumorigenesis in immunodeficient mice that
recapitulates the patient's tumor (2,3). Current conventional therapies typically fail to
eradicate tumors and their GSCs, resulting in treatment-resistant recurrences (4,5).
Angiogenesis also plays a key role in GBM progression (6-9) and anti-angiogenic therapy
has been used for GBM treatment (10,11). However, Bevacizumab (Avastin®), an FDA
approved anti-angiogenic drug (anti-VEGF), did not show significant improvement in
overall survival in GBM patients (11,12). Therefore, other anti-angiogenic agents and
combinatorial strategies are needed to target the complex GBM microenvironment,
including GSCs and tumor vasculature.

GBM patients may be immune-competent or, more commonly, immune-suppressed by
virtue of tumor burden as well as treatment with corticosteroids and chemotherapy. In order
to study targeting of GSCs, tumor vascularity, and immunity, we studied both mouse (005)
and human (MGG123) GSCs in immune-competent and -deficient mice. MGG123 GSCs
were isolated from a recurrent human GBM patient and efficiently produce orthotopic
tumors in athymic nude mice (13). The tumors are invasive, morphologically heterogeneous,
and hypoxic with abnormal vasculature, similar to what occurs in human GBM (13).
Recently, our laboratory also described an immune-competent GBM model derived from
mouse 005 GSCs, which form intracranial tumors in syngeneic C57BL/6 mice (14). 005
GSCs were isolated from gliomas arising after lentiviral transduction of brains with activated
Harvey-Ras (H-Ras) and protein kinase B (Akt), in tumor suppressor gene p53 (Tp53)*/~
mice (15). They are highly tumorigenic in syngeneic mice and their tumors are
histologically similar to human GBM, demonstrating tumor heterogeneity, immune-
suppression, invasiveness, and high vascularity (14). Thus, both MGG123 and 005 GSC
models provide a platform to study targeting the complex tumor microenvironment,
including GSCs and tumor vascularity, in both an immune-deficient and immune-competent
state.

Oncolytic virotherapy is a therapeutic strategy that utilizes the selective replication and
cytotoxicity of viruses towards cancer, including GBM (16,17). Oncolytic herpes simplex
virus (0HSV) is genetically engineered to specifically replicate in and kill cancer cells, while
sparing normal cells (18). During this process, oHSV is amplified, spreads through the
tumor, and induces anti-tumor immune responses (19). The FDA recently approved the first
oncolytic virus, an oHSV expressing GMCSF (talimogene laherparevec, T-Vec), for the
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treatment of metastatic melanoma, which has shown promising efficacy with tolerable side
effects (20). T-Vec has not yet been demonstrated to be safe following intracranial injection.
For these studies, we use G47A as our base oHSV, which is similar to T-Vec without
GMCSF (21), and has been shown to be safe following intracranial injection (22), and is
currently in clinical trial for recurrent GBM in Japan (WHO JPRN-UMIN000002661). To
improve the anti-tumor efficacy of G47A, we have inserted the anti-angiogenic cytokine
IL-12 (G47A-mIL12) (14,23). IL12 expression enhances the activity of G47A in human and
mouse GBM models (14,23). In immune-deficient models, observed anti-tumor efficacy of
G47A-mlIL12 is mainly due to the significant inhibition of neovascularization, whereas in
immune-competent models, anti-tumor effects of G47A-mIL12 are largely T cell dependent
(14,23). We hypothesized that the combination with other therapeutic strategies will improve
therapeutic outcomes from G47A-mlIL12.

Axitinib (AG-013736) is an orally administered potent small molecule tyrosine kinase
inhibitor (TKI), which inhibits VEGFR-1, -2 and -3, as well as PDGFRb and ¢c-KIT
(CD117) (24). It has been approved for use in advanced renal cell carcinoma, where it was
superior to sorafenib (Nexavar) (25) and shows promising antitumor activity in a variety of
other advanced cancers, including GBM (26-29). We previously showed that axitinib
produced modest anti-tumor efficacy in both patient GSC-derived xenografts and mouse 005
GSC-derived syngeneic models, which was associated with significant inhibition of
neovascularization and induction of apoptosis (30). Axinitib also induces anti-tumor
immune effects, including increased tumor infiltration of immune effector cells (31,32).
Therefore, it was reasonable to test the combination of axitinib with oHSV.

In this study, we first examined the effect of axitinib on GSCs /n vitro and then synergy with
G47A-mIL12 in inhibiting GBM growth in a human recurrent GSC-derived GBM model in
athymic mice. This was then compared to the immune-mediated effects of combinatorial
axitinib plus G47A-mlIL12 therapy in a mouse syngeneic GSC derived GBM model. In both
models, the combination improved survival.

MATERIALS AND METHODS

Cells, Virus and drug

GFP-positive mouse 005 GSCs (15,33) were cultured as spheres in serum-free stem cell
medium composed of advanced DMEM/F12 medium (ThermoFisher Scientific),
supplemented with 2 mM L-glutamine (Corning), 1% N2 supplement (ThermoFisher
Scientific), 2 pg/mL heparin (Sigma-Aldrich), 0.5% penicillin G-streptomycin sulfate-
amphotericin B complex (Corning), recombinant human EGF (20 ng/mL; R&D systems),
and recombinant human FGF-basic (20 ng/ml; Peprotech) (14). Neurospheres were
dissociated with Accutase (Innovative Cell Technologies) for passaging. Mouse brain
microvascular endothelial cells (MBMECs) were obtained from Cell Biologics and cultured
in mouse endothelial cell medium supplemented with 0.1% vascular endothelial growth
factor, 0.1% endothelial cell growth supplement, 0.1% heparin, 0.1% EGF, 0.1%
hydrocortisone, 1% L-glutamine, 1% antibiotic-antimycotic solution, and 5% fetal bovine
serum (Cell Biologics). MBMECs were trypsinized with 0.25% trypsin supplemented with
0.53 mM EDTA (Corning) for passaging. Human primary (MGG4, MGG8, MGG23, and
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MGG64) and recurrent GSCs (MGG31, MGG50, MGG85, MGG91, and MGG123) were
described previously or isolated from discarded GBM specimens (3,13,34). Human GSCs
were cultured as spheres in EF20 stem cell medium composed of neurobasal medium
(ThermoFisher Scientific), supplemented with 3 mM L-glutamine (Corning), 1% B27
supplement (ThermoFisher Scientific), 0.5% N2 supplement (ThermoFisher Scientific), 2
pg/mL heparin (Sigma-Aldrich), 0.5% penicillin G-streptomycin sulfate-amphotericin B
complex (Corning), recombinant human EGF (20 ng/mL; R&D systems), and recombinant
human FGF-basic (20 ng/ml; Peprotech). GSCs were dissociated with Accutase or
NeuroCult™ Enzyme Dissociation Kit (Stemcell Technologies). Cells were low-passage and
confirmed to be mycoplasma-free (LookOut mycoplasma kit; Sigma).

