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Introduction

1.1 Glioblastoma

Glioblastomas (GBM) are aggressive primary tumors arising from glia or their precursors within
the central nervous system with very poor prognosis for affected patients. The median survival
period remains to be in the range of 1.5 years even in selected clinical trial populations applying
multimodal treatment regimen %4 The genetic landscape of glioblastomas include
amplifications and deleterious mutations in key protein signal transduction pathways including
epidermal growth factor receptors pathway (EGFR), vascular endothelial growth factor
receptor pathway (VEGFR), platelet derived growth factor receptor pathway (PDGFR) along
with mutational signatures in key tumor suppressor genes such as TP53, PTEN, RB1, etc.,
affecting cell cycle arrest and promote tumorigenesis °. The intra-tumoral heterogeneity within
patients with molecularly divergent subclones render it difficult to treat and patients with such
multifocal GBMs have worse prognosis with poor overall survival than single focus GBMs ©7.
The use of 5-aminolevulinic acid (5-ALA) has enhanced surgical removal of deep infiltrating
tumor cells which fluoresce due to altered metabolism in cancerous tissue thereby improving
progression free survival but complete surgical resection of glioblastoma remains elusive &.
Surgical intervention for GBM has been mainstay to resect and reduce tumor volumes but is

followed-up with other treatment procedures to improve patient outcomes.

1.2 Conventional treatment of glioblastoma

The current standard of care (SOC) for treatment of newly diagnosed glioblastoma involves
radiotherapy with concomitant and adjuvant temozolomide °. The oral alkylating agent,
temozolomide (TMZ) functions through methylation of DNA at the O° and N’ positions of
guanine and subsequent genotoxicity effected by futile mismatch repair cycles resulting in
cytotoxic double strand breaks °. Despite the cytotoxic nature and ability of TMZ to cross the

blood brain barrier the clinical benefit were mostly limited to patients with methylation of the
06—methylguanine DNA methyltransferase gene (MGMT) 1. Patients inevitably progress and

treated with alternative oral alkylating agent, lomustine 212 often in combination with
Bevacizumab #1°, Recent focus has been on identifying smart combinations of treatments to
improve overall survival and progression-free survival of patients. The advent of tumor-treating
fields in combination with maintenance TMZ showed significant progression-free survival and
overall survival compared to TMZ alone in all patients who completed SOC concomitant radio-
chemotherapy °. The genetic and morphological complexity of gliomas, intrinsic and acquired
resistance to therapy, the inability of therapeutic molecules to intrude infiltrated tumor tissues
in the brain parenchyma and an immunosuppressive milieu are just a few reasons that render

it difficult to achieve complete recovery with conventional treatments resulting in subsequent
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relapse soon after. Novel therapeutic strategies are therefore necessary with the potential to

overcome progression, resistance and eventually achieve curative recovery.

1.3 Oncolytic virotherapy

Oncolytic virotherapy provides an exciting approach in this regard with its engineered ability to
specifically infect, proliferate and lyse cancerous cells with release of virus particles capable
of attacking neighbouring tumor cells thereby sustaining an oncolytic cascade. Genetic
engineering approaches have allowed for modification of virulence factors and cloning of
transgenes to produce ‘armed’ viruses with potential to cause tumor cell death, compromise
tumor microenvironment or enhance immunogenicity. Early phase-I/1l studies involving herpes
simplex virus type 1 encoding thymidine kinase used in combination with prodrug ganciclovir
(HSV-1 TK/GCV) showed increased overall survival in patients with recurrent glioblastoma ',
Furthermore, combination of oncolytic HSV-1 TK/GCV with TMZ elicited synergy in US7MG
glioblastoma cells in vitro and in vivo 8. Similarly, ONYX-015, an E1B-attenuated adenovirus
was tested for efficacy in a phase-I dose escalation study for treatment of recurrent malignant
glioma *°. The highest dose of oncolytic ONYX-015 was well tolerated with progression-free
survival for 3/12 patients after a 19 month follow up period *°. Contrary to underlying
mechanism of action, increasing evidence of ONYX-015 viral proliferation in presence of p53
and dose-dependent killing of normal human cells warranted further studies and was hence
less pursued 2°2!, Recent approval by the Food and Drug Administration (FDA) for use of
Talimogene laherparepvec (T-VEC) in treatment of malignant melanoma 22 has revived
enthusiasm in preclinical research and therapeutic application of oncolytic viruses. T-VEC is
an attenuated, herpes simplex virus type 1 encoding granulocyte-monocyte colony stimulating
factor (GM-CSF) designed to initiate an anti-tumor response through selective viral replication

in tumor cells and stimulation of systemic anti-tumoral immunity through secretion of GM-CSF.

The existing practice of utilizing Measles virus (MeV) as vaccines provides a distinct edge for
its therapeutic approval further supported with clinical evidence of complete remission in one
patient treated with oncolytic measles virus in relapsing drug refractory myeloma 2324, Ongoing
clinical trials employ engineered MeV expressing transgenes with multifarious potential such
as MeV encoding human sodium iodide symporter (NIS) for radiovirotherapy by live imaging
using radioactive iodine or chemovirotherapeutic approach of MeV expressing Super cytosine

deaminase (SCD) by converting prodrugs to toxic metabolites with relative success 22,

1.4 Immuno-virotherapy and checkpoint blockade
Glioblastoma are highly immunosuppressive tumors with high levels of regulatory T cell (Tregs)

infiltration as well as B7H1 upregulation in tumor associated macrophages thereby restricting
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anti-tumoral cytotoxic T cell responses 27?2, Despite an immunosuppressive milieu, preclinical
studies testing efficacy of dendritic cell vaccines loaded with glioma associated antigens
elicited a strong CD8" T cell response with lasting IL12 production leading to progression free
survival for 12 months along with complete response in one GBM patient 2°. The oncolytic
cascade resulting in lysis of tumor cells releasing virions and cellular debris encompassing
highly immune-stimulatory danger and pathogen-associated motif patterns (DAMPs, PAMPS)
30-32 provide cues for induction of antiviral and anti-tumoral immune responses. Efforts are
undergoing to combine such immune-virotherapeutic approaches with standard of care (SOC).
Wheeler et al (2016) successfully combined SOC radiotherapy and temozolomide with an
adenoviral vector encoding thymidine kinase functioning in tandem with its prodrug,
valacyclovir. This regimen resulted in significant increase in median overall survival compared
to SOC alone in patients with malignant glioma 2. The survival benefit observed with such a
combinatorial approach was a 1.5-fold increase over control group after 1 year up to a 5-fold
increase observed post 3 years 3. Further studies have explored provoking host-initiated
immune response through combining oncolytic virus with checkpoint blockade to enhance viral
stimulated anti-tumoral cytotoxicity with clear evidence of therapeutic synergy in appropriate
animal models 334, Combination of T-VEC with anti-PD-1 antibody, pembrolizumab showed
increased CD8* T cells, elevated PD-L1 protein expression and IFN-y gene expression
resulting in a complete response rate of 33% per immune-related response criteria *°. Similar
ongoing trials are underway to assess the combinatorial efficacy of combining immune-
stimulatory oncolytic viruses in combination with immune checkpoint blockade inhibitors in

melanoma, metastatic head and neck cancer and malignant glioma 352,

12



Scientific Objectives

1. To determine the feasibility of oncolytic virotherapy using MeV in glioblastoma through

characterization of glioma cell lines and primary glioblastoma cell cultures in vitro.

2. To identify a synergistic combination of MeV with SOC, radiotherapy and alkylating
chemotherapy in glioma cell lines (LN229 and LNZ308), glioma stem-like cells (GS8)

and temozolomide-resistant LN229 cells (R-LN229) in vitro.

3. To characterize and validate the molecular mechanisms of synergy in the combinatorial

treatment regimen through transcriptome analysis using RNA sequencing.

4. To delineate the treatment-induced immunological profile of MeV-infected glioma cells

established through presentation of antigens using HLA ligandome analysis.

13



2.1 Materials

Table enlisting all materials used during course of the project

Material Manufacturer
Antibiotics
Ampicillin AppliChem GmbH, Darmstadt, DE
Geneticin (G418) Thermo Fisher Scientific, Waltham, USA
Gentamycin Thermo Fisher Scientific, Waltham, USA

7-Amino actinomycin D (7AAD)

Antibodies and dyes for flow cytometry

eBioscience/Affymetrix, Santa Clara, USA

Anti-Human CD46-PE

eBioscience/Affymetrix, Santa Clara, USA

Anti-Human Nectin-4-APC

R & D systems, Minneapolis, USA

Mouse 1gG2B-APC

R & D systems, Minneapolis, USA

Mouse IgGk1-PE

eBioscience/Affymetrix, Santa Clara, USA

Trypan blue Thermo Fisher Scientific, Waltham, USA
Cell lines
293-3-46 Kind gift by Prof. Dr. Stephen Russell, (Mayo

Clinic) Rochester, USA

GL261, SMA560

Kind gift by Prof. Dr. Wolfgang Wick,
(Universitatsklinikum Heidelberg)
Heidelberg, DE

GS3, GS8 Kind gift by Prof. Dr. Katrin Lamszus,
(Universitatsklinikum Hamburg-Eppendorf)
Hamburg, DE

HT-29 Kind gift by Prof. Dr. Ulrich M. Lauer,

(Universitatsklinikum Tubingen) Tidbingen,
DE

LN229, LNZ308, 293T

American Type Culture Collection (ATCC),

Manassas, USA

Vero B4

Leibniz Institute DSMZ - German Collection
of Microorganisms and Cell Cultures GmbH
(DSMz), Braunschweig, DE
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Drugs and small molecule inhibitors

BX-795

Invivogen, San Diego, USA

Fludarabine

Selleckchem, Houston, USA

Lomustine (CCNU)

Medac, Wedel, DE

Temozolomide (TMZ)

Medac, Wedel, DE

ApoTome, Axio Imager Z1 Microscope

Electrical instruments and machines

Carl Zeiss AG, Oberkochen, DE

Autoclave V-150

Systec GmbH, Linden, DE

Bacterial incubator

Infors HT, Basel, CH

Centrifuge 5417 R

Eppendorf, Mississauga, CA

Centrifuge Heraeus Fresco 17

Thermo Fisher Scientific, Waltham, USA

Centrifuge Heraeus Multifuge S3R

Thermo Fisher Scientific, Waltham, USA

Centrifuge Heraeus Multifuge X3R

Thermo Fisher Scientific, Waltham, USA

Centrifuge Heraeus Pico

Thermo Fisher Scientific, Waltham, USA

Centrifuge MiniStar silverline

VWR, Darmstadt, DE

ChemiDoc MP gel documentation system

Bio-Rad Laboratories, Hercules, USA

CyAn ADP flow cytometry analyser

Dako, Glostrup, Denmark

Eclipse TS100 microscope

Nikon GmbH, Dusseldorf, DE

Electrophoresis chamber

Neolab, Heidelberg, DE

GammacCell 40 Exactor

Best Theratronics, Ottawa, CA

GloMax Explorer

Promega, Madison, USA

Heraeus HeraSafe clean bench

Thermo Fisher Scientific, Waltham, USA

Hypoxic Chamber Gasboy C40

Labotect Labor-Technik, Gottingen, DE

Kern ABJ balance

Kern, Balingen, DE

Kern EMB 600-2 balance

Kern, Balingen, DE

MACSQuant Analyzer 10

Miltenyi Biotech, Bergisch Gladbach, DE

Microwave

Ok, Ingolstadt, DE

Milli-Q integral water purification system

Merck, Darmstadt, DE

MJ Research PTC-200 Thermal cycler

GMI, Ramsey, USA

NanoDrop ND-1000 Spectrophotometer

Thermo Fisher Scientific, Waltham, USA

PowerEase 90W power supply

Thermo Fisher Scientific, Waltham, USA

Sanyo CO; Incubator

Panasonic, Kadoma, JP

Spectrophotometer

Eppendorf, Mississauga, CA

Thermomixer comfort heating block

Eppendorf, Mississauga, CA

Vacuum pump VacuSafe

INTEGRA Biosciences GmbH, Biebertal, DE
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Vortex mixer Heidolph Instruments, Schwabach, DE
Water bath 1083 GFL, Burgwedel, DE

Gel electrophoresis and bacterial work

1 Kb plus DNA ladder Thermo Fisher Scientific, Waltham, USA

Gel loading dye purple 6x New England Biolabs, Ipswich, USA

GelRed nucleic acid gel stain Biotium, Hayward, USA

Luria Bertani (LB) Agar, Vegitone Sigma Aldrich, St. Louis, USA

Luria Bertani (LB) Broth, Vegitone Sigma Aldrich, St. Louis, USA

S.0.C medium Thermo Fisher Scientific, Waltham, USA

Tris acetate EDTA (TAE) Buffer (50x) AppliChem GmbH, Darmstadt, DE
I

Anti-LC3A rabbit monoclonal antibody Cell Signaling Technology, Danvers, USA

(4599s)

Anti-STAT1 (phospho Y701) mouse Abcam, Cambridge, USA

monoclonal antibody (ab29045)
Anti-STAT1 alpha rabbit antibody (ab92506) | Abcam, Cambridge, USA

Bolt Welcome Pack Thermo Fisher Scientific, Waltham, USA
Bolt 4-12% Bis-Tris plus gels, 10 well Thermo Fisher Scientific, Waltham, USA
Human anti-IRF1 rabbit monoclonal antibody | Abcam, Cambridge, USA

(ab186384)
Human anti-MGC20410 rabbit monoclonal Abcam, Cambridge, USA
antibody [BATF2] (ab157466)

Human Anti-SAMD9 rabbit monoclonal Abcam, Cambridge, USA

antibody (ab180575)

Human anti-TRAIL rabbit monoclonal Cell Signaling Technology, Danvers, USA
antibody (3219s)

Mouse 1gG isotype control (ab37355) Abcam, Cambridge, USA

Pierce Power blotter Thermo Fisher Scientific, Waltham, USA
Purified anti-IRF1 mouse antibody (657602) | BioLegend, San Diego, USA

PVDF transfer membrane Thermo Fisher Scientific, Waltham, USA
Rabbit 19G isotype control (AB-105-C) R & D systems, Minneapolis, USA
Spectra Broad ranger ladder Thermo Fisher Scientific, Waltham, USA

Western blotting filter paper 7 cm X 8.4 cm Thermo Fisher Scientific, Waltham, USA
XCell Il blot module Thermo Fisher Scientific, Waltham, USA

16



B-tubulin rabbit monoclonal antibody (2128s)

Cell Signaling Technology, Danvers, USA

Kit

S

Bradford protein assay

Bio-Rad Laboratories, Hercules, USA

Caspase-Glo 3/7 assay

Promega, Madison, USA

Cyto-1D Autophagy detection kit 2.0

Enzo Life Sciences, Lausen, CH

Duolink In situ red starter kit, Mouse/rabbit
(Proximity ligation assay, PLA)

Sigma Aldrich, St. Louis, USA

DuoSet ELISA Ancillary reagent kit 2

R & D systems, Minneapolis, USA

High capacity RNA-to-cDNA kit

Thermo Fisher Scientific, Waltham, USA

Human CCL5/RANTES DuoSet ELISA kit

R & D systems, Minneapolis, USA

Human CD34 MicroBead Kit

Miltenyi Biotech, Bergisch Gladbach, DE

Human CXCL10/IP10 DuoSet ELISA kit

R & D systems, Minneapolis, USA

Human IFN-beta Duoset ELISA kit

R & D systems, Minneapolis, USA

ProFection Mammalian Transfection System

Promega, Madison, USA

PureYield Plasmid Midiprep System

Promega, Madison, USA

PureYield Plasmid Miniprep System

Promega, Madison, USA

RNeasy mini kit

Qiagen, Hilden, DE

Media, supplements and cell culture

Accutase

Sigma Aldrich, St. Louis, USA

Ambion nuclease-free water

Thermo Fisher Scientific, Waltham, USA

B27 w/o vitamin A

Thermo Fisher Scientific, Waltham, USA

Cell titer blue (CTB)