G47A-mIL12 was constructed from G47A (deletions in y34.5 and a47 genes and
inactivating insertion of LacZ into ICP6 (21)) by insertion of mouse IL-12 cDNA (p35 and
p40 separated by bovine elastin motifs) into the ICP6 gene (14). Axitinib (AG-013736;
kindly provided by Pfizer) was dissolved in DMSO and a 25 mM stock solution was
prepared for /n vitro studies. The highest DMSO concentration (0.4% DMSO) used for /in
vitro studies was non-toxic to the cells.

Cytotoxicity assays

Dissociated (mouse 005 GSCs and human GSCs) or trypsinized (MBMECS) cells were
seeded into 96-well cell culture plates (3000 mouse GSCs, 8000 human GSCs, or 500
MBMECs/well). Axitinib was added to cells immediately after seeding and incubated for 4
(005 GSCs), 5 (MBMEC), or 6 days (human GSCs) at 37°C before MTS assays were
performed following manufacturer’s instruction (Promega). G47A-miIL12, diluted in ‘no
heparin’ medium, was added to the cells immediately (MBMECSs), or 6-24 hrs (005 GSCs)
after seeding and incubated at 37°C. Two hr post-virus infection, medium ‘with heparin’ was
added, and 4 (005 GSCs) or 5 days (MBMEC) post-seeding, MTS assays were performed.
Each experiment was repeated at least two independent times and performed in triplicate.
Dose-response curves and IC50 values were calculated using Prism 7 GraphPad software
version 7.0a.

Tube formation assay

Mouse 005 GSCs (8 x 10%well), human GSCs (8-10 x 10%well), or MBMECs (4 x 104/
well) were resuspended in 1 ml EGM-2 (Lonza; for mouse and human GSCs) or mouse
endothelial cell medium (for MBMECSs) with or without axitinib, plated into 24-well cell
culture plates pre-coated with 250 pl of Matrigel (BD Bioscience) and incubated at 37°C.
15-30 (human GSCs) or 19 (005 cells) hr later, microscopic pictures were captured and tube
formation was assessed by counting the tube branching points.

Flow Cytometry

GSCs were grown in endothelial cell growth medium (EGM)-2 supplemented with the bullet
kit (Lonza) for 3 days at 37°C. Cells were dissociated, spun, counted, re-suspended in FACS
buffer (2% inactivated fetal calf serum in PBS), incubated with FITC-conjugated anti-human
CD31 (Biolegend) for 30 min at room temperature, washed, fixed in 4% paraformaldehyde,
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washed, re-suspended in 2% FACS buffer and sorted by LSRII flow cytometer (BD
Biosciences). Data were analyzed with FlowJo software v.10.1 (Tree Star).

Secondary neurosphere formation assay and in vitro limiting dilution studies

Single cell suspensions of 005 GSCs were either pre-treated with axitinib and/or G47A-
mlL12 before clonogenic plating into 96-well plates at 10 or 30 cells/well free of therapies,
or continuously exposed to non-toxic concentration of axitinib and/or G47A-mIL12. After
12 days of incubation, average number of spheres/well was recorded.

For in vitro limiting dilution study, 005 cells (0.5, 1, 2, 3, 4, 8, 10, 16, or 32 cells/well) were
plated in 96-well plate. Cells were continuously exposed to a non-toxic concentration of
axitinib and/or G47A-mIL12 for 12 days and the number of wells containing spheres were
recorded and plotted using ELDA: Extreme Limiting Dilution Analysis form, as described
(35). Treatment groups were compared to each other using a Chi Square test.

Mouse studies

C57BL/6 or athymic mice (7-8 weeks old) were obtained from the National Cancer Institute
(Frederick, MD). All mouse procedures were approved by the Institutional Animal Care and
Use Committee at the Massachusetts General Hospital. Dissociated 005 GSCs (2 x 10%
cells) or MGG123 GSCs (5 x 103 cells) in 3 pl of their respective media were implanted
stereotaxically into the striatum (2.2-mm lateral from Bregma and 2.5-mm deep) to generate
orthotopic intracranial tumors. On indicated days after tumor implantation, mice were
randomly divided into groups, intratumorally injected once or twice with G47A-mIL12 (as
indicated) or PBS in 2 pl at the same stereotaxic coordinates, and/or injected
intraperitoneally with axitinib (25 or 50 mg/kg; dissolved in polyethylene glycol 400 and
acidified water, pH adjusted to 2.5-3) or vehicle solution for 1-3 cycles (1 cycle = 5 days on
and 2 days off). Immune checkpoint inhibitor anti-mCTLA-4 antibodies (Syrian hamster
clone 9H10; 5 mg/kg) or isotype control antibodies (Syrian hamster 1gG) were obtained
from BioXcell and administered 3-times intraperitoneally on indicated days after tumor
implantation. Mice were followed for neurological symptoms and euthanized before
becoming moribund. Animal caretakers were blinded to the treatment. Presence of tumor at
sacrifice was evaluated macroscopically or after histological staining of sections.

Immunohistochemistry

Mouse brains were removed, fixed in 10% formalin, embedded in paraffin, and 5 pm
sections subjected to immunohistochemistry (IHC) and standard hematoxylin and eosin (H
& E) staining. Formalin-fixed paraffin-embedded (FFPE) sections were treated with xyleng,
followed by gradual rehydration in 100%, 90% and 70% ethanol, then in distilled water.
Rehydrated sections were then subjected to heat-mediated antigen retrieval using 10 mM
sodium citrate buffer, washed in PBS, incubated with Bloxall™ blocking solution (Vector
Lab; to block endogenous peroxidase activity), washed in PBS, incubated with 5% bovine
serum albumin, followed by 5% goat or horse serum, and then incubated overnight at 4°C
with rat anti-mouse CD34 (1:150; abcam, cat. # ab8158), rabbit anti-mouse Ki67 (1:100;
abcam, cat. # ab16667), rabbit anti-mouse CD3 (1:100, abcam, cat. # ab5690), rat anti-
mouse CD4 (1:200, eBioscience, cat. # 14-9766-80), rat anti-mouse CD8a (1:100,
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eBioscience, cat. # 14-0808-80), rabbit anti-FoxP3 (1:500, abcam, cat. # ab54501), rabbit
anti-CD68 (1:400, abcam, cat. # ab125212), rabbit anti-Granzyme B (1:150, abcam, cat. #
ab4059), rabbit anti-cleaved caspase-3 (1:100, Cell Signaling, cat. # 9661), rabbit anti-SOX2
(1:1000, abcam, cat. # ab97959), or rabbit anti-NeuN (1:400, Cell signaling, cat. # 24307).
Following 3 washes in PBS, sections were incubated with HRP-conjugated anti-rat Ig, or
HRP-conjugated anti-rabbit Ig for 30 minutes at room temperature, followed by 3 x PBS
wash and DAB staining (DAKO). Sections were counterstained with hematoxylin,
dehydrated, and mounted in CYTOSEAL™ XYL (Thermo Scientific). Cell counts were
from at least 3-5 random fields / tumor section (n=3 or 4 mice/group) as indicated. ImageJ
software (NIH) and ImageQuant by Molecular Dynamics software were used to quantify the
CD34" areas and tumor volume, respectively. Counter was blinded to the treatment.