Promega, Madison, USA

Collagenase/Dispase

Sigma Aldrich, St. Louis, USA

Crystal violet

Amresco LLC, Solon, USA

Dimethyl sulfoxide (DMSO)

AppliChem GmbH, Darmstadt, DE

Dulbecco’s modified eagle medium (DMEM)

Thermo Fisher Scientific, Waltham, USA

Dulbecco’s phosphate buffered saline
(DPBS)

Thermo Fisher Scientific, Waltham, USA

Hanks balanced salt solution (HBSS)

Thermo Fisher Scientific, Waltham, USA

Heat inactivated fetal bovine serum (FBS)

Thermo Fisher Scientific, Waltham, USA

Human epidermal growth factor (EGF)

PeproTech, Rocky Hill, USA

Human fibroblast growth factor (FGF)

PeproTech, Rocky Hill, USA

Human FIt3

PeproTech, Rocky Hill, USA

Human stem cell factor (hSCF)

PeproTech, Rocky Hill, USA
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Human thrombopoietin (hTPO)

PeproTech, Rocky Hill, USA

Incubator clean

AppliChem GmbH, Darmstadt, DE

Interleukin-3 (IL3)

PeproTech, Rocky Hill, USA

L-glutamine

Sigma Aldrich, St. Louis, USA

Neurobasal-A Medium

Thermo Fisher Scientific, Waltham, USA

Opti-MEM reduced serum medium

(Optimem)

Thermo Fisher Scientific, Waltham, USA

Recovery cell culture freezing medium

Thermo Fisher Scientific, Waltham, USA

Red blood cell lysis buffer

Sigma Aldrich, St. Louis, USA

X-Vivo 20 medium

Lonza group, Basel, CH

Miscellaneous

1.5 mL, 2 mL, 5 mL tubes

Sarstedt, Nimbrecht, DE

10 pL, 1000 pL filter tips

Nerbe plus GmBH, Winsen, DE

12-well, 24 -well plate

Sarstedt, Niimbrecht, DE

15 and 50 mL tubes

Cellstar, GBO GmbH, Kremsmiunster, AU

2.5 pL, 100 pL, 200 pL filter tips

Sarstedt, Niimbrecht, DE

35mm petri dish

Corning Incorporated, Corning, USA

15cm petri dish

Techno Plastic Products AG, Trasadingen,
CH

6-well, 96-well plate

Techno Plastic Products AG, Trasadingen,
CH

8-well chamber slides

Sarstedt, Nimbrecht, DE

Amicon Ultra-15 Ultracel-3K centrifugal
filters

Merck Millipore, Burlington, USA

BD falcon 2-well and 4-well chamber slides

BD Biosciences, Bedford, USA

Cell culture flasks (T25, T75, T175)

Cellstar, GBO GmbH, Kremsmiunster, AU

Cell scraper

Corning Incorporated, Corning, USA

Costar stripettes

Corning Incorporated, Corning, USA

Cover slips 24x60 mm

R. Langenbrinck, Emmendingen, DE

Cryotubes 2 mL

GBO GmbH, Kremsmiunster, AU

Culture tubes 14 ml

GBO GmbH, Kremsminster, AU

Freezing container

Thermo Fisher Scientific, Waltham, USA

Laminin

Sigma Aldrich, St. Louis, USA

Micropipettes

Eppendorf, Mississauga, CA

OptiSeal ultracentrifuge tubes

Beckman Coulter, Brea, USA
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Permanent mounting Medium

Vector laboratories Inc., Burlingame, USA

Poly-L lysine (PLL)

Sigma Aldrich, St. Louis, USA

Plasmids

pPEMC-La (L protein expression plasmid for

production of MeV)

Kind gift by Prof. Dr. Stephen Russell, (Mayo
Clinic) Rochester, USA

pMeV-eGFP (GFP expression plasmid for
production of MeV)

Kind gift by Prof. Dr. Stephen Russell, (Mayo
Clinic) Rochester, USA

pSc-N (Nucleocapsid expression plasmid for
production of MeV)

Kind gift by Prof. Dr. Stephen Russell, (Mayo
Clinic) Rochester, USA

pSIN_GFP (3" generation lentiviral vector
plasmid encoding GFP)

Kind gift by Prof. Dr. Manuel Grez, (Georg
Speyer Haus) Frankfurt, DE

pMDL.g/p.RRE (3" generation lentiviral
packaging plasmid)

A kind gift from Didier Trono (Addgene
plasmid # 12251)

pRSV.Rev (3™ generation lentiviral Rev

expressing plasmid)

A kind gift from Didier Trono (Addgene
plasmid # 12253)

pMD2.G (2" and 3" generation lentiviral

envelope plasmid)

A kind gift from Didier Trono (Addgene
plasmid # 12259)
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2.2 Methods

2.2.1 Long-term glioma cell lines and adherent cell culture

The human long term glioma cell lines LN229, LNZ308, human embryonic kidney cells 293T,
were obtained from American type culture collection (ATCC, Manassas, USA) and cultured in
Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific, Waltham, USA) supplemented
with 10% fetal bovine serum and 50 pg/ml gentamycin (Thermo Fisher Scientific). African
green monkey kidney cells Vero B4 cells were obtained from Leibniz Institute DSMZ - German
Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany). The
human colorectal adenocarcinoma cell line HT-29 was a kind gift by Prof. Ulrich M. Lauer
(Universitatsklinikum Tubingen, Tubingen, Germany) and the measles virus producer cell line
293-3-46 was a kind gift by Prof. Stephen Russell (Mayo Clinic, Rochester, USA) *°. The Vero
B4 and HT-29 cells were cultured similar to long term glioma cell lines in DMEM supplemented
with 10% FBS and 50 pg/ml gentamycin (Complete DMEM). The 293-3-46 cells were cultured
in DMEM supplemented with 10% FBS and 1.2 mg/ml geneticin. All cell lines were cultured at
37°C with 5% COa.

2.2.2 Glioma stem-like cell cultures

The glioma stem-like (GS) cell lines GS3, GS8 were kindly provided by Katrin Lamszus “° and
cultured in Neurobasal medium (Thermo Fisher Scientific) supplemented with 20 ng/ml
recombinant human fibroblast growth factor (Peprotech, New Jersey, USA), 20 ng/mi
recombinant human epidermal growth factor (Peprotech), 2 mM L-glutamine (Thermo Fisher
Scientific), 10% B-27 supplement (Thermo Fisher Scientific) and 50 pg/ml gentamycin
(Thermo Fisher Scientific). All GS cells were cultured at 37°C with 5% COa.

2.2.3 Harvest and culturing of primary glioblastoma cells

The primary glioblastoma cell lines T81/16, T708/16, T1094/17 were harvested from fresh
glioblastoma tissue obtained from patients undergoing surgery at the Department of
Neurosurgery, University Hospital Tubingen (Ethical approval number: 456/2009B02). The
glioblastoma tissue was cut into fine pieces using two sterile scalpels in a 35 mm petridish and
transferred to a 50 ml falcon using 10 ml hanks balanced salt solution (HBSS, Thermo Fisher
Scientific) with centrifugation at 250 g for 5 minutes (mins). The tissue pellet was washed thrice
with HBSS and resuspended in 5 ml of Neurobasal medium with 10 pg/ml of collagenase /
dispase solution (Sigma Aldrich). The medium containing collagenase/ dispase was incubated
at 37°C in a water bath with continuous shaking for 30 mins. The pellet was washed thrice with
Neurobasal medium and later filtered using a 70 pm filter (Thermo Fisher Scientific) to collect
cell suspension. The cell suspension was centrifuged at 250 g for 5 mins and the pellet

resuspended in 1 ml Red blood cell lysis buffer (Sigma Aldrich) and incubated for 7 mins at
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room temperature. The cells are finally washed thrice with HBSS to remove all lysed red blood
cells and cultured in Neurobasal medium (Thermo Fisher Scientific) supplemented with 20
ng/ml recombinant human fibroblast growth factor (FGF, Peprotech), 20 ng/ml recombinant
human epidermal growth factor (EGF, Peprotech), 2 mM L-glutamine (Thermo Fisher
Scientific), 10% B-27 supplement (Thermo Fisher Scientific) and 50 pg/ml gentamycin
(Thermo Fisher Scientific) with addition of EGF/FGF every two days. All primary glioblastoma

cells were cultured at 37°C with 5% COo.

2.2.4 1solation and culturing of hematopoietic progenitor cells (HPCs)

Hematopoietic progenitor cells (HPCs/CD34*) were isolated from human peripheral blood
samples using CD34 microbead kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according
to manufacturer’s instructions and cultured at a cell density of 108 cells per ml in X-vivo 20
medium (Lonza, Basel, Switzerland) supplemented with 100 ng/ml each of human stem cell
factor (Peprotech), human thrombopoietin (Peprotech), human Fit3 (Peprotech) and 10 ng/ml
of interleukin 3 (Peprotech).

2.2.5 Revival of bacterial colonies containing plasmid constructs

A loop full of bacterial glycerol stock containing plasmid construct were streaked onto LB agar
plates containing 100 pg/ml Ampicillin (Sigma Aldrich, St. Louis, USA) and incubated at 37°C
overnight to allow colony formation. The colonies grown overnight on Luria Bertani (LB) agar
plates were individually picked using a sterile loop and inoculated in 5 ml of LB broth containing

Ampicillin for overnight incubation at 37°C.

2.2.6 Small scale preparations of plasmid DNA (‘Minipreps’)
Plasmid DNA was extracted from 5 ml of bacterial culture grown overnight at 37°C using
PureYield plasmid miniprep system (Promega, Madison, USA) according to manufacturer’s

instructions.

2.2.7 Large scale preparations of plasmid DNA (‘Maxipreps’)
Plasmid DNA were extracted from 500 ml of bacterial culture grown overnight at 37°C and
eluted in 250 pl of nuclease-free water using Qiagen plasmid maxi kit (Qiagen, Hilden,

Germany) according to manufacturer’s instructions.

2.2.8 Determination of nucleic acid concentration
The concentration of DNA/RNA was measured using NanoDrop ND-1000 Spectrophotometer
(Thermo Fisher Scientific) calibrated with the respective elution buffer at a mean wavelength

of 260 nm to observe a clear peak indicating the purity of extracted DNA/RNA.
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2.2.9 Restriction endonuclease digestion of plasmid DNA

1 pg of plasmid DNA was used as a template in a 20 pl reaction containing 1-2 pl of restriction
enzyme with 2 pl of compatible buffer and 2 pl BSA for enhanced enzyme activity. The samples
were briefly mixed and incubated at 37°C water bath for 2 h.

2.2.10 Agarose gel electrophoresis

2% agarose gel was prepared by dissolving required amount of agarose powder in 1X Tris-
Acetate-EDTA (TAE; Applichem, Gatersleben, Germany) through heating in a microwave
followed by addition of 10000X GelRed (Biotium, Hayward, USA) at lukewarm temperature.
The gel was poured onto gel trays for solidification following which the comb was removed and
gel placed in the tank containing 1X TAE. The DNA samples were mixed with gel loading buffer
and loaded into the wells along with a standard 1 Kb plus DNA ladder (Thermo Fisher
Scientific). Samples were allowed to electrophorese at 110 V for approximately 1 hour followed

by image capture using the ChemiDoc MP system (Bio-Rad Laboratories, Hercules, USA).

2.2.11 Production of 3@ generation lentiviral vectors

Lentivirus pSIN_GFP was produced and titers determined as described previously **. Briefly,
1.5 x 107 293T cells were seeded in T-175 flasks and incubated at 37°C, 5% CO; the day

before transfection for cells to achieve 80-90% confluency. Transfection mixture for each flask
was prepared as described: 50 ug of vector plasmid (pSIN_GFP), 32.5 ug of packaging
plasmid (pMDL.g/p.RRE), 12.5 pg of pRSV.Rev and 17.5 pg of VSV-G envelope plasmid
(pPMD2.G), were added to 5 ml of Optimem and filtered through a 0.22 um filter. Similarly, 1 pl
of 10 mM Polyethyleneimine (PEI; Sigma Aldrich, St. Louis, USA) was added to 5 ml of
Optimem and filtered through a 0.22 um filter. The two mixtures containing DNA and PEI were
mixed and incubated at room temperature for 20 minutes. 10 ml of DNA-PEI complex was
added to each T-175 flask and incubated at 37°C, 5% CO: for 4 hours following which the
media was replaced with 18 ml of fresh complete DMEM. The existing media was harvested
48 hours post infection (hpi) and replaced with fresh complete DMEM, which was subsequently
harvested 24 hours later. The harvested media containing virus is centrifuged at 2700 g for 10
mins and filtered through a 0.22 pum filter. 32 ml of the filtered supernatant was added per
OptiSeal centrifuge tube (Beckman Coulter, Brea, USA) and all tubes were loaded onto the
rotor and centrifuged at 100,000 g for 2 hours at 4°C (Beckman Coulter). The supernatant was
carefully decanted and the pellet resuspended in 50 pl of Optimem per tube. The tubes were
covered with parafilm and incubated on ice for 1 hour. Finally, the media was pipetted 10-15
times to resuspend the virus and aliquots of 30 pl were transferred to cryovials for storage at -
80°C.
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2.2.12 Titration of 3™ generation lentiviral vectors
10° cells of 293T were seeded in a 12-well plate made up to a final volume of 1 ml with

complete DMEM and incubated overnight at 37°C with 5% CO.. The following day cells were
transduced with 5 ul, 10 pl, and 20 pl of concentrated virus in a total volume of 1 ml complete
DMEM for 96 h. Transduced 293T cells were harvested 96 hours post transduction and
centrifuged at 1100 g for 10 minutes. The supernatant was discarded and cells resuspended
in 250 pl of PBS + 10% FCS for flow cytometric analysis. CyAn ADP flow cytometry analyser
(Dako, Glostrup, Denmark) was used for detecting fluorescent cells expressing GFP and the
data analysed using FlowJo software version 7.2.4 (Tree Star Inc, Ashland-OR, USA). The
lentiviral titers were determined empirically using the following formula (Fig.1).

Viral Titer (IU/ml) = (No. of cells seeded * dilution factor * Percentage of GFP positive cells)

Volume of virus solution added in ml

Figure 1. Emperical formula for calculation of lentiviral titer (Infectious Units/ml) using flow

cytometry.

2.2.13 Lentiviral transduction of glioma cells
LN229 and LNZ308 cells were seeded as 5 X 10% cells in 12-well plates one day before

transduction. The cells were transduced with GFP-expressing lentivirus, pSIN_GFP at 10
multiplicity of infection (MOI) to generate GFP* LN229 and GFP* LNZ308 cells, which were

cultured similar to parental cells.

2.2.14 Measles virus production and amplification

The Edmonston strain of measles virus (NSe) encoding green fluorescent protein (GFP) were
kindly provided by Dr. Michael Mihlebach (Paul Ehrlich Institute, Langen, Germany) and the
rapidly maturing variant of Discosoma sp. red fluorescent protein (DsRed) was provided by Dr.

Ulrich M. Lauer (Universitatsklinikum Tubingen, Tubingen, Germany). However, to maintain
sufficient stock of virus we amplified the virus in Vero B4 cells. 10 Vero B4 cells were seeded

in 15 cm petridish and incubated at 37°C with 5% CO.. The confluent cell layer were infected
with 0.03 multiplicity of infection (MOI) of MeV-GFP and incubated at 37°C for about 36-48 h
up till all cells appeared as syncytia. The syncytial cells were completely scraped in 1ml of
Optimem per dish and snap frozen in liquid nitrogen. The frozen suspension was thawed at
37°C and vortexed strongly to be centrifuged at 2000 g at 4°C for 15 min. The supernatant

was harvested and transferred to cryovials as 300 pl aliquots to be frozen at -80°C.
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2.2.15 Determination of MeV-GFP viral titer

The viral titers were determined by 50% tissue culture infective dose titration (TCIDso) by
Karber method “2. 10* Vero B4 cells were seeded in a 96-well plate in 200 pl of complete

DMEM along with another 96-well plate with 12 wells each containing 270 pl of complete
DMEM. The virus stock thawed at 37°C were added as 30 pl of viral suspension into the first
of the twelve wells. The resulting mixture was resuspended and 30 pl of the dilution from above
were transferred to the next well. This was repeated resulting in a series of twelve 10-time
dilution factors which were then transferred into all eight rows of the plate containing the Vero
B4 cells with 30 ul per well. So eight wells of Vero B4 cells were infected with one virus dilution
and the plate incubated at 37°C for 96 h. 96 hpi the readout was a binary identifying the
presence of fluorescent syncytia defined as either ‘positive’ or ‘negative’ visualized by

fluorescence microscopy. The binary readout was incorporated in the following formula (Fig.

2) to calculate TCIDso/ml. The TCIDso/ml was converted to Pfu/ml using the formula: Pfu/ml

= 0.7 X TCIDso/ml and the determined plaque forming units used to calculate MOI for infectivity

studies.
10 dilution step logl0 + 1 X ( t°t:| nu;“be|:°fp°:?ivf Wi”s - 0.5)
TCIDSO _ number or wells per ilution tactor
ml Volume of virus used (ml)

Figure 2. Emperical formula for calculation of 50% tissue culture infectious dose (TCIDso/ml) for

oncolytic measles virus.

2.2.16 Flow cytometry for basal CD46 receptor expression

Cells were counted and 10° cells stained with 0.25 Kg antibody (either CD46-PE or IgG1k-PE;
Thermo Fisher Scientific). The CD46 receptor expression was measured along with viability
dye, 7-aminoactinomycin D (7-AAD; Thermo Fisher Scientific) in MACSQuant Analyzer 10
(Miltenyi Biotec, Bergisch Gladbach, Germany). The ratio of mean fluorescence intensities of
PE-conjugated CD46 vs isotype control (IgG1k) were calculated and graphs generated using
GraphPad Prism 6 software (GraphPad Software, La Jolla, USA).
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2.2.17 CDA46 receptor expression after treatments in vitro

LN229 and LNZ308 cells were seeded as 10° cells in T-25 flasks one day before treatment
initiation. The cells were treated with TMZ (0 uM, 10 uM, 100 uM or 1000 uM), vy irradiation (0
Gy, 1 Gy, 2 Gy or 4 Gy) and under different oxygen conditions (21% Oz (normoxia) or 1% O2

(hypoxia)) for 48h. Levels of CD46 receptor expression were determined via flow cytometry as
described above, along with viability staining using 7-aminoactinomycin-D (7-AAD).

2.2.18 Fluorescence microscopy

Cells were seeded as 5 X 10° cells in 2-well glass chamber slides coated with 20 pug/mL poly-
L-lysine (PLL, Sigma Aldrich) alone for adherent cells or along with 5 pg/mL laminin (Sigma
Aldrich) for suspension cultures in 2-well chamber slides one day before transduction with
MeV-GFP at 1 MOI for 72 hours at 37°C. Cells were fixed with 4% paraformaldehyde followed
by nuclear staining with 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific).
Images were captured with Zeiss microscope using Apotome (Carl Zeiss, Oberkochen,
Germany) and image analysis carried out with Axiovision software (Carl Zeiss).

2.2.19 Co-culture assay of MeV infected HPC with GFP* glioma cells

GFP*LN229 and GFP* LNZ308 cells were seeded as 10 or 10° cells on 8-well chamber slides

coated with PLL one day before co-culture with MeV-transduced HPCs. The HPCs were
transduced at 1 MOI using MeV-DsRed and co-cultured with glioma cells at differing ratios of
glioma cells to transduced HPCs, viz., 1:0 (No HPC), 1:10, 1:1 and 10:1, over a period of 192

hpi. A ratio of 1 indicated 10% cells, while 10 signified 10° cells in the co-culture ratios (Fig. 3).

The cells were counterstained with DAPI before proceeding towards image capture at different
time points (0 hpi, 24 hpi, 48 hpi, 96 hpi, 144 hpi and 196 hpi) using Zeiss microscope with

Apotome (Carl Zeiss) and images analysed with Axiovision software (Carl Zeiss) as described

above.
Ratio of Glioma cells : HPCs
LN229 B:a-gk 1:10 11 10:1 104 cells «— 1 : 0 — Nocells
104 cells — 1 : 10 — 10%cells
. - - 4 -1 104
LNZ308 BESK 1:10 1:1 10:1 10% cells «— 1: 1 10%cells
10° cells «— 10 : 1 — 10%cells

Figure 3. Schematic of 8-well chamber slide for co-culture experiment. The ratio of GFP" glioma

cells to MeV-DsRed infected HPCs are as enumerated.
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2.2.20 LC3-GFP puncta assay
Cells of LN229 and T1094/17 were seeded as 10° cells on 8-well chamber slides coated with

PLL (LN229) and along with laminin (T1094/17) one day before treatment initiation. The cells
were treated with different treatment regimens (Blank, VT, RT) in serum-free medium followed
by serum supplementation and stained for LC3-GFP along with nuclear Hoechst 33342 using
CYTO-ID Autophagy detection kit 2.0 (Enzo Life Sciences, Lausen, Switzerland) as per
manufacturer’s instructions. Images were captured with Zeiss microscope using Apotome

(Carl Zeiss) and image analysis carried out with Axiovision software (Carl Zeiss).

2.2.21 Acute cytotoxicity assay

LN229 and LNZ308 were seeded as 5000 cells per well in 96-well plates one day before
treatment initiation. All treatments were carried out in serum-free DMEM with their respective
controls and cell viability measured at 72 hours post initial treatment (hpt) using Cell titer blue
solution (Promega) as per manufacturer’s instructions. The measured values were converted
to percentage cell viability by normalising each treatment to its respective control within the

individual regimens.

2.2.22 Determination of ECso using acute cytotoxicity assay

LN229 and LNZ308 were seeded as 5000 cells per well one day before treatment initiation.
The determination of ECso for Lomustine (CCNU) were carried out in 2 pum increments for
LN229 (0 pM — 20 pM) and in 7.5 pM increments for LNZ308 (0 pM — 75 pM) in serum free
medium with DMSO controls for each concentration. Cell viability was measured at 72 hpt
using Cell titer blue solution (Promega) as per manufacturer’s instructions and the measured
values were converted to percentage cell viability by normalising each treatment to 0 uM within
each cell line. The CCNU concentration corresponding to 50% viability in respective cell line

were defined as ECso value.

2.2.23 Clonogenic survival Assay

LN229 and LNZ308 were seeded as 1000 cells per well in 6 well plates one day before
treatment initiation. All treatments were carried out in serum-free DMEM with their respective
controls and cells allowed to form clones defined as individual population consisting of > 50
cells. The cells were stained with 0.5% crystal violet solution (dissolved in 20% methanol) and

clones counted manually.

2.2.24 Generating temozolomide resistant cells
Temozolomide (TMZ) resistant cell line R-LN229 were generated by repetitive exposure of

parental LN229 to TMZ as has been previously described “. Briefly, parental LN229 were
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seeded as 1000 cells in 6 well plates and treated with 100 pM of TMZ in triplicates over a
period of 10 days. The surviving fraction of cells were harvested and susbequent rounds of
TMZ treatment continued as described above. Cells were considered resistant when treated

cells exhibited significant clonogenic survival in comparison to parental cell line.

2.2.25 Cytotoxic survival Assay

We designed a cell viability assay to determine the oncolytic cascade effect initiated by the
measles virus in combination with cytotoxic agents, such as TMZ. Herein, measurement of
cytotoxicity associated with recurrent ineffective mismatch repair or lysis of MeV induced
syncytia require longer readout periods of 144 hpt as opposed to a classical 72 hpt acute

cytotoxicity assay.

LN229, R-LN229 and LNZ308 were seeded as 5000 cells per well in 96 well plates one day
before treatment initiation with y-irradiation (RT), alkylating chemotherapy (CT), measles
virotherapy (VT) alone or sequentially as combinatorial regimens in serum-free DMEM at the
indicated concentrations or doses. The cell viability was measured at 144 hpt using Cell titer
blue solution (Promega) as per manufacturer's instructions and measured values were
converted to percentage cell viability by normalising each treatment to its respective control

within the individual regimens.

GS8 cells were seeded as 50,000 cells per 35 mm dish one day before treatment initiation and
all treatments performed in serum-free neurobasal medium. The measurement of cell viability
were performed in triplicates with 5000 cells at 144 hpt using Cell titer blue solution (Promega)
as described previously. The graphs were generated using GraphPad Prism 6 with percentage

cell viability post treatments and synergistic regimens were identified.

2.2.26 Chou-Talalay fractional product method

The predicted values of combinations used to determine synergy were calculated from the
individual monotherapies, RT, CT and VT by Chou-Talalay fractional product method defined
as the product of the viable fractions after treatment with all agents alone #4. If the observed
value of the co-treatment is less than that of the calculated predictive value (Fig. 4), the

combination of agents were deemed to be synergistic and not only additive.
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Figure 4. Diagrammatic representation of synergy calculation. Calculated predicted values from
monotherapies were compared against cell viabilities of observed combination treatments to determine

antagonism, additivity or synergism as described.

2.2.27 Immunoblotting

The cells were lysed in lysis buffer containing 25 mM Tris hydrochloric acid (Tris-HCI), 120 mM
sodium chloride (NaCl), 5 mM ethylenediaminetetraacetic acid (EDTA), 0.5% NP-40 and
phosphatase inhibitor cocktails (Sigma Aldrich). The lysed cells were centrifuged at 16000 g
for 20 mins at 4°C and supernatant containing protein was harvested. The protein
concentration was determined by using Bradford protein assay kit (Bio-Rad Laboratories) and
20 ug of protein was used for western blotting. Proteins were separated on 4-12% Bis-tris
polyacrylamide gels (Thermo Fisher Scientific) followed by transfer to PVDF membranes
(Thermo Fisher Scientific). The blots were blocked in Tris-buffered saline containing 5% skim
milk (Becton Dickinson, New Jersey, USA) and 0.05% Tween 20 (Sigma Aldrich) for 1 hour.
Protein blots were probed with primary antibodies overnight at 4°C and 1 hour at room
temperature with horseradish peroxidase-coupled secondary antibodies (Abcam, Cambridge,
UK) the following day. Protein bands were visualized using Pierce chemiluminescent substrate
solutions (Thermo Fisher Scientific) and image capture and analysis carried out with
ChemiDoc MP imaging system (Bio-Rad Laboratories, Hercules, USA) using Image lab
software (Bio-Rad Laboratories, Hercules, USA).
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2.2.28 Enzyme linked immunosorbent assay (ELISA)
LNZ308 cells were seeded as 3 X 10° cells per dish and treated with different regimens as

described above, supernatants were harvested after 96 hpt and concentrated using Amicon
Ultra-15 Ultracel-3K centrifugal filters (Merck Millipore, Burlington, USA) with subsequent
determination of whole protein using Bradford protein assay kit (Bio-Rad Laboratories). The
respective chemokine/cytokine concentration were determined enzymatically per microgram
of whole protein using respective DuoSet ELISA kits according to manufacturer’s instructions
(R&D Systems, Minneapolis, USA).

2.2.29 Generating lysates for RNA sequencing

LNZ308 cells were seeded as 3 X 10° cells per dish and treated with monotherapies (RT, 2
Gy; CT, 130 uM; VT, 0.05 MOI), double regimen (CT-VT, 130 uM - 0.05 MOI), synergistic triple
regimen (CT-VT-RT, 130 uM - 0.05 MOI - 2 Gy) along with untreated basal control Blank (0
hpt), DMSO control for CT initiated regimens, and Ctrl (R/V) serving as control for RT alone
and VT alone regimens under serum-free conditions. The sample lysates including RNA and
protein were harvested at 0 hpt, 36 hpt, 72 hpt and 96 hpt upon completion of treatment
regimens and stored at -80°C. The samples harvested at 0 hpt, 36 hpt and 96 hpt (highlighted
in green, Fig. 5) were processed for RNA sequencing while 72 hpt samples (highlighted in

blue, Fig. 5) were used for transcriptome validation experiments.

Seed 12 hpt 24 hpt 72 hpt
cells
| | | | >
| el | Time (hrs)
RT <€— - 3X
% > 3X
Ctrl (RIV) € —> 3X
< > 33X
VT €— - 3X
< > 3X
CT €— > 3X
< > 3X
Ctrl (DMSO) €— > 3X
< > 3X
CTVT <«— - 3X
p > 3X
CT-VT-RT <— - 3X
< > 3X

Blank <> 3X

Figure 5. Timescale plot of samples in triplicates for RNA sequencing upon treatments.
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2.2.30 RNA Sequencing and analysis

RNA was isolated at 36 hpt and 96 hpt using RNeasy Mini kit (Qiagen) according to
manufacturer’s instructions and quality assessed with an Agilent 2100 Bioanalyzer. Samples
with high RNA integrity number (RIN > 8) were selected for library construction. Using the
TruSeq Stranded RNA Sample Prep Kit (Illumina, San Diego, USA) and 400 ng of total RNA
for each sequencing library, poly(A) selected single-read sequencing libraries (68 bp read
length) were generated according to the manufacturer’'s instructions. All libraries were
sequenced on an lllumina HiSeq2500 platform (lllumina) at a depth of 18-20 million read
search. Library preparation along with sequencing procedures were performed by the same
individual and a design aimed to minimize technical batch effects was chosen. Raw fastq files
were pre-filtered using the chastity filter to remove reads that contain a "Y" flag. FastQC
(Andrews S. (2010). FastQC: a quality control tool for high throughput sequence data.
Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used to
determine quality of the resulting fastq files. Subsequently, adapter trimming/removal process
was conducted with Cutadapt (https://pypi.python.org/pypi/cutadapt/), version 1.8.3) %. This
step used the FastQC output to identify reads that showed a match to some typical
overrepresented (lllumina) sequences/adapters. TopHat2 was used as aligner to map the
quality controlled remaining reads to the human genome 6. Read counting to features (genes)
in the genome was performed with HTSeq (http:/fwww-
huber.embl.de/users/anders/HTSeg/doc/count.html, version 0.6.0.) 4. Counting was
performed using "union" mode on the feature "gene_id" where each gene is considered here
as the union of all its exon counts. The stranded option was also set to "stranded=no" to count
features on both strands. For differential expression analysis the raw read count table provided
by HTSeq was used into the R package DESeq?2 (version 1.10.1) “8. Adjusted p-values were

used at an FDR (False Discovery Rate) < 0.05 to account for multiple hypothesis testing.

2.2.31 Quantitative real-time PCR (qPCR)

RNA extractions were performed using the RNeasy mini kit (Qiagen) and reverse transcribed
to cDNA using High-Capacity RNA-to-cDNA kit (Thermo Fisher Scientific) according to
manufacturer’s instructions. For each qPCR reaction, 20 ng of cDNA was amplified with
custom designed primers (Table 1) and gPCR Mastermix Plus for SYBR Green (Eurogentec,
Liege, Belgium) using the 7500 Fast Real time PCR system (Thermo Fisher Scientific).
Relative gene expression was determined using the AA-CT method versus the housekeeping
gene ARF1.
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Gene Forward Primer (5'—3") Reverse Primer (5'—3')

ARF1 GACCACGATCCTCTACAAGC TCCCACACAGTGAAGCTGATG
DDX58 | AGACAAAGATGAAGAGAGCAGGA GCTCGGACATTGCTGAAGAAG
HLA-A | GAGTATTGGGACCAGGAGACA CGTCGCAGCCATACATTATCTG
HLA-B | TGAGATGGGAGCCGTCTTC CTACACATCACAGCAGCGAC

IFIH1 CGGATATAAAGAATGTAACATTGTTATC | ATGAGCATACTCCTCTGGTTTCA

IFIT1 CCTCCTTGGGTTCGTCTACA GGCTGATATCTGGGTGCCTA
IFN-B GTCTCCTCCAAATTGCTCTCC CAGTATTCAAGCCTCCCATTCA
ISG15 | ATGGGCTGGGACCTGACG GCCGATCTTCTGGGTGATC

MX1 CGCTGGTGCTGAAACTGAAGA GCGATGGCATTCTGGGCTTTA

MX2 AGTTCAGAATGGAGCAGATGG ACCGAAGACTCATTACTGGGAA
OAS1 CACAGAACTACAGAGAGACTTC CAAGCATAGACCGTCAGGAG
OAS2 GACTTCTCCCAACCTGGATAATG CTGTCAATCTGCTCTAGGAAGC

STAT1 | CAGAACAGAGAACACGAGACCA GTTCAGTGACATTCAGCAACTCTA

TAP1 AAAGACACTCAACCAGAAGGAG GCCCACCAATGTAGAGGATTC

Table 1. List of primers used for gRT-PCR analysis. The forward and reverse primers used for

validation of genes identified from RNASeq using qRT-PCR.