Signal transduction studies

For in vitro studies with HUVEC, MBMEC and MGG123, cells were starved (no growth
factors) overnight, followed by stimulation with or without human or mouse VEGF (100
ng/ml; Sino Biological Inc.) or PDGF-BB (100 ng/ml; Peprotech) for 15 min.
Simultaneously, cells were also treated with or without axitinib at indicated doses for 15
min. For combination treatment, MGG123 cells were treated with or without G47A-mIL12
(moi 1.0) and incubated 6 hr at 37°C. During the last 15 min of viral incubation, PDGF and
vehicle or axitinib were added to the cells. Cells were then lysed in RIPA buffer (Boston
Bioproducts) in the presence of protease/phosphatase inhibitors (Roche). 15-20 pg of cell
lysates were then subjected to western blot, as described (36). Each experiment was repeated
at least two times and the western blot data were quantified using Image Lab Software
\fersion 5.1.

To evaluate the treatment effects of combination therapy (axitinib+G47A-mlIL12) in vivoin
MGG123 tumors, athymic mice were implanted with MGG123 GSCs on day 0, high-dose
axitinib (50 mg/kg) or vehicle solution was injected intraperitoneally from days 13-17,
and/or G47A-mIL12 (5 x 104 pfu) or PBS injected intratumorally on day 15. 3 hr after the
last axitinib injection (i.e., day 17), mice were sacrificed (3—4 mice/group) and brain tumor
lysates were subjected to western blot analysis.

Statistical analysis

RESULTS

One-way ANOVA followed by Tukey’s multiple comparison test was used to compare the
different treatment groups in the tube formation assay experiment. Survival data were
analyzed by Kaplan Meier survival curves, and comparisons were performed by Log Rank
test. Immunohistochemistry counts were compared using an unpaired two-tailed Student ¢
test. Pvalues of less than 0.05 were considered significant. All statistical analyses were
performed using Prism 7 GraphPad software version 7.0a.

Sensitivity of GSCs and MBMECSs to axitinib and G47A-mIL12 in vitro

We first tested the sensitivity of mouse 005 GSCs and MBMECs to axitinib and G47A-
mlL12. Both 005 GSCs and MBMECs were sensitive to axitinib with IC50s of 1 and 2 uM,
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respectively (Fig. 1A). 005 GSCs were sensitive to G47A-mIL12 (IC50 = MOI 0.7), while
MBMECs were resistant (Fig. 1B). Heparin, added to the medium to increase the stability of
fibroblast growth factor (FGF) (37), blocked virus sensitivity (Supplementary Fig. S1A, B)
(38) so it was absent during oHSV infection. Mouse 005 GSCs form tubes /in vitro when
grown in endothelial cell growth media (EGM-2). 005 tube formation /n vitro was inhibited
45% by 0.03 uM axitinib (Fig. 1C, D, p< 0.0001), while MBMEC tube formation was not
sensitive to axitinib, up to 3 uM.

We previously showed that human primary GSCs were sensitive to axitinib (30). Here we
tested the sensitivity of human recurrent GSCs; MGG50 and MGG123 GSCs were sensitive
to axitinib, with 1C50s of ~1.2 uM and ~2.5 UM, respectively, while MGG85 was resistant
(Fig. 1E). None of the primary GSCs formed tubes /in vitro, except MGG64, which showed a
trend of tube formation (Supplementary Fig. S1C), whereas of five recurrent GSC lines
tested, MGG50, MGG85, and MGG123 formed tubes (Supplementary Fig. S1D; upper
panel) and MGG31 and MGG91 showed a trend of tube formation in matrigel-based media
(Supplementary Fig. S1D; lower panel). None of the primary and recurrent GSCs expressed
CD31 (Supplementary Fig. S1E, F). Tubes derived from MGG50, MGG85 and MGG123
were not sensitive to axitinib up to 10 uM (Supplementary Fig. S1G).

Depletion of stem-like population by individual or combination therapy (axitinib+G47A-

miL12)

In previous studies, it was reported that axitinib (30) or oHSV G47A treatment alone (34)
inhibits secondary neurosphere formation, a hallmark of stem-like properties. We
determined the effects of the combination therapy (axitinib+G47A-mIL12) on the ability of
005 GSCs to form clonogenic spheres. Cells were either pre-treated with axitinib (10 uM)
and/or G47A-mIL12 (moi 0.2) before clonogenic plating free of therapies (Supplementary
Fig. S2A), or continuously exposed to non-toxic concentration of axitinib (300 nM) and/or
G47A-mlL12 (moi 0.2) for 12 days (Supplementary Fig. S2B). In both experiments, single
treatments were significantly effective in reducing neurosphere formation compared to mock
treatment (p<0.05), and the combination treatment was even significantly better than either
single treatment alone (p<0.05), indicative of effective depletion of the stem-like population
(Supplementary Fig. S2A, B). /n vitro limiting dilution assays also showed that the
proportion of stem-like cells was significantly decreased after combination therapy
compared to single treatments (Fig. 1F).

Efficacy of combination therapy (axitinib+G47A-mIL12) in an orthotopic angiogenic human
GSC-derived GBM model

In previous studies we demonstrated that: (i) axitinib treatment alone produces only a
modest prolongation in survival in orthotopic primary GSC-derived human glioma xenograft
models that was associated with a large decrease in angiogenesis (30); and (ii) 1L12
expression from G47A (G47A-mIL12 versus G47A-empty) reduced angiogenesis /n vivo and
extended survival of mice bearing MGG4 primary GSC-derived tumors (23). Therefore, we
explored whether axitinib would improve the therapeutic efficacy of G47A-mIL12 /in vivo.
For these studies, we used axitinib-sensitive MGG123 recurrent GSCs, which form
aggressive and highly vascular orthotopic tumors (13). Athymic mice bearing MGG123
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GSC-derived brain tumors were treated with intraperitoneal injections of axitinib (25 mg/kg)
or vehicle from days 12 to 16 once daily and with a single intratumoral injection of G47A-
mlIL12 or PBS on day 14 (Fig. 2A). G47A-mIL12 treatment alone significantly extended
median survival (median survival=29 days) compared to mock (median survival= 22 days;
p=0.0005), by 32% (Fig. 2A). No extension was seen with axitinib alone (p=0.16), although
CD34™" tumor vascularity was significantly reduced by axitinib treatment compared to mock
(P=0.0006) (2B). This suggests that the axitinib dose and/or short treatment period were
insufficient to control the growth of MGG123 GSC-derived tumors. The combination
(median survival=27 days) was no different than virus alone (p=0.8; Fig. 2A).