2.2.32 Functional inhibition of IFN-B and JAK-STAT pathway
LNZ308 cells were seeded as 3 X 10° cells per dish, and treated with synergistic CT-VT-RT

regimen as described previously (2.2.29). TBK1/IKKe inhibitor, BX795 was purchased from
Invivogen (Invivogen, San Diego, USA) and used at a concentration of 10uM “°. Fludarabine
was purchased from Selleckchem (Selleckchem, Houston, USA) and used as a functional
STAT1 inhibitor at a concentration of 100uM °°. At 36 hpt after completion of CT-VT-RT, IFN-
B inhibitor (BX795) and STAT1 inhibitor (fludarabine) were added alone or in combination
along with suitable DMSO control to obtain five regimens; CT-VT-RT alone, CT-VT-RT +
fludarabine (100 pM), CT-VT-RT + BX795 (10 uM), CT-VT-RT + fludarabine (100 pM) + BX795
(10 uMm), CT-VT-RT + DMSO (110 pM). The RNA, protein and supernatants were harvested at
96 hpt for further analysis.
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2.2.33 Proximity ligation assay
LNZ308 cells were seeded as 5 X 10% cells in 8-well chamber slides coated with PLL, and

treated with synergistic regimen as described previously. Following CT-VT-RT, the cells were
treated with respective small molecule inhibitors as described above (2.2.32), and fixed in 4 %
paraformaldehyde solution at 96 hpt. The cells were subjected to proximity ligation assay using
Duolink In Situ red starter kit Mouse/Rabbit (Sigma Aldrich) along with suitable IgG controls as
per manufacturer’s instructions. Images were captured with Zeiss microscope using Apotome

(Carl Zeiss) and image analysis carried out with Axiovision software (Carl Zeiss).

2.2.34 Isolation of HLA ligands

Cells subjected to treatment regimens as mentioned above were harvested at 96 h (highlighted
in green), washed twice with cold phosphate buffered saline (PBS; Lonza), frozen at -80°C
with subsequent iosolation of HLA class | molecules using standard immunoaffinity purification
as described previously 552, In brief, cell pellets were lysed in 10 mM 3-[(3-Cholamidopropyl)-
Dimethylammonio]-1-Propanesulfonate (CHAPS; Applichem) /PBS (Lonza) containing
protease inhibitor (Roche, Basel, Switzerland). HLA molecules were purified using the pan-
HLA class I-specific monoclonal W6/32 Ab, which is covalently linked to CNBr-activated
Sepharose (GE Healthcare, Little Chalfont, U.K.). Repeated addition of 0.2% trifluoroacetic
acid (Merck Millipore) eluted HLA molecules and peptides. The peptides were isolated
employing ultrafiltration with centrifugal filter units (Merck Millipore), extracted and desalted
using ZipTip C18 pipette tips (Merck Millipore). Peptides were then eluted in 35 uL acetonitrile
(Merck Millipore)/0.1% trifluoroacetic acid, vacuum centrifuged to 5 L, and resuspended in 25
uL of 1% acetonitrile/0.05% trifluoroacetic acid. Finally, the peptide solutions were stored at -
20 C until analysis by LC-MS/MS.

2.2.35 Analysis of HLA Ligands by LC-MS/MS

Peptide were separated using reversed-phase liquid chromatography (nanoUHPLC, UltiMate
3000 RSLCnano, Dionex) and analysed in an on-line coupled LTQ Orbitrap XL hybrid mass
spectrometer (Thermo Fisher Scientific). In five technical replicates volumes of 5 pL peptide
solution (sample shares of 20%) were injected onto a 75 ym x 2 cm trapping column (Acclaim
PepMap RSLC, Dionex) at 4 uL/min for 5.75 min. Peptide separation was performed at 50°C
with a flow rate of 175 nL/min on a 50 um x 50 cm separation column (Acclaim PepMap RSLC,
Dionex) applying a gradient ranging from 2.4 to 32.0% of ACN over the course of 140 min.
Eluted peptides were ionized by nanospray ionization and analyzed in the mass spectrometer
implementing a top 5 collision induced dissociation (CID) method generating fragment spectra

for the five most abundant precursor ions in the survey scans. For HLA class | ligands, the
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mass range was limited to 400—650 m/z with charge states 2" and 3" selected for fragmentation

and the resolution was set to 60,000.

2.2.36 Database search and spectral annotation

Data was processed against the LNZ308 proteome derived from RNA sequencing and the
oncolytic measles virus proteome (UniProt) applying the SequestHT algorithm®® in the
Proteome Discoverer 1.3 (Thermo Fisher Scientific) software. Precursor mass tolerance was
set to 5 ppm, fragment mass tolerance was set to 0.5 Da and oxidized methionine was allowed
as a dynamic modification. Percolator>* assisted FDR calculation was set at a target value of
g < 0.05 (5% FDR). Peptide spectrum matches with q< 0.05 were filtered according to
additional orthogonal parameters to ensure spectral quality and validity. Peptide lengths were
limited to 8-12 aa. HLA annotation was performed using NetMHCpan-3.0°° based on the HLA
class | typing of LNZ308 6.

2.2.37 Analysis of LNZ308 ligandomes in different conditions

For label-free quantification of the relative HLA ligand abundances under the different
conditions (CT, CT-VT, CT-VT-RT, VT and RT), the injected peptide amounts of paired
samples were normalized and LC-MS/MS analysis was performed in five technical replicates
for each sample 2. In brief, relative amounts of substance of paired samples were calculated
from average precursor ion intensities determined in dose-finding mass spectrometry runs and
adjusted accordingly by dilution. Relative quantification of HLA ligands was performed by
calculating the area under the curve of the corresponding precursor extracted ion
chromatograms using Proteome Discoverer 1.3. The ratios of the mean areas of the individual
peptides in the five label-free quantification-MS runs of each sample were calculated and two-

tailed t tests were performed using an in-house Matlab script (v8.2, MathWorks, Natick, USA).

2.2.38 Peptide synthesis

The automated peptide synthesizer Liberty Blue (CEM, Kamp-Lintfort, Germany) was used to
synthesize peptides using 9-fluorenylmethyl-oxycarbonyl/tert-butyl (Fmoc/tBu) strategy. The
identity and purity of peptides were validated by reversed-phase liquid chromatography
(nanoUHPLC, UltiMate 3000 RSLCnano, Dionex) and on-line coupled LTQ Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific) system. Synthesized peptide was used in the

validation of LC-MS/MS identification as well as in functional experiments.

2.2.39 T-cell culture
Blood samples of healthy donors were kindly provided by the Institute for Clinical and

Experimental Transfusion Medicine at the University Hospital Tibingen after obtaining written
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informed consent. Peripheral blood mononuclear cells (PBMCs) were isolated by standard
Ficoll-Hypaque (Biocoll, Biochrom, Berlin, Germany) density gradient centrifugation. Cells
were stored at -80°C in FCS (Sigma Aldrich) and 10% DMSO (Merck, Whitehouse Station,
New Jersey, USA). After thawing, the cells were rested overnight prior to stimulation with
culture conditions of 37°C and 7.5% CO: in humidified incubators.

2.2.40 IFNy enzyme linked immunospot (ELISPOT) Assay

The IFNy ELISpot assay after 12 day stimulation was performed as described previously °’.
Briefly, 24 h after thawing, cells were stimulated with 1 pg/ml candidate measles viral peptide
or control peptides. IL 2 (R&D Systems) was added on day 2, 5 and 7 with a final concentration
of 20 U/ml and 1000 U/ml for PBMCs of healthy donors and TILs, respectively. On day 12,
cells were harvested and IFNy ELISpot was performed. Phytohaemagglutinin (PHA, Sigma
Aldrich), the HLA-A*24:02 restricted epitope TYPVLEEMF (EBV BRLF1198-206) or a pool of
18 viral peptides of different HLA restrictions was used as positive control. HLA-A*24:02
restricted peptide KYPENFFLL (HUMAN PP1G113-121) or medium alone served as negative
control. Spot counts were determined using an ImmunoSpot S6 Analyzer (CTL, Shaker
Heights, Ohio, USA) with T cell responses considered to be positive if the mean number of
spots per well was at least ten and more than three times the mean number of spots of the

negative control.

2.2.41 TCGA dataset analysis

We downloaded the gene expression RNASeq data of LGGs and GBMs (lllumina) and the
associated clinical data from the NIH National Cancer Institute GDC portal
(https://portal.gdc.cancer.gov) released by TCGA. The survival data from TCGA were merged
with gene expression data and other associated clinical information using corresponding

sample ID.

2.2.42 Statistical analyses
Statistical significance were calculated using two-way ANOVA followed by Tukey’s multiple
comparison test, one-way ANOVA with Dunnett’s multiple comparison test or with multiple t-

test as suitable. All values are expressed as mean +* standard error of the mean (SEM).
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Results

3.1 GFP expression visualized upon successful transduction of glioma cells with 3™

generation lentivirus pSIN_GFP

The 3™ generation lentiviral vector, pSIN_GFP was produced and concentrated using standard
ultracentrifugation procedures with calculated viral titer of 1.3 X 108 1U/mL (Fig. 6a and 6b)

using flow cytometric analysis. Long term glioma cell lines, LN229 and LNZ308 were
transduced using pSIN_GFP at 10 MOI and verified for expression of GFP (Fig. 6¢) through

fluorescence microscopy.
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Figure 6. Generation of GFP* glioma cells. a - b, Flow cytometric analysis of GFP expression in

pSIN_GFP lentiviral transduced cells used for viral titer determination. ¢, Glioma cell lines, LN229 and
LNZ308 successfully transduced to express GFP. Scale bar = 100 um. Abbreviations: GFP, green

fluorescent protein.
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3.2 CD46 receptor is expressed on glioma cells, glioma stem-like cells and primary
glioblastoma cell lines

Membrane cofactor protein (MCP) or CD46 serves as the receptor for the entry of the vaccine
strain of measles virus %8, expressed in all human nucleated cells but frequently upregulated
in tumors including GBM, breast cancer, etc, %6°. We characterized the different glioma cell
lines for CD46 expression via flow cytometric analysis with high expression observed in long
term glioma cell lines LNZ308 and LN229 (Fig. 7a). Glioma stem-like cells GS3 and GS8
showed comparably lower, but clearly detectable CD46 expression with levels similar to the
primary glioblastoma cells T81/16, T708/16 and T1094/17 (Fig. 7a). Isolated HPCs showed
high levels of CD46 expression similar to LN229 (Fig. 7a), supporting the feasibility of
employing them as viral cellular carriers. Moreover, all long term glioma cell lines were checked
for basal Nectin-4 expression, an alternative MeV entry receptor expressed in respiratory
epithelium but also in breast cancer and ovarian cancer %3, The glioma cells did not express
Nectin-4 (Fig. 7b), however low level of expression was observed with positive control HT29
cells. Despite differing levels of CD46 expression, viral infectivity visualized by GFP expression
showed characteristic ‘syncytia’ formation in all cell lines using fluorescence microscopy (Fig.
7c).
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Figure 7. MeV infectivity characterized through CD46 receptor expression. a, Basal level of human CD46 receptor expression determined by flow cytometry
using CD46-PE antibody in glioma cell lines, HPCs and primary glioblastoma cells. b, Glioma cell lines LN229, LNZ308 and A172 did not express Nectin-4 as
analysed via flow cytometry along with positive control HT29 cells. ¢, MeV infectivity observed through GFP expression with characteristic syncytial morphology

visualized as giant multinuclear aggregates. a - b, Data expressed as Mean + SEM, n = 3. ¢, Scale bar = 20 um.
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3.3 Modification of CD46 receptor expression in LNZ308 by hypoxia and temozolomide
but not by irradiation

We next assessed CD46 expression in LN229 and LNZ308 after culturing at 1% O2 or
treatments with irradiation or TMZ (Figs. 8a - ¢). The expression of CD46 expression increased
in LNZ308 after culturing in hypoxia (Fig. 8a) but remained unchanged in LN229. The DNA
double strand break inducing radiotherapy (RT) ¢ did not affect CD46 expression in both the
cell lines (Fig. 8b) while no change was observed in LN229 post treatment with TMZ (Fig. 8c).
Low doses of temozolomide, 10 uM and 100 pM, significantly increased CD46 expression (Fig.
8c) in LNZ308. However, we observed a significant decline when treated with 1000 uM in
LNZ308 (Fig. 8c) implicating the cytotoxic nature with high dosage of TMZ.
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Figure 8. CD46 expression in LNZ308 is affected upon hypoxia and temozolomide. a, Significant
increase in CD46 surface expression on LNZ308 cells subjected to hypoxia with no effect of hypoxia in
LN229 cells. b, No change in CD46 expression after y-irradiation of LN229 or LNZ308 cells. ¢, Low dose
(10 uM, 100 uM) TMZ increases CD46 surface expression while high dose of TMZ (1000 uM) impairs
CD46 expression in LNZ308 cells. a - ¢, Data expressed as Mean + SEM, n = 9. Multiple t-test with
Holm-Sidak post hoc test in a; Two-way ANOVA with Tukey’s multiple comparison test in b, c; *, p <
0.05; **, p <0.01; ** p < 0.001.

3.4 HPC’s deliver measles virus to glioma cells in a payload and CD46 expression
dependent manner

We have shown previously that HPC’s home towards gliomas due to intrinsic chemokine
signalling such as CXCL12-CXCR4, stem cell factor (SCF)-CD117 and this further

exacerbated through stress factors including irradiation, TMZ chemotherapy and hypoxia 6567,
We co-cultured GFP* LN229 and GFP" LNZ308 cells with HPC'’s transduced with MeV-DsRed

at different ratios of glioma cells to HPC’s over time (0 hpi to 192 hpi) to observe viral infectivity
through DsRed expression and syncytial morphology of cells (Fig. 9a). The highest infectivity
was observed in 1:10 ratio as expected in both cell lines and earliest DsRed expression in
LNZ308 at 96 hours post infection (hpi) in the 1:10 ratio explained by their high CD46 receptor
levels augmenting viral entry. However, DsRed expression was quite evident in both LN229
and LNZ308 cells in the 1:1 and 1:10 ratios at 144 hpi (Fig. 9a) substantiating the viral load
dependent effect as observed by lack of signal from the 10:1 ratio. Viral infectivity was

observed in all transduced cells at 192 hpi accompanied with bright syncytial DsRed
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expression. The low cell viability along with syncytial morphology observed in both the cell
lines at 192 hpi in the 1:1 and 1:10 ratios (Figs. 9b and 9c) indicate successful delivery of MeV
by the HPC’s with subsequent viral proliferation leading to an oncolytic cascade and eventual

tumor cell lysis in vitro.
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Figure 9. Co-culture of MeV-DsRed transduced HPCs with GFP* glioma cells. Successful cell
based delivery of measles virus in GFP* glioma cells co-cultured with MeV-DsRed transduced HPCs
over 192 hpi. a, Time course analysis of co-culture with early DsRed expression observed at 144hpi in
1:1 and 1:10 ratios in both cell lines. All ratios containing transduced HPCs showed DsRed expression
at 192 hpi. b, Enlarged picture of LN229 co-culture at 192 hpi. Syncytial multinuclear aggregates
visualized in GFP* LN229 with a pronounced morphology in 1:10 ratio when compared to 1:0 (no HPCs).
¢, Enlarged picture of LNZ308 co-culture at 192 hpi. Oncolytic cascade effect of MeV-DsRed observed
in GFP* LNZ308 visualized by fewer cell numbers in 1:10 ratio suggesting reciprocity between high
CD46 expression and enhanced MeV infectivity.

3.5 Measles virus infection initiates and sustains autophagy

Measles virus has been shown to induce autophagy, including mitophagy to sustain an anti-
apoptotic environment through prevention of cytochrome-C thereby enhancing its replicative
potential %87°, We observed conversion of soluble LC3-I to lipid bound LC-Il, the hallmark of
autophagy, in LNZ308 cells infected with MeV-DsRed as early as 12 hpi and we observed
more conversion in the 0.1 MOI than 0.5 MOI (Fig. 10a). This was further supported by basal
level of LC3 observed in untreated Blank and after RT in both 2 Gy and 4 Gy implicating a
clear MeV infection associated increase in LC3 conversion. Moreover, a similar effect was
recapitulated with fluorescence microscopy by using a GFP-tagged LC3 (LC3-GFP) as
observed by GFP puncta at 48 hpi (Fig. 10b). The autophagic flux initiated by MeV was verified
in primary glioblastoma cell, T1094/17 with brighter GFP puncta observed at 0.1 MOI (Fig.
10b) along with viral spread and syncytial morphology viewed through DsRed expression.
Importantly, we observed that the LC3-tagged GFP signal was minimal and more nuclear in

LNZ308 after RT indicating the lack of autophagic activity.
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Figure 10. MeV infectivity induces autophagy in glioma cells. a, Increased conversion of LC3-1 to LC3-II (upper panel) in VT treated samples as opposed to
basal level of LC3 expression in Blank and RT treated cells. S-tubulin was used as loading control (lower panel). b, Measles viral infection initiates autophagy as

observed through GFP tagged LC3 expression in LNZ308 and primary GBM T1094/17 while minimal basal nuclear LC3 signal noticed in Blank and y-irradiated

cells.



3.6 Combined treatments of virotherapy and radiation therapy are only synergistic when
radiation therapy is administered after virotherapy

Due to its relevance to the current clinical scenario we combined virotherapy (VT) with
radiotherapy (RT) and alkylating chemotherapy (CT) to identify a chronological synergistic
regimen elicited by such a treatment strategy. The induction of autophagy including mitophagy
upon MeV infection prevents release of cytochrome-C thereby inhibiting apoptosis. This
suggests that, initiation of treatment with irradiation, an established apoptosis inducer %72, will
likely lead to an antagonistic “antiviral” effect when followed by virotherapy. This was
confirmed through acute cytotoxicity assays with VT and RT performed in three sequential
regimens in LN229 cells (Figs. 11a - ¢): RT followed by VT (RT-VT), VT followed by RT (VT-
RT) and simultaneous treatments (Sim Trt). The treatment regimen initiated with virotherapy
followed by irradiation (VT-RT) showed significantly lower cell viability than the other regimens
(Fig. 11a) in accordance with previous results 3. Sim Trt with virus and irradiation displayed
higher cell survival than VT-RT but with a better dose dependent response than RT-VT (Fig.
11b). Moreover, in our setting RT-VT exhibited an antagonistic effect with higher cell survival
despite increasing doses of virus and radiation indicating an unfavourable role of irradiation to
viral proliferation when treated first (Fig. 11c). The adverse effects of RT on MeV was distinct
in cells treated with 4 Gy irradiation wherein, cell viability was lower in absence of MeV (0 MOI)
than with 0.01 MOI. Consequently, we incorporated alkylating chemotherapy (CT) to the

current treatments such that virotherapy always precedes radiotherapy, leading to three

possible combination regimens: (i) virotherapy — radiotherapy — temozolomide (VT-RT-CT)

(ii) virotherapy — temozolomide — radiotherapy (VT-CT-RT) and (iii) temozolomide —
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Figure 11. Virotherapy followed by irradiation (VT-RT) is highly cytotoxic over other regimens in
LN229. a, Cell viability post VT-RT was least thereby elucidating its synergistic potency. b,

Simultaneous treatment of MeV with irradiation ¢, The sequential regimen RT-VT showed poor
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combinatorial efficacy with increasing doses of radiation and virus. Black, grey and white bars indicate
viral doses in MOI. Data expressed as Mean + SEM, n = 6.

3.7 Triple therapies including virotherapy, radiotherapy and chemotherapy are
synergistic if the treatment algorithm starts with chemotherapy and is followed by
virotherapy and finally radiotherapy

We carried out cytotoxic survival assays in glioma cell lines, LN229 and LNZ308 utilising TMZ
in combination with VT and RT as monotherapies, dual or triple regimens. The cell viability
observed post monotherapies were used to calculate the predictive values employing the
Chou-Talalay fractional product method . LN229 and LNZ308 cells were treated with
temozolomide chemotherapy based on their ECso values described previously " and
administered doses of 0 uM, 10% ECso, 50% ECso and ECso. Cells were treated with radiation
doses of 0 Gy, 1 Gy, 2 Gy and 4 Gy while MeV was provided at doses of 0 MOI, 0.01 MOI and
0.05 MOI. The monotherapy with y-irradiation and TMZ clearly revealed a dose-dependent
response in both cell lines (Figs. 12a and 12c¢). LN229 had lower cell viability with increasing
doses of radiation and temozolomide which could be due to the mutated but active p53
expression in comparison to the p53 null LNZ308 7. Conversely, lower cell viability was
observed in LNZ308 upon virotherapy (Fig. 12b) wherein absence of viral gatekeeper p53 and
increased expression of CD46 might potentially play key roles (Fig. 7a).
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Figure 12. Cytotoxic survival assay using temozolomide (TMZ) as an alkylating agent. LN229 and
LNZ308 cells were treated with monotherapies of a, y-irradiation (RT), b, measles virotherapy (VT) and
¢, TMZ chemotherapy (CT). The cell viability post monotherapies were used to calculate predicted
values of combinatorial treatment using fractional product method. Data expressed as Mean + SEM, n

= 9. Abbreviations: MOI, multiplicity of infection; ECso, half maximal effective concentration.

All triple regimens elicited a dose dependent effect with synergistic effects (indicated by red
arrows) mainly observed in CT-VT-RT in both cell lines (Figs. 13a and 13b). The effect of

virotherapy was prominent in CT-VT-RT with maximal cell death despite viral infection 12 h
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later in comparison to VT-initiated regimens, VT-RT-CT and VT-CT-RT (Fig. 13). The
treatment with double therapy, CT-VT (CT-VT-RT with RT = 0 Gy) can elicit synergy at low
doses of 10% ECso of TMZ in combination with 0.01 MOI and 0.05 MOI of MeV in both cell
lines as does VT-CT. However, the synergy associated when combining TMZ with MeV is lost
in VT-CT when applying 50% ECso of TMZ in LN229. In contrast, the synergistic effect was
sustained in CT-VT and a similar effect more evident with the highest dose of TMZ (ECso) in
both cell lines (Fig. 13). The additional cytotoxicity due to y-irradiation was evident in VT-RT-
CT treatment sequence, while found limited in both CT-VT-RT and VT-CT-RT, possibly due to
delayed radiation treatment (12 h later). The dose-dependent effect of TMZ in the highest virus
dose (0.05 MOI) and radiation dose (4 Gy) is lost in both cell lines in non-synergistic regimens,
VT-CT-RT and VT-RT-CT (Figs. 13c - f). In contrast, dose-dependent decline in cell viability
was sustained in CT-VT-RT, although an additive rather than a synergistic effect became
evident here.

The simplistic visualization of our combinatorial treatments as Chou-Talalay coefficients
(observed/predicted cell viability) reveal identical treatment dependent effects with values
below the red line implying synergy (Fig. 14). The cytotoxicity of triple regimens were reflected,
with lower coefficient values in CT-VT-RT (Figs. 14a and 14b) and high coefficients with
increasing doses of treatments in VT-initiated triple regimen (Figs. 14c - f) clearly indicating
here that, the observed cell viability was higher than predicted combination. Moreover, the
synergy coefficient distinctly proves the combinatorial efficacy of CT-VT-RT with more values
< 1 (Figs. 14a and 14b) while VT-initiated regimen primarily exhibited additive (=1) and
antagonistic (>1) effects (Figs. 14c - f). Furthermore, as seen previously, RT at 4 Gy resulted
in loss of synergy and an additive effect was seen in CT-VT-RT in both cell lines, (Figs. 14a
and 14b) while the extreme antagonistic values in VT-initiated regimen suggest that observed
cell viability was very high, particularly in LN229 (Figs. 14c and 14e).

The ultimate goal for synergistic treatments with combination of agents is to elicit maximal
therapeutic effect with minimal toxic doses in patients. Given the clinical routine for treatment
of glioblastoma with fractionated individual doses up to 2 Gy irradiation, we identified CT-VT-
RT as the only regimen to exhibit a synergistic effect at 2 Gy in both LN229 and LNZ308 at
10% ECso and 50% ECso of TMZ along with 0.05 MOI of MeV-GFP (Figs. 13a and 13b). The
pronounced oncolytic effect observed in the most synergistic regimen initiated with
chemotherapy over the VT-initiated triple regimen suggests that initial TMZ treatment
established an environment conducive for viral proliferation. The observed increase in CD46
receptor expression subjected to low doses of TMZ (Fig. 8c) through flow cytometric analysis
might be one factor in augmenting viral infectivity.
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3.8 CT-VT-RT effected synergy in glioma stem-like cell, GS8

We determined the ECso of TMZ in GS8 to be 250 uM (Fig. 15) using acute cytotoxicity assays
as described. Employing selective doses identified synergistic in LN229 and LNZ308 we
performed cytotoxic survival assays with 2 Gy irradiation, 0.05 MOI of MeV and 10% ECso of
TMZ in previously established combinations. Unlike the long-term glioma cells, we observed
no effect in GS8 cells treated with 25 uM of TMZ but observed a significant cytotoxicity
associated with 2 Gy irradiation and 0.05 MOI of virus when performed as monotherapies (Fig.
16a). The therapy-initiating dual regimens of CT-VT (CT-VT-RT when RT= 0 Gy, (Fig. 16b))
did not elicit combinatorial efficacy but VT-CT (VT-CT-RT when RT= 0 Gy, (Fig. 16¢)) and VT-
RT (VT-RT-CT when CT= 0 pM, (Fig. 16d)) were identified synergistic. The early administration
of MeV in the VT-initiated regimens potentially aids in synergy as opposed to non-effectual
dosage of TMZ in CT-VT. As previously observed, combination of RT and VT doses showed
synergy as double regimens in CT-VT-RT (when CT=0 uM) and VT-RT-CT (when CT= 0 puM)
but not in VT-CT-RT (when CT= 0 puM). Furthermore, addition of TMZ to VT and RT regimens
effected synergy only in CT-VT-RT (Fig. 16b) and despite, observed synergy in double
regimen, VT-RT-CT only elicited an additive effect (Fig. 16c) as a triple regimen. This further
proves the combinatorial efficacy of our synergistic triple regimen in an alternate glioma stem-

like cell line.
GS8
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Figure 15. Determination of ECso value for TMZ in GS8 cells. The ECso for GS8 was identified to be
250 uM when carried out with respective DMSO controls. TMZ and DMSO are depicted by blue and red
dose-response curves respectively.
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Figure 16. Cytotoxic survival assay in GS8 using TMZ as the alkylating agent. a, Monotherapies
with TMZ (CT), y-irradiation (RT) and measles virotherapy (VT). b - d, Black bars indicate observed
values and white bars indicate calculated predicted values in the triple regimens. Triple regimens carried
out with 0 indicate absence of treatment (0 Gy, 0 MOI or 0 uM) while CT =25 puM, VT = 0.05 MOI, RT
= 2 Gy as performed chronologically in that regimen. For example: CT-0-RT, the VT was carried out
with 0 MOI while CT was 25 pM and RT with 2 Gy. Similarly, position of treatment is indicated in
accordance with chronology within each regimen as in VT-0-0 indicates regimen initiated with VT while
0-VT-0 suggest virotherapy performed 12 h after first treatment. Hereby, we can visualize all observed
monotherapies, dual therapies and triple therapies with “+’ indicating synergy while comparing observed
vs predicted values. b, CT-VT-RT is the only regimen to elicit synergy as a triple regimen.

3.9 CT-VT-RT induced synergy was sustained upon substitution of temozolomide with
lomustine

We aimed at identifying the specificity of synergistic regimen, CT-VT-RT by substituting TMZ
with alternative alkylating agent, lomustine (CCNU), as is the case in patients with recurrent
glioblastoma 2. We determined the ECso of lomustine in LN229 and LNZ308 to be 16 uM and
45 uM respectively using acute cytotoxicity assays (Fig. 17). As described previously, we
performed cytotoxic survival assay with CCNU in combination with VT and RT as
monotherapies, dual and triple regimens. The cell viability observed post monotherapies with
RT and VT were similar to those seen in cytotoxic survival assays with TMZ (Figs. 18a and
18b). CCNU elicited a dose dependent effect in both LN229 and LNZ308 with comparable cell

viability (Fig. 18c) upon treatments with respective ECso dosages.

LN229 LNZ308
$125- A125' = DMSO
=100 = 1001 - Lomustine
£ 2z
= 75 = 75
2 3
g 50 5 50
T 257 8 257
© 0 0
OV » 0 DO DD O\% &({'\? Np? 0P S0 4°
CCNU (uM) CCNU (uM)

Figure 17. Determination of ECsg value for CCNU in LN229 and LNzZ308 cells. The ECsp was
identified to be 16 uM for LN229 and 45 uM for LNZ308. CCNU and DMSO are depicted by blue and

red dose-response curves respectively.
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Figure 18. Cytotoxic survival assay using lomustine (CCNU) as an alkylating agent. LN229 and
LNZ308 cells were treated with monotherapies of a, y-irradiation (RT), b, measles virotherapy (VT) and
¢, CCNU chemotherapy (CT). The cell viability post monotherapies were used to calculate predicted
values of combinatorial treatment using fractional product method. Abbreviations: MOI, multiplicity of

infection; ECso, half maximal effective concentration.

The CT-VT-RT initiated synergistic effect was sustained (Fig. 19) and more evident when
substituting TMZ with CCNU implicating that underlying molecular machinery driving synergy
were not restricted towards a specific chemotherapeutic drug but rather mobilized by similar
mechanism of action. The CCNU employed CT-VT-RT sustained a significant synergistic effect
even with maximal doses of irradiation (4 Gy) as was not the case with temozolomide in both
LN229 and LNZ308 cells (Fig. 19a and 19b). Once again, in clinically relevant doses of 1 Gy
and 2 Gy, CT-VT-RT was the only regimen to elicit synergy as a combination in both cell lines,
at all dosages of virus and CCNU. VT-RT-CT could also elicit synergy at 1 Gy and 2 Gy in
LN229 when combined with no CCNU or 10% ECso (Fig. 19e) with loss of synergistic potential
when dosing of CCNU was increased. The visualization of synergy as Chou-Talalay
coefficients reaffirms the combinatorial efficacy of CT-VT-RT in both cell lines (Fig. 20) even

with increasing doses of y-irradiation upto 4 Gy.
We next characterized the potential of the synergistic regimen to improve therapy response in

acquired temozolomide-resistant cells, recapitulating the nature of progressive recurrent tumor

in glioblastoma patients undergoing treatment.
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Figure 19. CT-VT-RT exhibited synergy while using Lomustine as chemotherapeutic agent (a) in LN229 and (b) LNZ308 cells respectively. Non-synergistic
regimen VT-CT-RT showed poor combinatorial efficacy in (c) LN229 and (d) LNZ308. Non-synergistic regimen VT-RT-CT with poor combinatorial efficacy in (e)
LN229 and (f) also in LNZ308. Red arrows indicate synergy realized in observed cell viability when compared to predictive values of co-treatments. Black, grey and
white bars indicate observed values; Orange, brown bars indicate calculated predictive values from individual monotherapies (RT, VT, CT). Data expressed as

Mean = SEM, n = 9. Abbreviations: Prd, predicted; MOI, multiplicity of infection.