To increase the effects of axitinib, we doubled the dosage (to 50 mg/kg) and continued
treatment for 2 cycles, from days 5 to 16 (Fig. 2C). In this case, axitinib (median
survival=30 days) or G47A-mIL12 (median survival=33 days) alone significantly extended
median survival compared to mock treatment (median survival=26.5 days; p=0.009 and
p=0.001, respectively) (Fig. 2C). Here, high-dose axitinib resulted in almost complete
reduction of CD34" vascularity compared to mock (Fig. 2D; p<0.0001). Now, combination
therapy (axitinib+G47A-mIL12; median survival=42.5 days) further prolonged survival
compared to axitinib (p=<0.0001) or G47A-mIL12 (median survival=33 days; p=0.02)
treatment alone, and resulted in 1 long-term survivor (Fig. 2C), which had no evidence of
tumor (Fig. 2E).

Histopathology of treated human GBM

Next, we examined the effects of treatment on tumor histopathology. Athymic mice bearing
MGG123 GSC-derived brain tumors were treated with high-dose axitinib (50 mg/kg) and/or
G47A-mlIL12 (as in Fig. 2C), and 24 hr after the last axitinib injection (i.e., day 17), mice
were sacrificed and brains collected. Staining for CD34 (vascularity) illustrated the anti-
angiogenic effects of axitinib treatment, either alone or in combination (Axi, Axi+V; Fig.
3A). Quantification revealed that high-dose axitinib treatment resulted in a 5.4-fold decrease
in vascularity compared to mock (Fig. 3B; p<0.0001), which was 2.8-times larger than low-
dose axitinib, which only had a 1.9-fold decrease in vascularity compared to mock (Fig. 2B,
D). G47A-mIL12 treatment did not significantly alter vascularity compared to mock, while
the combination was somewhat more vascular than axitinib alone (Fig. 3A, B). Axitinib
treatment alone (p=<0.001) or in combination (p=<0.01) significantly enhanced infiltration
of CD68™ tumor-associated macrophages (TAMSs) within the MGG123 tumors compared to
mock or virus treatment alone (Fig. 3A, B). Similar to what we previously reported for U87
tumors (30), axitinib treatment reduced proliferating cells (Ki67*) in the tumor (Fig. 3A, B)
and cellular density, which was further reduced after combination treatment (Fig. 3C).
Tumor size at this early time point was smaller in the axitinib-treated group compared to the
mock and virus treated groups (Fig. 3D, E). The issue of hemorrhage has been a concern for
treatment of brain tumors with the combination of anti-angiogenic compounds plus
oncolytic virus. However, we found that this combination produced large necrotic areas
throughout the tumor but no significant hemorrhage, indeed, less than is seen with virus
alone (Fig. 3E, Supplementary Fig. S3A). No qualitative difference was observed in the
NeuN* staining cells (neuronal marker) between any of the treatments groups
(Supplementary Fig. S3B). Oncolytic virus treatment alone produced increased levels of
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apoptosis (cleaved caspase 3) in the MGG123 GSC-derived tumors, compared to mock or
axitinib treatment, which was further enhanced with combination treatment (Supplementary
Fig. S4A). Sox2 expression (stem cell marker) was greatly reduced in tumors after
combination therapy (Supplementary Fig. S4B), suggesting that combination treatment
affected the stem-like population /n vivo.

Combination therapy (axitinib+G47A-mIL12) blocks PDGFR/ERK pathway in MGG123 GBM
model both in vitro and in vivo

Since axitinib is a multi-tyrosine kinase inhibitor, we performed signal transduction studies
both /n vitroand in vivo. First, we tested the effects of axitinib on VEGFR/PDGFR and their
downstream ERK/AKT pathways in both human (HUVEC) and mouse (MBMEC)
endothelial cells and MGG123 tumor cells. In HUVEC, axitinib (10 uM) blocked
phosphorylation of both VEGFR2 (p-VEGFR2) and PDGFRp (p-PDGFRp) and
downstream phospho-ERK1/2 (p-ERK1/2) and phospho-AKT (p-AKT) (Supplementary Fig.
S5A). In MBMEC, which is more relevant in the context of brain tumor angiogenesis,
axitnib (10 pM) treatment blocked both p-ERK1/2 and p-AKT (Supplementary Fig. S5B).
MGG123 tumor cells express PDGFRp, not VEGFR2 (Fig. 4A). Therefore, we examined
the effects of axitinib and/or G47A-mIL12 in PDGFR pathway. p-PDGFRp was completely
blocked by axitinib treatment (10 uM) (Fig. 4A). Dose-dependent inhibition of p-PDGFRpB
and its downstream p-ERK1/2 and p-AKT were also observed, with strong or complete
inhibition observed at a dose of 1 uM (Fig. 4B, C). Based on the dose-dependent effects of
axitinib on p-PDGFRB, p-ERK1/2 and p-AKT (Fig. 4B, C), three different doses of axitinib
(111, 333, and 1000 nM) were chosen to examine effects of combination (axitinib+G47A-
mlL12) in PDGF-stimulated MGG123 cells. Axitinib alone (all three doses) or combination
with virus reduced the levels of p-PDGFRp by ~80-100%, compared to PDGF-stimulated
cells (Fig. 4D, Supplementary Fig. S5C). Virus treatment alone decreased p-ERK1/2
expression by 15%, and axitinib reduced it by ~50% (axitinib 111 nM) to 83% (axitinib
1000 nM) (Fig. 4D, Supplementary Fig. S5C). Combination treatment was similar to
axitinib treatment alone in inhibiting phosphorylation of ERK1/2 (Fig. 4D, Supplementary
Fig. S5C). As expected, virus treatment enhanced p-AKT by 70%, as previously shown by
Kanai et al (36), however, AKT activation was reduced to ~25% by axitinib treatment (333
nM or 1000 nM) (Fig. 4D, Supplementary Fig. S5C).

Since axitinib and combination therapy targeted the key downstream effector ERK1/2 in
both GSCs and endothelial cells, we evaluated treatment effects on p-ERK1/2 in MGG123
tumor /n vivo. Single treatments reduced p-ERK1/2 levels by 20%, compared to mock, and
the combination therapy further reduced it by ~25%, compared to each single treatment
alone (Fig. 4E, F).

Anti-tumor efficacy of G47A-mIL12 in immunocompetent mice was enhanced by axitinib

therapy

Axitinib and G47A-mIL12 as single treatments have modest anti-tumor effects in
immunocompetent 005 GSC-derived brain tumors (14,30), and the anti-tumor efficacy of
G47A-mIL12 is largely T-cell mediated (14). Axitinib is reported to increase immune cell
infiltration and reduce suppressive MDSCs in brain metastasis (31,32), but not to suppress
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effector T cells, in contrast to other TKIs (39). Therefore, we hypothesized that combining
axitinib with G47A-mIL12 would improve anti-tumor efficacy by targeting both immune and
vasculature components of the tumor microenvironment. C57BL/6 mice bearing established
005 GSC-derived brain tumors were treated with two intratumoral injections of G47A-
mlL12 or PBS on days 11 and 17 and intraperitoneal axitinib (25 mg/kg) or vehicle from
days 14 to 32 (3 cycles of 5 days on and 2 days off) (Fig. 5A). Both axitinib (median
survival=41 days) and G47A-mIL12 (median survival=37 days) modestly, but significantly,
improved median survival compared to mock (median survival=33 days; p=0.0003 and
p=0.03, respectively) (Fig. 5A). Combination therapy (axitinib+G47A-mIL12) further
extended survival significantly compared to axitinib (p=0.04) or G47A-mIL12 (p=0.002)
treatment alone, and resulted in 2 longer-term survivors (Fig. 5A), although both mice had
large tumors (Supplementary Fig. S6A), so tumor growth was just slowed not eradicated.
This suggests that extending the number of treatment cycles may be beneficial.

Immunohistochemistry for CD3* T cells was performed in the tumor and non-tumor areas in
order to assess untoward inflammatory responses within the surrounding brain at the point of
death (Supplementary Fig. S6B). A large presence of CD3* T cells was only observed in the
tumor areas. Its limited presence in non-tumor areas in all treatment groups indicated no
untoward inflammatory responses in the surrounding brain tissues (Supplementary Fig.
S6B).

Anti-tumor effects of axitinib+G47A-mIL12 combination therapy in the 005 model was T-cell

dependent

Because axitinib and G47A-mIL12 modulate immune cells in syngeneic tumor models
(14,31), we tested whether the survival benefits of axitinib+G47A-mIL12 combination
therapy in C57BL/6 mice were immune-mediated. Therefore, we next studied athymic mice
(devoid of T cells) bearing intracranial 005 GSC-derived tumors and treated them with
intratumoral injections of G47A-mIL12 or PBS on days 11 and 17 and intraperitoneal
axitinib or vehicle from days 14 to 25 for 2 cycles (Fig. 5B). As opposed to the C57BL/6
immune-competent mice, there was no significant difference in median survival between the
single or combination treatments compared with mock in athymic mice (Fig. 5B), indicating
that the therapeutic efficacy of axitinib+G47A-mIL12 combination therapy in 005 mouse
tumors was T-cell dependent.

Addition of immune checkpoint inhibitor did not improve the therapeutic outcome of
axitinib+G47A-mlL12 combination therapy

Given the T cell dependency of axitinib+G47A-mIL12 anti-tumor efficacy, we asked
whether combining this with immune checkpoint blockade would improve the outcome. We
used anti-CTLA-4 antibodies for immune activation of T cells (40). C57BL/6 mice bearing
005 GSC-derived tumors were treated with triple combination therapy (axitinib+anti-
CTLA-4+G47A-mIL12) using the treatment regimen shown in Fig. 5C. Anti-CTLA-4 alone
had a significant but modest effect (versus Mock), similar to axitinib or G47A-mIL12 alone,
but none of the combinations further extended survival (Fig. 5C), suggesting that checkpoint
blockade might have antagonized the combination effect of axitinib with G47A-mIL12.
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Treatment effects of axitinib+G47A-mIL12 combination therapy on immune cells and other
cell markers in 005 GBM model

Finally, we used immunohistochemistry for immune cells and other cell markers to better
understand the anti-tumor effects of axitinib+G47A-mIL12 combination therapy in the 005
model. C57BL/6 mice bearing 005 GSC-derived tumors were treated with intratumoral
injections of G47A-mIL12 or PBS on days 18 and 24 and intraperitoneally with axitinib or
vehicle from days 21 to 25. Six hours after the last axitinib injection, animals were sacrificed
and brains collected. Axitinib treatment alone or in combination with virus reduced
vascularity and CD34* cells, but not significantly compared to mock (Fig. 6A, B). Axitinib
or combination treatment did not significantly alter (as opposed to mock treatment) the
number of tumor infiltrating CD68* macrophages, Granzyme B* activated cytotoxic cells,
Ki67* proliferating cells, FoxP3* cells, or cleaved caspase 3* apoptotic cells (Fig. 6A-D). In
contrast to the axitinib-mediated effects on T cells previously reported (31,32), the number
of CD3" (p=0.003) and CD8" (p=0.03) cells were reduced after axitinib treatment compared
to mock (Fig. 6A, B). However, the combination with G47A-mIL12 overcame these negative
effects, significantly increasing tumor infiltrating CD3* (P=<0.001) and CD4* (P=0.002)
cells compared to axitinib alone (Fig. 6A, B).

Discussion

We show that TKI inhibitor axitinib combined with oHSV G47A-mIL12 enhanced survival
of GSC-derived brain tumors. In the human hyper-vascular GSC-derived GBM model, anti-
tumor efficacy of axitinib was dose-dependent, while in the syngeneic GSC model (005) it
was T cell dependent. The interactions are complex and may be impacted by the temporal
dosing regimen.

Both mouse 005 GSCs and MBMEC:s are highly sensitive to axitinib treatment. Recurrent
MGG50 and MGG123 GSCs were sensitive to axitinib with 1C50s of 1.2 and 2.5 pM, which
is quite similar to that reported for primary GSC lines (30) and glioma cell lines (41), while
MGG85 GSCs were relatively resistant. MBMECs were resistant to G47A-mlL12, as
expected due to the non-permissivity of normal cells. Heparin present in medium can inhibit
G47A-mlIL12 infectivity and thus should be removed when testing oHSV in vitro. Human
primary GSCs have already been shown to be sensitive to G47A virus (34,42).

An anti-angiogenic agent like axitinib has the potential to modulate the tumor
microenvironment and improve immunotherapy, however, anti-angiogenic agent dosage is a
determining factor in the therapeutic response (43). Axitinib treatment alone (administered
@ 25mg/kg; low dose) caused significant but modest extension of survival in human
orthotopic glioma (U87) and primary GSC-derived (MGG4) xenograft models, and was
associated with a reduction of CD34* vascularity (30). In contrast, the same axitinib dose
alone or in combination did not produce any effects on survival of mice with MGG123
tumors, even though CD34* vascularity was reduced. Doubling the axitinib dose (50 mg/kg;
high dose) and treatment cycles (to two) produced much larger effects on CD34* vascularity
and survival either alone or in combination with oncolytic G47A-mIL12 in the MGG123
model. 1C50 of axitinib in MGG123 GSCs was 2.5 times higher than that in 005 GSCs,
which might explain why high dose axitinib was necessary to have the combination effects
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in vivo in the MGG123 model. Alternatively, potent anti-angiogenic effect of axitinib is
important for combination effects with oHSV. The beneficial effects of axitinib dose
escalation have also been reported in patients with progressive metastatic renal cell
carcinoma, where axitinib dose escalation showed a decrease in tumor burden in a large
proportion of patients (78%) (44). These dose-dependent effects of axitinib were in contrast
to what was seen in immune-competent models. For example, lower doses of anti-VEGFR2
antibody produced superior anti-tumor effects than higher doses, and enhanced efficacy of
vaccine therapy in immune-competent breast cancer models (43). These low dose anti-
VEGFR2-mediated anti-cancer effects were associated with the normalization of the breast
tumor vasculature, not anti-angiogenesis (43). In the immune-competent 005 GSC model,
low-dose axitinib in combination with G47A-mIL12 was sufficient in controlling tumor
growth without producing significant anti-angiogenic effects, an effect that was T-cell
dependent.