54



LN229

LN229

LN229

CT-VT-RT

0 Gy 1Gy 2 Gy 4 Gy b 0 Gy 1Gy 2 Gy 4Gy
Sge0 55 §§ 2058
SE,5 ge 23 258 %
=L 24 o 5e °
i 833 2038
z51s 32 NES 15 32
=32 38 Z=: 38
g5 ! £ SR 10ha
$8o0s i 28
G 00 -z ik 00=3

4V
Lomustine (uM) VT-CT-RT Lomustine (pM)

0 Gy 16y 2Gy 4Gy d. 0Gy 1Gy 2Gy 4Gy R
- B ~
&g 5% o3 g¢
53 1% =3 ¢ zMomol
82 as n%% %?j 0.01 MOI
-] o< R S0
L £§[]0.05 MOl
) q 3 34 35
i L &

S e b ® % e 6 S 6 6 P O 6 6 P
v s » >

Lomustine (pM) Lomustine (pM)

oGy 16y 26y e f ; 0Gy 1Gy 2 Gy 4 Gy .
5g ws 5% ?E
ER 25 % ] L
=] 0 gD 22
F3 w58 HIGE 2s
=% Ia z 2 g
w2 1 289 g %
I} 53 38 b
24 05 5o 20 2a
g2 00s8 o 2

o 8 e 6 P S e o @ S 6 6 WP ° e B WP
o LA L4 L 4
Lomustine (uM) Lomustine (uM)

Figure 20. Triple regimen using CCNU as alkylating agent expressed as Chou-Talalay coefficients (ratio of observed/predicted cell viability). The red
line indicates coefficient of 1 which allows for determination of synergy (when < 1), additivity (when =1) and antagonism (when > 1) upon combination of agents.
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respectively in (c, d) VT-CT-RT and (e, f) VT-RT-CT. Black, grey and white bars indicate viral doses.
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3.10 CT-VT-RT rescues proliferative effect in temozolomide-resistant LN229 (R-LN229)
cells

LN229 was continually treated with 100 uM TMZ in clonogenic survival assays to generate
temozolomide-resistant LN229 (R-LN229) in vitro. R-LN229 cells were treated with CT-VT-RT
employing CCNU, as used in patients with acquired temozolomide-resistant glioblastoma,
along with clinically relevant radiation doses of 1 Gy and 2 Gy. The R-LN229 cells displayed
higher cell viability than LN229 in the absence of CCNU (0 um or DMSQO) despite receiving
treatment with irradiation and measles virus (Fig. 21, blue lines). However, both R-LN229 and
parental LN229 cells exhibited comparable levels of susceptibility to MeV infection. Strikingly,
treatment with synergistic CT-VT-RT resulted in killing of R-LN229 cells similar in parental
LN229 cells (Fig.21, red lines) thereby rescuing the resistant proliferative effect. The initiation
of treatment with alkylating chemotherapy followed sequentially with MeV and y-irradiation
(CT-VT-RT) was synergistic in glioma cells LN229 and LNZ308, glioma stem-like cell GS8 and
in chemo-resistant cells R-LN229 with pronounced induction of viral proliferative mechanisms

resulting in an enhanced oncolytic cascade effect.
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Figure 21. Synergistic triple regimen CT-VT-RT rescues temozolomide resistant effect using
CCNU as the alkylating agent in R-LN229 cells. Black, grey and white bars indicate cell viability post
CT-VT-RT in parental LN229 cells. Orange, brown bars indicate cell viability post CT-VT-RT in
temozolomide resistant R-LN229 cells. Addition of CCNU rescues resistant effect in synergistic regimen
(red lines) as opposed to aggressive proliferative effect in absence of CCNU, i.e., 0 uM or DMSO (blue

lines) with increasing doses of y-irradiation. Data expressed as Mean + SEM, n = 9.

We aimed to understand these intrinsic molecular drivers of synergy in CT-VT-RT through
RNA sequencing and their extracellular antigenic peptide presentation through HLA ligandome
with consideration that the oncolytic nature of measles virus might lead to presentation of tumor
associated / specific antigens or viral antigens resulting in a host initiated anti-tumoral immune

response.

56



3.11 Generation of samples for RNASeq

We performed a RNASeq in LNZ308 cells at specific doses identified synergistic in LN229 as
well, (i.e.) 2 Gy irradiation, 10% ECso TMZ and 0.05 MOI MeV. LNZ308 cells were treated with
monotherapies (RT- 2 Gy, CT- 130 uM, VT- 0.05 MOI), double regimen (CT-VT, 130 uM - 0.05
MOI), synergistic triple regimen (CT-VT-RT, 130 uM - 0.05 MOI - 2 Gy) along with CTL (DMSO)
as control for CT initiated regimens and CTL (R/V) serving as control for RT alone and VT
alone regimens. Samples including RNA and protein were harvested at 36 hpt, 72 hpt and 96
hpt along with a basal expression control (Blank) at 0 hpt. The RNA harvested at 0 hpt, 36 hpt
and 96 hpt were sequenced to identify molecular signatures occurring chronologically at a
transcriptional level. Supernatants were harvested post treatments at 96 hpt and used for

cytokine/chemokine determination using ELISAs.

3.12 Data processing and identification of transcriptional signatures

Upon processing of the raw sequencing data and the statistical analysis of the data, we
identified 2592 genes (Fig. 22) with significant alterations induced predominantly by regimens
with MeV-GFP (Fig. 23) in our experimental setting. Extensive analysis of individual genes
based on substantial literature review helped us identify transcriptional signatures induced by
the virus resulting in viral proliferation enhancing proinflammatory, antiviral and anti-tumoral

response pathways.

We set out a hypothesis that viral infectivity and proliferation in glioma cells allow for enhanced
detection of viral RNA through innate sensors activating the RIG-I like receptor signalling
pathway (RLR) resulting in production of interferon-beta (IFN-) and ensuing type-1 interferon
response (Fig. 24a). The binding of secreted IFN-B to the interferon a- receptor (IFNAR)
triggers the canonical Janus kinase/ signal transducers and activators of transcription (JAK-
STAT) signalling (Fig. 24b) leading to phosphorylation of signal transducer and activator of
transcription 1 (STAT1) and 2 (STAT2). STAT1 and STAT2 along with interferon regulatory
factor 9 (IRF9) forms the interferon stimulated gene factor 3 complex (ISGF3) leading to
transcription of interferon stimulated genes (ISGs). All transcribed ISGs possess the ability to
initiate apoptosis apart from their innate antiviral responses ”’. The antiviral ISGs led to the
activation of TNF-related apoptosis-inducing ligand (TRAIL) triggering apoptotic cascade (Fig.
24c). Furthermore, we identified a number of genes with antiviral and anti-tumoral properties,
which were distinctively upregulated upon MeV infection and set out to characterize their role

in eliciting combinatorial synergy in our CT-VT-RT regimen.
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Figure 22. Transcriptional clustered heatmap of genes with significant interactions in our
combinatorial treatment model. The clustered genes (Y-axis) expressed as log, counts in a heatmap
for each treatment (X-axis) sequenced at two time points of 36 hpt and 96 hpt along with basal
expression control, Blank at O hpt.

58



VT 96h- H BN EEE BN Bl

VT 36h - = == B ==

RT 96h -

RT 36h - = [ 1 Iogz(c(:)g L;nst: )
CT-VT-RT 96h - | . | . {3'35’4'62;
CT-VT-RT 36h - B N | (4.62.5.88)

GT-VT 96h - H BN EEE BN Bl 5687 14)
CT-VT 36h - B H B N U | T714.84)
CTL-R/V 96h - N H B L] .[8:4 9.66)
CTL-R/V 36h - Bl [ ] B .[9.6,6 10.9)
CTL-DMSO 96h - HE | L] .[10_9:12.2)
CTL-DMSO 36h - Bl [ N Wii22134)
CT 96h - Bl N L]
CT 36h- Bl ] o
BLANK Oh - N B o
DD O NNV AD SV N N (D0 D O N D 0N N D v O v

Figure 23. Transcriptional signature heatmap of select genes driving synergy post CT-VT-RT identified using RNASeq. The list of genes (X-axis) were
identified as key factors in determining synergy and their transcriptional profile in all treatments at 36 and 96 hpt (Y-axis) represented as log2 counts (MRNA copy

numbers) in a heatmap. Blank (0 hpt) served as the basal expression control for further analysis.

59



MeV fusion

~=
—

ol 1;x1\?{~1 .CPf ~\~x~m~\~\~

L~

MeV entry T ™ ¥ =~ YW <
A~ ak2
J

-S}}";\

P "~ 2 y,
Pa :\_\ AV AN
@ PACT (MDAS

| VA
AR

Innate Viral - B CYTOPLASM
Sensors & Signalling | N Anti-Viral .
p— O Response
NF-xB TAT1
‘ (i A ;-{ | K S isﬁ?s v Viral Initiated
= b I . r<! - I'< Anti-Tumoral Response

Cytokines/ o
Chemokines _ ISGs H—
(CXCL10, CCL5) (OAS1, MX1, ISG15, IFIT1)

Mmmmandrmmr




Fig. 24. Schematic overview of molecular drivers in CT-VT-RT based on RNA sequencing. a,

Measles virus entry through receptor fusion events lead to insertion of viral genome recognized by innate

RLR signalling pathway which initiated a Type | Interferon response through secretion of IFN-8 along

with pro-inflammatory chemokines. b, Activation of JAK-STAT signalling by IFN-B lead to transcription

of ISGs along with maintenance of autocrine STAT1 signalling eventually leading to ¢, TRAIL dependent

apoptosis of glioma cells in addition to the oncolytic death cascade initiated by the virus. Red circles

highlight inhibitors BX795 and fludarabine; white font indicates human molecules, viral molecules are

indicated in black font. Underlined molecules were not identified as significantly interacting genes in the

RNASeq.

3.13 Activation of type-1 interferon response by VT-containing regimens
All VT containing regimens (VT, CT-VT, CT-VT-RT) significantly induced detection of MeV
RNA genomes by RLR signalling pathway through upregulation of DDX58 and IFIH1 leading

to phosphorylation of IRF7 with eventual transcription of IFN-B (Fig. 23 and 24a). The innate

RNA sensor, DDX58 was maintained at basal levels at 36 hpt in all treatments including VT

containing regimens with a 100-fold increase in mRNA levels at 72 hptin VT, CT-VT and CT-

VT-RT (Fig. 25a) indicating the viral replication events leading to availability of higher copy

number of viral genomes for detection. Intrinsic RLR signalling leading to transcription and
secretion of IFN-B peaked at 96 hpt with a 1000-fold increase in mRNA levels in VT, CT-VT

and CT-VT-RT (Fig. 25b) further validating the chronological sequence of early innate sensors

at 72 hpt culminating in Type | interferon production maintained at 96 hpt due to autocrine

nature of IRF7 - IFN-B - STAT1 signalling. Furthermore, our transcriptional data correlated with

secreted IFN-B protein levels with detection of 123 pg/ml, 113 pg/ml and 103 pg/ml of IFN-

per microgram of whole protein in VT, CT-VT and CT-VT-RT respectively (Fig. 25¢) using

Enzyme linked immunosorbent assay (ELISA) measured at 96 hpt with no detectable IFN- in

other treatment regimens.
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Figure 25. MeV initiates type-1 interferon response through RLR signalling. a, Increase in mRNA

expression of innate sensor DDX58 in VT-containing regimens detected by gPCR. b, Increased IFN-

transcription observed upon MeV infection by gPCR ¢, MeV induced secretion of IFN- detected by

ELISA. Data expressed as Mean £+ SEM, n = 3.
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3.14 IFN-B activates canonical JAK-STAT signalling to initiate an antiviral, anti-
proliferative state

The binding of secreted IFN-f to the IFNAR receptors triggers the downstream canonical JAK-
STAT signalling leading to phosphorylation of STAT1 and STAT2 which along with IRF9 forms
the ISGF3 leading to transcription of interferon stimulated genes (ISGs, (Fig. 24b)). We
observed a 6-8 fold increase in STAT1 mRNA levels in VT and CT-VT regimen at 72 hpt, with
a gradual decline at 96 hpt (Fig. 26a). Inversely, the STAT1 mRNA levels increased from 5-
fold at 72 hpt to 6-8 fold at 96 hpt in CT-VT-RT (Fig. 26a) indicating a delayed STAT1 signalling
allowing for efficient viral proliferation in the absence of host antiviral responses. The nuclear
translocation of phosphorylated ISGF3 induced the transcription of antiviral ISGs (Fig. 24b),
which include the viral RNA degradation proteins 2’-5’-oligoadenylate synthases 1 and 2
(OAS1 and OAS2), inactivators of viral ribonucleocapsid; i.e., MX Dynamin Like GTPase 1 and
2 (MX1 and MX2), antiviral ubiquitin like protein ISG15 ubiquitin-like modifier (ISG15), antiviral
ligases for ISGylation HECT and RLD domain containing E3 ubiquitin protein ligase 5 and 6
(HERC5 and HERC6) and inhibitors of viral mRNASs; Interferon induced protein with
tetratricopeptide repeats 1, 2 and 3 (IFIT1, IFIT2 and IFIT3). All transcribed ISGs possess the
ability to initiate apoptosis apart from their innate antiviral responses ’’. The ISG transcripts
indicate a distinct antiviral state as early as 72 hpt with a 100-fold increase in ISG15 and IFIT2
MRNA levels, while a 1000-fold increase was observed in MX1, MX2, OAS1 and OAS2
MRNAs in all virus containing regimen (Figs. 26b - g). We observed a significant increase
particularly in ISG15 and OAS1 mRNAs in CT-VT-RT compared to VT and CT-VT at 96 hpt
along with non-significant differences in other ISGs (Figs. 26b - g).
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Figure 26. MeV activates JAK-STAT signalling resulting in transcription of ISGs. MeV dependent
increase in MRNA expression of a, STAT1 leading to downstream transcription of ISGs including b,
ISG15 ¢, MX1d, MX2 e, OAS1 f, OAS2 and g, IFIT2 as detected by qPCR. Gene expression expressed

in terms of relative fold-change to housekeeping gene, ARF. Data expressed as Mean = SEM, n = 3.
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3.15 CT-VT-RT upregulates expression of antiviral, anti-tumoral interferon related gene
SAMD9

We identified a number of interferon related genes with antiviral and anti-tumoral properties,
which were distinctively upregulated upon MeV infection. The sterile alpha motif domain —
containing protein 9 (SAMD9) was expressed at basal levels in LNZ308 (0 h) with no change
in expression upon CT, DMSO or RT (Fig. 27a, upper panel). However, there was a significant
increase in SAMD9 protein expression upon MeV infectivity at 72 hpt and 96 hpt in all VT
containing regimens with CT-VT-RT showing heightened expression in comparison to VT
alone (Fig. 27a, upper panel). SAMD?9 is a host factor involved in suppression of myxoma virus
with interaction through its N-terminus and shown to form antiviral stress granules to sequester
poxvirus 87, Moreover, deletion of SAMD9 has been associated with formation of tumors
while overexpression has been shown to suppress non-small cell lung cancer in vitro and in
vivo thereby signifying its antiviral, tumor suppressive characteristics in our setting 808L,
Similarly, we observed overexpression of anti-tumoral host factor, basic leucine zipper
transcriptional factor ATF2- like protein (BATF2) during RNASeq (Fig. 23) in all VT containing
regimens with emerging evidence supporting its tumor suppressive properties 283, However,
the increase in mMRNA expression from RNASeq did not correlate with BATF2 protein levels
with basal level (0 h) of BATF2 expression detected in all treatments (Fig. 27b, upper panel)

with increasing time course.