Treatment with TKIs, such as axitinib, has been shown to enhance T cell infiltration within
the tumor microenvironment in an intracranial melanoma model (31), which is different
from our findings where axtinib treatment significantly reduced CD3* and CD8* T cell
infiltration in orthotopic 005 tumors. It is not clear how axitinib negatively regulated T cell
infiltration in the 005 tumors. Several TKIs (ie., sunitinib, sorafenib, and axitinib) were
shown to suppress T cell proliferation in vitro (39). Cabozantinib, a TKI similar to axitinib,
reduces tumor cell proliferation and vascularity, and enhances T cell mediated killing of
tumor cells (45). Although TKI therapy alone may be beneficial or detrimental to T cell
responses, combining TKI with cancer vaccines can be beneficial in inducing T cell
mediated anti-tumor responses (45,46). For example, when cabozantinib was given in
combination with a poxvirus based therapeutic cancer vaccine (45) or axitinib in
combination with an adenoviral based vaccine producing IL-12 (46), a significant T cell
dependent synergy was observed in controlling tumor growth, and an anti-VEGFR2
antibody-+cancer vaccine combination had T cell dependent anti-cancer effects in breast
cancer models (43). In the 005 GBM model, axitinib-mediated anti-tumor effects are mainly
T cell dependent, as also seen in (45), without significantly affecting tumor vascularity.
Similar to anti-VEGFR2+cancer vaccine combination therapy, the anti-glioma effects of our
combination treatment (axitinib+G47A-mIL12) were also T cell dependent.

Anti-angiogenic therapy can beneficially impact immunotherapy (47). Because axitinib
+G47A-mIL12 combination therapy of 005 tumors involves T cells, we sought to study
whether anti-tumor efficacy could be improved by adding immune checkpoint blockade
immunotherapy, such as anti-mCTLA-4. However, anti-mCTLA-4 was not efficacious in
enhancing the anti-tumor effects of axitinib+G47A-mIL12, and was potentially
counterproductive. In previous studies combining G47A-mIL12 with checkpoint blockade,
inhibiting the PD-1/PD-L1 pathway resulted in similar survival extension as anti-CTLA-4
(33), so we do not anticipate a difference when anti-PD-1 is combined with axitinib and
G47A-mIL12. We speculate that decreased vascular permeability due to axitinib treatment
(48) inhibited extravasation of T cells to the tumor. There was a significant decrease in CD3*
and CD8* T cell infiltration in the tumor after axitinib treatment, although this was
overcome by virus. In recent studies with an intracranial B16 melanoma model, a small but
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significant increase in survival with axitinib and anti-CTLA-4 was observed, although no
difference in tumor growth (luminescence) was detected (32).

An in vitro screen of small molecule inhibitors identified 6 compounds, including axitinib,
that synergize with oncolytic myxoma virus against brain tumor-initiating cells (49). Here,
we show that axitinib shuts down PDGFR signaling pathway and when combined with
oHSV-IL12 leads to effective inactivation of the downstream oncogenic effector molecule,
ERKZ1/2, both in vitro and in vivo. Similar to our findings, axitinib has been shown to
specifically block ERK1/2 phosphorylation in patient-derived myxoid liposarcoma cell lines
(50).

In conclusion, we show for the first time the combinatorial effects of axtinib+G47A-miIL12
in two orthotopic GSC-derived GBM models. In the human GSC immune-deficient model,
we demonstrate dose-dependent anti-angiogenic effects of axitinib, with large vascularity
decreases correlating with prolonged survival after combination treatment. In contrast, the
anti-tumor effects of axtinib+G47A-mIL12 in the mouse immune-competent GBM model
were mainly T cell dependent. Both mechanisms are important in that some GBM patients
are on immunosuppressive doses of corticosteroids and chemotherapy and others are not.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Glioblastoma (GBM) is a lethal brain tumor containing a subpopulation of GBM stem-
like cells (GSCs), thought to initiate tumorigenesis and contribute to therapy resistance.
GBM is a complex malignancy consisting of neoplastic cells, including GSCs and bulk
tumor cells, and non-neoplastic cells, including innate and adaptive immune cells and
dysregulated vasculature. Targeting these different components will likely be necessary to
treat GBM. Therefore, we combined oncolytic herpes simplex virus (0HSV) that
selectively kills cancer cells with VEFGR tyrosine kinase inhibitor axitinib in 2
aggressive GSC-derived orthotopic tumor models: patient-derived MGG123 in immune-
deficient mice and syngeneic 005 in immune-competent mice. This combination
significantly prolonged survival in both models and involved multiple activities: direct
oncolysis, increased macrophage infiltration, anti-angiogenesis and PDGFR/ERK
pathway inhibition in MGG123, and T-cell-dependent activity in 005. Since axitinib and
oHSV are already in clinical trials for GBM as monotherapy with limited efficacy, this
strategy is of translational relevance.

Clin Cancer Res. Author manuscript; available in PMC 2019 July 15.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saha et al. Page 18
A 005 MBMEC B 005 MBMEC
= 100] 1004 = 100- 100- 2
2 > LI
£ 80 80- = 80 80+
2 60 60 2
s 90 S 80 5
2 40 401 2 40 40
""v' i ] e
S 2 " 20 T 20 20-
E 5 0- € 0
04 1 10 100 00101 1 10 100 001 01 1 10 001 01 1
Axitinib (uM) Axitinib (uM) MOI MOI

0 003 03
Axitinib (uM)

O,
MGG50 MGG85 MGG123 g
= 100 1o 15 8 4.
> : ® p=
£ 8o ]~ ] g
8 oo ] ] g ™
s o
2 40- 3 | 2 ,
% @ 34 -© Mock
< 201 . 1 S -© Axitinib
x 0 Z 4 -©- Virus 3
001 01 1 10 100 0.01 01 1 10 100 0.01 01 1 10 100 o S 0. . S
Axitinib (uM) Axitinib (uM) Axitinib (uM) 0 5 10 15 20 25 30
Cells/well