3.16 IFN-B stimulated ISGs initiate TRAIL dependent apoptosis in CT-VT-RT

The IFN-B stimulated antiviral ISGs lead to the activation of TNF related apoptosis inducing
ligand (TRAIL) triggering apoptotic cascade in all VT containing regimens. TRAIL protein
expression observed through immunoblots was higher in CT-VT and CT-VT-RT compared to
VT at 72 hpt and 96 hpt (Fig. 27a, middle panel). Furthermore, expression of TRAIL
corresponded to Caspase 3/7 activity with a 3-fold increase observed in CT-VT at 72 hpt and
over 2-fold increase in CT-VT-RT regimen at 72 hpt and 96 hpt in comparison to 1.5-fold
increase in VT alone (Fig. 27c). Moreover, the absence of TRAIL expression in other regimens
indicated that the elevated expression in CT-VT-RT was not due to a mere additive effect of
VT with RT and CT but rather a consequence of enhanced viral replication favoured in the
synergistic regimen provoking a substantial host antiviral response with eventual apoptosis
(Fig. 24c).
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3.17 Production of chemokines triggering an antiviral, anti-tumoral immune response
In addition to induction of apoptosis, the infection of LNZ308 cells with MeV-GFP led to
secretion of chemokine signalling molecules quantified by ELISA, which are associated with
stimulation and function of immune cells. The synergistic regimen, CT-VT-RT, significantly
upregulated C-X-C motif chemokine-10 (CXCL10) expression with detection of 633.9 pg/ml of
CXCL10 per microgram of whole protein in comparison to 289.6 pg/ml in CT-VT, 263.3 pg/ml
in VT (Fig. 28a) and only 25.1 pg/ml in CTL (R/V). The overexpression of CXCL10 upon CT-
VT-RT treatment signifies the immune-stimulatory potential of this regimen with upregulated
mortality. CXCL10 is a virus driven protein in this setting, since it is a RIG-1/IFIH1 inducible
gene, which can further instigate anti-tumoral immune response through activation of CD8*
cytotoxic T cells 88, Interestingly, only the virotherapy-containing regimens (Fig. 23) uniquely
expressed the leukocyte migratory C-C motif chemokine-5 (CCL5), also known for its antiviral
action against different human immunodeficiency virus (HIV) strains 887, VT elicited a maximal
secretion of CCL5 with 45.2 pg/ml per microgram of whole protein, while CT-VT and CT-VT-
RT had lower expression with 25.7 pg/ml and 32.5 pg/ml (Fig. 28b) respectively. The potent
immune-stimulatory and chemoattractant potential of both induced chemokines, CXCL10 and
CCL5 can trigger a virotherapy-induced host-directed immune response with eventual anti-
glioma activity.
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Figure 28. VT-containing regimes induce production of proinflammatory chemokines. a, CT-VT-
RT significantly increased secretion of CXCL10 in comparison to CT-VT and VT alone. b, CCL5 was
produced only by VT-containing regimens with highest secretion observed in VT alone as detected by
ELISA. Data expressed as Mean + SEM, n = 3.
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3.18 Selective inhibition of TBK1/IKKe or STAT1 signalling abrogates type-1 interferon
response and canonical JAK-STAT signalling resulting in loss of TRAIL expression

We aimed to further characterize the role of the RLR - IFN- - STAT1 signalling axis by using
the compound BX795 to selectively inhibit Tank binding kinase-1 (TBK1)/ IkappaB kinase
epsilon (IKKg) signalling that should downregulate IFN-3 (Fig. 24a, red circle). Moreover, we
used fludarabine to inhibit downstream STAT1-signalling (Fig. 24b, red circle) and the
transcription of STAT1 was indeed downregulated (Fig. 29a) by both substances as well as by
the combination post CT-VT-RT treatment. Further, as expected IFN-B transcription was
downregulated upon BX795 and combination of BX795 + fludarabine but also in fludarabine
alone (Fig. 29b) post CT-VT-RT. The mRNA expression correlated with production of IFN-
corresponding to 158 pg/ml and 226 pg/ml of IFN- protein detected in CT-VT-RT alone and
CT-VT-RT + DMSO respectively (Fig. 29c) but no IFN-B in samples treated with inhibitors. The
specific inhibition of STAT1 phosphorylation by fludarabine resulting in upstream inhibition of
IFN-B suggested interdependency and autocrine feedback loop in our setting. We have
previously shown the absence of RLR and downstream type-1 interferon signalling in CTL
(R/V) regimen (Figs. 25a - ¢) and were hence, not pursued in this experimental setting with

molecular inhibitors.

The inhibition of STAT1-signalling was further validated through immunoblot analysis with
complete loss of phospho-STAT1 (Y701) in treatments with CT-VT-RT plus fludarabine, CT-
VT-RT plus BX795, and CT-VT-RT plus BX795 plus fludarabine while phospho-STAT1 was
visible in CT-VT-RT alone and CT-VT-RT + DMSO (Fig. 29d, upper panel). However, despite
the absence of phospho-STAT1 we identified similar levels of total STAT1 protein (Fig. 29d.
middle panel) in all treatments besides cells treated with CT-VT-RT plus fludarabine that
revealed increased amounts of STAT1 protein. These increased levels of total STAT1 when
subjected to fludarabine alone (Fig. 29d. middle panel) could be due to intact upstream
signalling with induction of IFN-B and subsequent STAT1 transcription, but lack of
phosphorylation thereof preventing activation of downstream transcriptional and autocrine

signalling events via the IFNAR feedback loop.

The viral RNA-dependent RLR signalling was activated through upregulation of DDX58 mRNA
levels in CT-VT-RT alone and CT-VT-RT + DMSO (Fig. 29¢e) as expected. Interestingly, mRNA
levels of DDX58 were significantly downregulated in IFN-B—STAT1 inhibited samples
suggesting a role of IFN-B in sustenance of DDX58 transcription. The secretion of IFN-
correlates with downstream transcription of ISGs as evidenced by increased levels of MX1 and
ISG15 mRNA (Figs. 29f and 29g) in CT-VT-RT alone and CT-VT-RT + DMSO. This was

accompanied with a complete loss of ISGs at the transcriptional level (Fig. 29f and 29g) upon
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inhibition of IFN-B - STAT axis. The transcriptional downregulation of ISGs was followed by
subsequent loss of TRAIL expression in the IFN-B - STAT axis inhibited samples (Fig. 29h,
upper panel) and thereby validating our hypothesis of apoptosis induction by the stimulated
ISGs. We distinctively observed TRAIL expression in CT-VT-RT alone and in CT-VT-RT +
DMSO (Fig. 29h, upper panel), further demonstrating the proinflammatory and anti-tumoral

activity of IFN-B.
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Figure 29. BX795 and Fludarabine inhibits IFN-B induced JAK-STAT pathway. a, Transcription of
STAT1 mRNA is significantly downregulated upon treatment with CT-VT-RT plus BX795 and/or
fludarabine as detected by gqPCR. b, Loss of IFN-B mRNA transcription in treatments with small
molecule inhibitors detected by qPCR. ¢, BX795 inhibits IFN-B production while negligible amounts
detected after treatment with fludarabine. CT-VT-RT + DMSO significantly increases secretion of IFN-f

as detected by ELISA. d, Immunoblot revealing lack of STAT1 phosphorylation in samples treated with
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fludarabine and in BX795 alone or combination (upper panel). All samples expressed total STAT1
(middle panel) and B-tubulin served as loading control (lower panel). e - g, Complete loss of ISG
transcription as detected by mRNA expression of e, DDX58 f, ISG15 and g, MX1 in cells treated with
CT-VT-RT containing BX795 and/or fludarabine. h, Immunoblot analysis revealed absence of TRAIL
protein (upper panel) in IFN-8 —STATL1 inhibited samples while TRAIL was distinctively observed in CT-
VT-RT alone and CT-VT-RT + DMSO. B-tubulin served as loading control (lower panel). One-way
ANOVA with Dunnett’s multiple comparison testina - c, e - g; *, p < 0.05; **, p < 0.01; ***, p < 0.001;

**xx p < 0.0001. Data expressed as Mean + SEM,n=3ina-c,e-g.

3.19 SAMD9 and BATF2 are not classical interferon stimulated genes in our paradigm
The selective inhibition of IFN-B — STAT1 axis downregulates classical interferon stimulated
genes transcribed through ISGF3 complex (Figs. 29f and 29g), but we identified SAMD9 and
BATF2 to be innate host factors independent of type | interferon response. The expression of
SAMD9 was uninfluenced upon inhibition of IFN-B — STAT1 pathway with similar levels of
expression observed in all treatments (Fig. 30, upper panel). Accompanied with basal level of
SAMD?9 expression previously observed (Fig. 27a, upper panel), the subsequent increase in
SAMD?9 protein expression upon MeV infection warrants further studies to characterize its
antiviral mechanism of action.

CTVT-RT CT-VT-RT CT-VT-RT + CT-VT-RT
+ Flud +BX795 BX795+Flud *DMSO

SAMDs —-—‘-

Figure 30. SAMD9 expression remains unchanged upon small molecule inhibition. Immunoblots

CT-VT-RT

reveals similar levels of SAMD9 protein (upper panel) post CT-VT-RT and in combination with inhibitors.

B-tubulin served as loading control (lower panel).

Interestingly, the previously uninfluenced BATF2 protein (Fig. 27b, upper panel) was highly
upregulated in IFN-B — STAT1 inhibited samples in comparison to CT-VT-RT alone or CT-VT-
RT + DMSO (Fig. 31, upper panel) suggesting possible interactions of host antiviral factors in
the absence of type | interferon response. Cells subjected to CT-VT-RT + fludarabine
expressed BATF2 at high levels with corresponding increase in IRF1 expression (Fig. 31,
middle panel). Similar correlation of IRF1 with BATF2 expression were observed in cells

subjected to CT-VT-RT + BX795 alone or together with fludarabine but no expression of IRF1
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in CT-VT-RT alone or in CT-VT-RT + DMSO suggesting a BATF2 dependent transcription of
IRF1.

CT-VT-RT CT-VT-RT CTVT-RT+ CT-VT-RT
CT-VIRT  +Fjud +BX795 BX795+ Flud +DMSO

BATF2 R S e
IRF1 -E o~

Figure 31. Inhibition of type 1 interferon response pathway post CT-VT-RT results in
synchronous increase of BATF2 and IRF1 protein. Immunoblot analysis revealed increased in
BATF2 protein expression (upper panel) in IFN-B-STATL1 inhibited samples with maximal expression
after treatment with CT-VT-RT + fludarabine. Corresponding increase in IRF1 expression (middle panel)

and B-tubulin (lower panel) was used as loading control.

3.20 BATF2 interaction with IRF1 in absence of type | interferon response visualized
through proximity ligation assay

We therefore carried out a proximity ligation assay to test for possible interaction of BATF2
with IRF1 and identified an increased red amplification signal in cells subjected to CT-VT-RT
plus fludarabine (Fig. 32a). Despite a minimal basal signal in treatments and in IgG controls
(Fig. 32a, insets), we noticed a coherence along with immunoblot analysis to confirm increased
abundance of BATF2 and IRF1 in close proximity leading to transcription of downstream
targets resulting in apoptosis as evidenced by caspase 3/7 activity (Fig. 32b). Moreover, we
observed caspase activity similar to CT-VT-RT despite the abrogation of TRAIL expression in
CT-VT-RT plus BX795, (Fig. 32b and 29h, upper panel) demonstrating the induction of an
alternative apoptotic machinery by the substitutive BATF2-IRF1 interaction. Furthermore, we
identified decreased but clearly detectable expression of CCL5 in synergistic regimen
combined with small molecule inhibitors. We found relative higher expression in CT-VT-RT
plus fludarabine treated cells in comparison to CT-VT-RT plus BX795 alone or together with
fludarabine treatment (Fig. 32c). Of note, CCL5 has previously been reported to be a BATF2
— IRF1 induced gene 8, and we observed a correlation in expression in accordance with

BATF2 and IRF1 expression in our setting.
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Figure 32. BATF2 interacts with IRF1 in the absence of IFN-B-STAT1 signalling. a, Proximity
ligation assay reveals potential interaction of BATF2 with IRF1 observed through red amplification signal
with highest intensity in cells treated with CT-VT-RT + fludarabine while basal signal was observed in
CT-VT-RT and CT-VT-RT + DMSO alongside 1gGs (Inset). b, Caspase 3/7 activity assay in CT-VT-RT
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treatments along with BX795 and/or fludarabine. ¢, Decreased CCL5 expression in CT-VT-RT

treatments containing small molecule inhibitors detected by ELISA. Data expressed as Mean + SEM, n

=3inb andc.

3.21 Activation of MHC class | expression by IFN-B dependent ISGF3 transcription

The ISGF3 complex upon activation by IFN-B can bind the ISRE element in the promoter
region and upregulate MHC class | expression 8. We observed a significant increase in MHC
class | expression in the virus-containing regimens including antigen processing protein such
as antigen peptide transporter protein TAP1 through RNASeq (Fig. 23) and the antigen
processing pathway protein was indeed upregulated with similar mRNA levels of TAP1 at 72
hpt and 96 hpt (Fig. 33a) in all virus-containing regimens. The synergistic regimen CT-VT-RT
showed 1.5- to 2-fold elevated expression of mMRNA levels in MHC |, A (HLA-A) and B (HLA-
B) at 96 hpt in comparison to CT-VT or VT (Figs. 33b and 33c) suggesting a potential for
increased presentation of host tumor antigens along with putative viral antigens. This was
further complemented with no MHC class | expression observed in other treatments (Figs. 33b
and 33c) indicating a clear IFN-B-dependent expression and thus the increase in MHC class |
expression was due to CT-VT-RT sustained innate antiviral response. Identification of potential
tumor or viral antigens presented through HLA ligandome might help identify immunogenic

peptides that could be used to mobilize adaptive immune responses targeting tumor/viral host.
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Figure 33. MeV infection increased transcription of antigen processing and presentation
pathways. VT-containing regimens increased antigen processing through a, upregulated TAP1
transcription along with increase in b, HLA-A and ¢, HLA-B mRNA expression as detected by gPCR.

3.22 CT-VT and CT-VT-RT lead to increased presentation of antigens on MHC class |
molecules

Oncolysis by MeV results in the release of cellular contents including virions, peptides and
debris containing DAMPs and PAMPs potentially triggering induction of antiviral or anti-tumoral
immune responses 302, We therefore reasoned that CT-VT-RT might stimulate the
presentation of tumoral antigens by glioma cells, coincided with upregulation of expression of
HLA-A and HLA-B. Consequently, we performed an immunopeptidome analysis. We isolated
HLA ligands with subsequent identification of peptides by mass spectrometry and data were
processed against our RNA sequenced reads and MeV proteome. We observed that CT-VT
and CT-VT-RT distinctively increased antigen presentation with 1430 and 1222 peptides
isolated respectively (Figs. 34a and 34b). CT-VT in particular increased presentation of
antigens (Fig. 35) when compared against SOC, RT (23%) and CT (13%) using semi-
guantitative volcano plot analysis. All treatment regimens revealed presentation of tumor
associated antigenic peptides of Ephrin type-A receptor 2 (EPHA2) and Tenascin (TNC), which
have been studied for association with tumors including glioblastoma %%, We isolated a tumor-
associated peptide (LYTDRTEKL) processed from transforming growth factor-beta-induced
(TGFBI), exclusively presented in CT-VT. The expression of TGFBI is associated with anti-
adhesive metastatic properties in cancers including melanoma and prostate cancer %% and
was significantly overexpressed in glioblastoma compared to low grade gliomas based on our
TCGA dataset interrogation (Fig. 36). Moreover, other TGFBI-derived peptides from

glioblastoma sample have been previously discovered and shown to be immunogenic .