Figure 1. Cytotoxic effects of axitinib and G47A-mIL12 in mouse and human cells in vitro
A, B. Dose response curves for axitinib (A) and G47A-mIL12 (B) in 005 GSCs after 4 days

and MBMEC after 5 days; each graph represents an average of 2—4 experiments performed
in triplicate. For G47A-mIL12 experiments (B), cells were seeded in their respective media
with ‘no heparin’, virus was added 0 hr (for MBMEC) or 5 hr (for 005) post-seeding, and
viability measured by MTS assay. C, D. Axitinib reduced matrigel-based tube formation in
005 GSCs. C. Microscopic images of representative wells imaged at 20x are shown. Bar =
100 pm. D. Quantification of branching point counts from 3-5 random fields/well. The
numbers of tube branches were significantly reduced after axitinib treatment (0.03uM or
0.3uM) compared to mock treatment. Experiment was performed in triplicate. Tukey’s
multiple comparison test was used to compare the different treatment groups; ****P<
0.0001. E. Cytotoxic effects of axitinib in human GSCs /n vitro. Dose response curves for
axitinib in MGG50, MGG85, and MGG123 GSCs after 6 days, as measured by MTS assay;
each graph represents an average of three experiments performed in triplicate. F. /n vitro
limiting dilution study. 005 cells were plated in 96-well plate. Cells were continuously
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exposed to a non-toxic concentration of axitinib (300 nM) and/or G47A-mIL12 (moi 0.1) for
12 days and number of wells (n=30 wells total) containing spheres were recorded and
plotted using ELDA: Extreme Limiting Dilution Analysis form, as described (35). Estimated
stem cell frequencies were; 1 in 4.3 for mock, 1 in 11.7 for axitinib, 1 in 5.9 for virus, and 1
in 20.4 for combination. Treatment groups were compared to each other using a Chi Square
test: mock vs. axitinib, p=7.9 x 1071%; mock vs. virus, p=0.024; mock vs. combination,
p=1,1 x 10725; axitinib vs. virus, p=5.1 x 1078; axitinib vs. combination, p=0.0006; virus vs.
combination, p=5.6 x 10713,
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Figure 2. Axitinib treatment in combination with intratumoral G47A-mIL12 in athymic mice
bearing human MGG123 GSC-derived brain tumors

A. Kaplan-Meier survival curve. Athymic mice were implanted with MGG123 human GSCs
on day 0, axitinib (25 mg/kg) or vehicle solution was injected intraperitoneally from days 12
to 16, and/or G47A-mIL12 (5 x 104 pfu) or PBS injected intratumorally on day 14. n=8,
except for combination, n=7. Mock vs. axitinib, p=0.16; mock vs. G47A-mIL12, p=0.0003;
mock vs. combination, p=0.0003; axitinib vs. combination, p=0.0008; G47A-mIL12 vs.
combination, p=0.78. B. Immunohistochemical staining of CD34" endothelial cells in brain
tumor sections from mice treated with low-dose axitinib (25 mg/kg). Athymic nude mice
implanted with MGG123 GSCs (5 x 104) on day 0 and treated with axitinib (25 mg/kg) or
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vehicle solution following the schema shown in A. Twenty-four hours after the last axitinib
injection (day 17), animals were sacrificed and brains collected. Formalin-fixed and paraffin-
embedded brain tumor sections were stained for CD34" endothelial cells. Scatter plot (each
animal 1 point) showing the quantification of CD34* areas (10x objective) from 5 fields /
tumor section (2 sections / mouse; n=4 mice/group). Quantification of CD34* areas was
done by ImageJ software (NIH). Counter was blinded to the experiment. C. Kaplan-Meier
survival curve. Athymic mice were implanted with MGG123 human GSCs and treated with
G47A-mlIL12 or PBS intratumorally on day 14 (as in A). High dosage of axitinib (50 mg/kg)
or vehicle solution was administered intraperitoneally from days 5 to 16 (2 cycles of 5 days
on and 2 days off). n=8, except for G47A-mIL12, n=7. The long-term surviving mouse from
the combination group was sacrificed on day 104, and tumor was not present, shown in E.
Mock vs. axitinib, p=0.009; mock vs. G47A-mIL12, p=0.002; mock vs. combination,
p=<0.0001; axitinib vs. G47A-mIL12, p=0.08; axitinib vs. combination, p=<0.0001; G47A-
mIL12 vs. combination, p=0.02. D. Immunohistochemical staining of CD34* endothelial
cells in brain tumor sections from mice treated with high-dose axitinib (50 mg/kg). Same
data as in Fig. 3B. Mean £ SEM. *** £<0.001, **** £<0.0001. E. Hematoxylin and eosin
staining of brain section of long-term survivor mouse in C. Mouse was sacrificed on day 104
and H&E stained brain section showing the needle track wound (right hemisphere) with no
evidence of tumor. Bar = 0.1 inch.

Clin Cancer Res. Author manuscript; available in PMC 2019 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Saha et al.

Page 22

CD34" areas(%) / field

e
M Axi V Axi+V

= an
S a o
S 8 o

Total cells / field
3

M Axi V Axi+V M Axi V Axi+V

Mouse 1 Mouse 2 Mouse 3 Mouse 4

Mock

Axitinib

G47A-miL12

—

Axitinib+
G47A-mIL12

Figure 3. Histopathological analyses of therapeutic effects in the MGG123 GSC-derived brain
tumor model

Athymic mice were implanted with MGG123 GSCs (5 x 10%) on day 0. Axitinib (50 mg/kg)
or vehicle solution was injected intraperitoneally from days 5 to 16 (2 cycles of 5 days on
and 2 days off) and G47A-mIL12 (5 x 10* pfu) or PBS injected intratumorally on day 14.
Twenty-four hours after the last axitinib injection mice were sacrificed and brains collected.
Formalin-fixed and paraffin-embedded brain tumor sections were stained for CD34, CD68
and Ki67. A. Representative images from sections with immunohistochemical staining for
CD34 (upper), CD68 (middle), and Ki67 (lower). Brown indicates positivity. Bars = 100 pum.
B. Scatter plot (each animal 1 point) of the quantification of CD34* areas (10x objective),
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CD68™ cells (20x objective), and Ki67™" cells (20x objective) from 3 fields / tumor section (1
section / mouse for CD34 and Ki67 and 2 sections / mouse for CD68). C. Scatter plot (each
animal 1 point) of the quantification of total cells within the tumor mass, using sections
stained for Ki67 and counter-stained with hematoxylin. D. Quantification of tumor volume
using images shown in E. Individual mice in each group (mock, M; axitinib, Axi; G47A-
mlL12, V; and axitinib+ G47A-mIL12, Axi+V) identified by color. E. Hematoxylin and
eosin staining of brain tumor sections. Scanned images of mouse brain sections from mice
bearing MGG123 GSC-derived GBM tumors. Bars = 0.1 inch. Mean + SEM. * £<0.05, **
£<0.01, *** p<0.001, **** P<0.0001.
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Figure 4. Effects of axitinib and/or G47A-mIL12 on VEGFR and PDGFR signaling pathways in

MGG123 GBM

A. Effects of axitinib on VEGFR and PDGFR signaling pathway in MGG123 GSCs in vitro.
Cells were starved (no growth factors) overnight, followed by stimulation with or without
recombinant human VEGF (100 ng/ml) or PDGF (100 ng/ml) for 15 min. Simultaneously,
cells were also treated with or without axitinib (10 uM) for 15 min. Cell lysates were
processed for western blotting with antibodies to Vinculin, VEGFR2, p-VEGFR2, PDGFR§,
p-PDGFRB, p-ERK1/2, and p-AKT (Cell Signaling). B. Representative blot of dose-
dependent effects of axitinib (dose indicated) on PDGFRp signaling. C. Relative expression
(to vinculin; mean) of p-PDGFRp, p-ERK1/2, and p-AKT obtained from B and second blot.
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Lines are curve fit of data (nonlinear regression, Gaussian distribution). D. Representative
blot of effects of combination (axitinib+G47A-mIL12) treatment on PDGFR signaling.
Starved MGG123 cells were inoculated with G47A-mIL12 (moi 1.0) and incubated for 6 hr
at 37°C. During the last 15 min of viral incubation, PDGF (100 ng/ml) and axitinib (111,
333, or 1000 nM) were added to the cells. Cells were then processed for western blotting.
Quantification in Supplementary Fig. S5C. E. Treatment effects of combination therapy
(axitinib+G47A-mlL12) on p-ERK1/2 in MGG123 tumors /in vivo. Athymic mice were
implanted with MGG123 human GSCs on day 0, high-dose axitinib (50 mg/kg) or vehicle
solution was injected intraperitoneally from days 13-17, and/or G47A-mIL12 (5 x 104 pfu)
or PBS injected intratumorally on day 15, and 3 hr after the last axitinib injection (i.e., day
17), mice were sacrificed (3—4 mice/group) and brain tumor quadrants were collected.
Tumor quadrants from each group were pooled and processed for western blotting with
antibodies to p-ERK1/2 and vinculin. F. Relative expression (to vinculin) of p-ERK1/2
obtained from E.
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Figure 5. A, B. Effects of combination therapy (axitinib+G47A-mIL12) in orthotopic 005 GSC-
derived GBM model in immune-competent and immune-compromised settings

A. Systemic TKI axitinib, intratumoral G47A-mIL12, or the combination prolongs survival
in C57BI/6 mice. C57BI/6 mice implanted with 005 GSCs were treated with G47A-mIL12
(1 x 10° pfu) or PBS injected intratumorally on days 11 and 17 and/or axitinib (25 mg/kg) or
vehicle solution injected intraperitoneally from days 14 to 32 (3 cycles of 5 days on and 2
days off) (n=7/group, except Mock, n=8). The long-term surviving mouse from the
combination group was sacrificed on day 101, and a large tumor was present
(Supplementary Fig. S6A). Mock vs. axitinib, p=0.0003; mock vs. G47A-mIL12, p=0.03;
mock vs. combination, p=<0.0001; axitinib vs. G47A-mIL12, p=0.09; axitinib vs.
combination, p=0.04; G47A-mIL12 vs. combination, p=0.002. B. Systemic TKI axitinib,
intratumoral G47A-mIL12, or the combination does not produce any survival benefits in
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athymic mice. Athymic mice implanted with 005 GSCs were treated with G47A-mIL12 (1 x
10° pfu) or PBS injected intratumorally on days 11 and 17 and/or axitinib (25 mg/kg) or
vehicle injected intraperitoneally from days 14 to 25 (2 cycles of 5 days on and 2 days off)
(n=7/group). No significant differences were observed between combination and single
treatments or compared with mock (p=>0.05). C. Systemic immune checkpoint inhibitor
does not produce any survival advantage when added in combination with axitinib
+G47A-mIL12 therapy for the treatment of 005 GSC-derived brain tumors. C57BIl/6
mice were implanted with 005 GSCs (2 x 104) on day 0. Axitinib (25 mg/kg) or vehicle
injected intraperitoneally from days 12 to 30 (3 cycles of 5 days on and 2 days off). G47A-
mlL12 (2.5 x 10° pfu) or PBS was injected intratumorally on day 14 and anti-CTLA-4
antibody (5 mg/kg), or isotype control 1gG (5 mg/kg) intraperitoneally on days 15, 18 and
21. Median survival of Mock (38 days; n=8) was significantly different (p<0.05) from all
treatments groups: axitinib (44 days; n=8), anti-CTLA-4 (47.5 days; n=8), axitinib+anti-
CTLA-4 (50 days; n=7), anti-CTLA-4+G47A-mIL12 (48 days; n=8), or axitinib+anti-
CTLA-4+G47A-mIL12 (48 days; n=9). No significant difference was observed between the
single and dual or triple combination treatments (p=>0.05).
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Figure 6. Immunohistochemical staining of cell markers in brain tumor sections
C57BI/6 mice implanted with 005 GSCs (2 x 10%) on day 0 were injected intratumorally

with G47A-mIL12 (1 x 10° pfu) or PBS on days 18 and 24 and intraperitoneally with
axitinib (25 mg/kg) or vehicle from days 21 to 25. Six hours after the last axitinib injection,
animals were sacrificed and brains collected. Brain tumor sections were stained for CD34,
endothelial cells; CD3, T cells; CD4, T cells; CD8, T cells; CD68, macrophages; Ki67,
proliferating cells; Granzyme B, cytotoxic cells; FoxP3, regulatory T cells; cleaved
caspase-3, apoptotic cells; and H & E (for total cell count). A, C. Representative images
with positive cells stained brown. B, D. Scatter plots (each animal 1 point) showing the
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quantification of CD34* areas (10x objective, 3 fields/tumor section, 3 sections/mouse),
CD3™" (10x objective, 3 fields/section, 3 sections/mouse), CD4* (10x objective, 5 fields/
section, 1 section/mouse), CD8* (10x objective, 5 fields/section, 1 section/mouse),

CD68™ (20x objective, 5 fields/section, 1 section/mouse), Ki67* cells (20x objective, 3
fields/section, 3 sections/mouse), Granzyme B* (10x objective, 3 fields/section, 3 sections/
mouse), FoxP3* (20x objective, 3 fields/section, 3 sections/mouse), cleaved caspase-3* (10x
objective, 3 fields/section, 3 sections/mouse), and cell density count (20x objective, 3 fields/
section, 1 section/mouse). Individual mice in each group (mock, M; axitinib, Axi; and
axitinib+ G47A-mIL12, Axi+V) identified by color. Mean £ SEM. * £<0.05, ** £<0.01,
**x* Pc(0,0001. Quantification of CD34* areas was done by ImageJ software (NIH).
Counter was blinded to the experiment.
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