HLA Ligandome
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Figure 34. Table (a) and graph (b) enumerating MHC ligands and unique peptides isolated from
LNZ308 cells post individual treatments using HLA ligandomics. The samples were normalized

using similar cell seeding density prior to treatment and area adjustment during measurement.
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Figure 35. Semi-quantitative volcano plot analysis visualising
modulations in HLA ligands presented on LNZ308 cells upon
treatments. Each dot represents a HLA ligand with log2-fold changes
with HLA ligand number indicated on the X-axis and the respective

Benjamini—-Hochberg corrected significance levels on the Y-axis.
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Significantly upregulated or downregulated HLA ligands (> 4-fold
difference in number; P<0.01) are highlighted in red and blue respectively.
The significantly modulated HLA ligand percentages are mentioned in the

quadrats.
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Figure 36. Expression profile of TGFBI analysed in TCGA dataset. TGFBI was significantly
overexpressed in glioblastoma patients (GBM) in comparison to patients with low grade gliomas (LGG).
The TGFBI expression represented in terms of log2 (FPKM). Abbreviations: TGFBI, TGF-B induced;
GBM, glioblastoma; LGG, low grade glioma; FPKM, Fragments Per Kilobase of transcript per Million
mapped reads. P-value : 6.04 X 1073,

3.23 MeV - L peptide is immunogenic and elicits CD8" T cell responses

Interestingly, we identified the presentation of a novel viral peptide. We detected the HLA-A*24
specific MeV peptide, VYPRYSNFI processed from a highly conserved viral region, the MeV-
L polymerase, in all virus-containing regimens. This peptide was particularly increased in the
triple regimen CT-VT-RT (2.7 fold increase), compared with virotherapy alone (Fig. 37a). The
identified MeV- L peptide (VYPRYSNFI) was synthetized and validated by matching
fragmented spectra observed in VT containing regimens (Fig. 37b). To evaluate the
immunogenicity and specificity of the HLA-A*24 specific peptide, we used a 12-day recall IFN-
y ELISPOT assay. Six PBMCs were obtained from six HLA-A*24 positive patients and
stimulated with the viral peptide resulting in significant IFN-y secretion in one of six samples
with a mean spot count of 264.5 (Fig. 37c) further proving that the identified viral peptide is
highly immunogenic. The IFN-y ELISPOT assay reveals VYPRYSNFI functions as measles
derived HLA-A*24 specific T-cell epitope capable of stimulating adaptive immune responses

against viral hosts.
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Figure 37. Antigenic presentation of immunogenic MeV-L peptide VYPRYSNFI. a, CT-VT-RT leads to increased presentation of MeV L-peptide, VYPRYSNFI
in HLA-A*24 with a 2.71 fold increase over VT alone. b, The synthetic viral peptide (upper axis) had identical fragmented spectra compared to MeV-L peptide
isolated from CT-VT-RT treated cells (lower axis). ¢, VYPRYSNFI peptide stimulated healthy donor PBMCs secrete IFNy indicating immunogenic potential of the
peptide to elicit CD8* T cell responses in ELISPOTSs carried out with appropriate positive and negative controls.
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Discussion

Here, we aimed to identify and understand a chronological synergistic combination of oncolytic
measles virus with standard of care radiotherapy and alkylating chemotherapy for treatment of
glioma. The therapeutic safety profile of using Edmonston strain of measles as vaccine along
with its ability to initiate an oncolytic cascade thereby triggering host immune responses offers

promise for clinical translation.

Our study demonstrated the feasibility of using vaccine strain of measles in glioma tissue due
to overexpression of viral receptor CD46 and frequent mutation of tumor suppressor genes as
well as immunosuppressive nature of glioma presents as ideal hosts for viral proliferation.
Measles virus initiates autophagy upon binding host CD46 with sustenance of autophagic flux
through cell-cell fusing syncytial formation and thus inhibits host cell apoptotic induction
through prevention of cytochrome-C release %7°. We reasoned that initiation of treatment with
apoptosis inducing RT %72 would hinder measles viral proliferation thereby restricting synergy.
Initial double regimens proved VT-RT to be synergistic (Fig. 11a) and we observed a clear
antagonistic effect with RT-VT (Fig. 11c). Further, identical results observed by Liu et al (2007)
validated our hypothesis that VT should always precede RT 73. Upon incorporation of alkylating
chemotherapy (CT), we designed three sequential therapy regimens and successfully
identified a synergistic regimen, CT-VT-RT eliciting maximal therapeutic effect with low doses
such as 2 Gy radiation in glioma cell lines LN229, LNZ308 and GS8 (Figs. 13, 14 and 16).
Interestingly, we observed an enhanced virus associated cytotoxicity in our synergistic CT-VT-
RT regimen (Fig. 13) over the VT-containing triple regimens (VT-RT-CT and VT-CT-RT),
despite treatment with MeV 12 h earlier. Moreover, as relevant to recurrent glioblastomas we
observed a CT-VT-RT driven synergy even when temozolomide (Figs. 19 and 20) was
substituted with lomustine and such a CCNU dependent CT-VT-RT was able to rescue a
progressive resistant effect in in vitro generated temozolomide resistant LN229 (Fig. 21) cells
12 We investigated the molecular mechanism of synergy in CT-VT-RT by transcriptomics
(RNASeq) and ligandomics (immunopeptidome) approaches and detected a clear signature of
MeV-initiated proinflammatory responses (Figs. 22, 23 and 24).

The VT driven regimens including VT, CT-VT and CT-VT-RT efficiently triggered RLR
signalling through increased transcription of RNA sensors, DDX58 (Fig. 25a) and MDAS as
early as 72 hours post treatment (hpt) leading to production of IFN-B. We detected an increase
in IFN-B secretion upto 103 pg/ml per microgram of whole protein in CT-VT-RT (Fig. 25c)
subsequently activating the canonical JAK-STAT pathway resulting in transcription of antiviral
ISGs such as OAS’s, MX’s, ISG15 and IFIT’s (Fig. 24b). The synergistic regimen stalled
antiviral 1ISG transcription through delayed STAT signalling with 6-8 fold increase in STAT1 at
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96 hpt (Fig. 26a), in comparison to CT-VT with a similar 6-8 fold transcription of STAT1
observed earlier at 72 hpt (Fig. 26a). Despite similar levels of ISGs observed in all VT regimens
we identified an upregulation of TRAIL expression in CT-VT and CT-VT-RT at 72 hpt and 96
hpt through immunoblots (Fig. 27a, middle panel) with corresponding downstream effector
caspase 3/7 activity (Fig. 27c). CT-VT at 72hpt exhibited highest caspase activity followed by
CT-VT-RT indicating synergistic efficacy sequentially resulting in the successful initiation of
programmed death cascades. In addition to the classical proinflammatory antiviral responses
we observed increased transcription of genes such as SAMD9, BATF2, KAI1, SAMDIL and
SEMA3D possessing anti-tumoral characteristics in our RNASeq (Fig. 23).

Sterile a motif domain-containing protein 9 (SAMD9) was upregulated in VT containing
regimens with maximal expression in CT-VT-RT at 72 hpt and 96 hpt (Fig. 27a, upper panel).
The deleterious mutation resulting in loss of SAMD9 causes normophosphatemic familial
tumoral calcinosis while overexpression was shown to suppress non-small cell lung cancer in
vitro 88!, Recent evidence of host SAMD9 expression in response to interferon stimulation
and interaction with different viruses such as Sendai virus, vaccinia virus, myxomavirus,
suggest a potential role as an innate antiviral host factor besides its anti-tumorigenic properties
799597 Therefore, the induction of SAMD9 as an antiviral factor during viral oncolysis would
also be beneficial to initiate an anti-tumoral action thereby contributing to the synergistic
mechanism. Contrary to reports suggesting downregulation of SAMD9 in response to
interferon inhibition in Sendai virus-treated cells *°, we observed that SAMD9 expression
remained unchanged by inhibition of IFN- or STAT1-signalling (Fig. 30). Furthermore, we
observed similar levels of effector caspase 3/7 activity in CT-VT-RT alone when compared to
treatment with CT-VT-RT plus BX795 (Fig. 32b), a small molecule inhibitor of IFN-B production
and downstream JAK/STAT pathway. The consistent caspase activity accompanied with loss
of TRAIL expression in CT-VT-RT plus BX795 (Fig. 29h, upper panel) suggests that SAMD9
does not influence IFN-B dependent apoptosis. Thereby, we provide evidence of SAMD9 as
an innate antiviral host factor, whose expression can be independent of STAT1 signalling. The
SAMD9 mechanism of action in the context of MeV infection is yet to be determined and will

be a matter of future research.

Despite, a transcriptional increase in BATF2 mRNA in MeV-containing regimens in our
RNASeq (Fig. 23), no change in BATF2 protein expression was observed by immunoblotting
(Fig. 27b, upper panel). Strikingly, inhibition of IFN-B — JAK-STAT signalling through BX795
and fludarabine respectively, lead to an increase in BATF2 protein levels corresponding to
elevated IRF1 protein (Fig. 31) expression. Roy et al (2015) demonstrate co-

immunoprecipitation of BATF2 with IRF1 verifying interaction in response to Mycobacterial
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infection resulting in induction of inflammatory responses along with regulation of immune
response 28, The coherent increase in expression of BATF2 and IRF1 in response to inhibition
of type 1 interferon signalling was verified by immunoblotting (Fig. 31) and their corresponding
interaction detected via proximity ligation assay with an increase in red amplification signal
post CT-VT-RT plus fludarabine (Fig. 32a). Moreover, we detected secretion of BATF2-IRF1
transcriptionally induced chemokine, CCL5 , in cells treated with CT-VT-RT in combination
with fludarabine and/or BX795 (Fig. 32c) while IFN-B was not detectable (Figs. 29b and 29c).
This is particularly relevant, as CCL5 and IFN- are known to be secreted in response to viral
infection via the IRF3 signalling pathway, which is specifically inhibited upon BX795 treatment
in our experimental setting °°°. The absence of IRF1 during proinflammatory type-1 interferon
signalling and subsequent interaction with BATF2 upon inhibition of IFN-B implicates mutual
exclusivity. Moreover, the expression of T cell stimulant, CCL5 and the activity of effector
caspase 3/7 suggests a role as an alternative antiviral host machinery. Similar to SAMD?9,
reports demonstrate anti-tumoral properties of BATF2 in hepatocellular carcinoma, squamous
cell carcinoma and colon cancer through different mechanisms 82190101 Fyrthermore, BATF2
was shown to inhibit epithelial to mesenchymal (EMT) transition through suppression of Wnt/(3-
catenin signalling in glioblastoma and lung adenocarcinoma suggesting potential use as a

therapeutic target in combination with Bevacizumab 102103,

We observed increased expression of metastasis suppressor gene, KAI1 in our VT-containing
regimen (Figs. 23 and 38). KAI1 overexpressing clones of H1299 human non-small cell lung
cancer cells decreased MMP9 enzyme activity by upregulation of TIMP1 resulting in decreased
invasion and metastasis in vitro %4, Interestingly, we observed a consistent significant increase
in TIMP1 and KAI1 transcription particularly in our CT-VT-RT treated cells at 96 hpt (Fig. 38).
Moreover, studies identified direct interaction of KAI1 with endothelial cell-surface protein,
DARC leading to induction of senescence and inhibition of tumor cell proliferation by regulating
expression of T-box transcription factor, TBX2 and cyclin-dependent kinase inhibitor 1
(CDKN1A) in vivo 1%, Immunohistochemical and real time-PCR analysis in glioma tissues
revealed that downregulation of KAI1 and an increase in PDGFRB was associated with
progressive tumor growth suggesting their potential interaction affecting tumor cell
invasiveness 1%, Thus, a CT-VT-RT induced increase in KAI1 expression would further aid in
our synergistic mechanism, by inhibiting intrinsic tumor proliferative capacity and hence an

interesting subject matter for future research.
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Similarly, we noticed a significant increase in axonal guidance factor, semaphorin-3D
(SEMA3D) in our VT-containing regimens (Fig. 23). SEMA3D was shown to exhibit tumor
suppressive properties in colorectal cancer and glioblastoma 17198, Sabag et al (2012) showed
that US7MG cells expressing SEMA3D prolonged survival of mice by more than two-folds and
suggested, inhibition of tumor angiogenesis as a potential mechanism for its tumor suppressive
nature 1%, Furthermore, we observed an increase in tumor suppressive SAMDIL transcripts
upon MeV infection. Previous studies have shown that deletion or haploinsufficiency of
SAMDOIL resulted in myeloid transformations 1% and thus validating our hypothesis that,

synergistic CT-VT-RT regimen triggers the induction of anti-tumoral response pathways.
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Figure 38. Coherent increase in KAI1 and TIMP1 transcripts in CT-VT-RT treated cells. RNASeq
revealed increased mRNA expression of KAIL1 (left) and TIMP1 (right) in CT-VT-RT (green) treated
LNZ308 cells at 96 hpt. The mRNA transcripts are expressed as log» counts (Y-axis) at different time

points (X-axis).

CT-VT-RT secreted chemokines involved in regulation of immune responses with 634 pg/ml
of CXCL10 in comparison to 290 pg/mlin CT-VT and 263 pg/ml in VT (Fig. 28a). CXCL10 acts
as chemoattractant for natural killer cells and activated T lymphocytes with anti-tumoral
properties and was found to be synergistic when used in combination with TNF-a in murine
glioblastoma 119111 The profound increase in immune chemokines were consistent with
increased antigen processing machinery with elevated expression of TAP1 mRNA (Fig. 33a)
in all VT-containing regimens. Furthermore, we observed a 10-fold increase in HLA-A (Fig.
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33b) and 15-fold increase in HLA-B mRNA levels (Fig. 33c) in CT-VT-RT treated cells when
compared to 5-fold increases in VT alone (Fig. 33b and 33c) suggesting increased antigen
presentation. In concurrence with RNASeq, the upregulation of antigen presentation pathway
correlated with increased antigenic peptides presented on HLA molecules with maximal
presentation detected in CT-VT and CT-VT-RT with 1430 and 1222 peptides respectively
(Figs. 34a and 34b), quantified through extrinsic ligandome enrichment. All VT-containing
regimens presented the MeV polymerase (L) peptide (VYPRYSNFI) in HLA-A*24 while CT-VT
alone presented a tumor associated antigenic peptide TGFBI (LYTDRTEKL). Based on our
TCGA dataset interrogation, TGFBI was significantly overexpressed in glioblastoma compared
to lower grade gliomas (Fig. 36) and other TGFBI-derived peptides from glioblastoma sample
have been previously discovered and shown to be immunogenic °*. Thus, the LYTDRTEKL
peptide could be exploited to further enhance the efficacy of CT-VT-RT regimen by peptide

vaccination using this sequence to augment a tumor-directed immune response.

However, our synergistic regimen, CT-VT-RT exhibited a 2.7 fold increase in presentation of
this MeV-L peptide over virotherapy alone (Fig. 37a). The viral L peptide was shown to be
immunogenic also in human patients (Fig. 37c) thereby suggesting that CT-VT-RT apart from
triggering apoptosis increased presentation of immunogenic viral and tumor associated
peptides along with upregulated chemokine expression potentially initiating antiviral as well as
anti-tumoral immune responses. The observed increase in proinflammatory responses and
immune regulatory networks in CT-VT-RT treated cells was accompanied with an increase in
PD-1L transcription identified through RNASeq (Fig. 23) further consistent with evidence of
synergy observed when combining oncolytic measles virus with immune checkpoint blockade

inhibitors 3134,

Studies show an upregulated expression of PD-L1 in IDH1/2 wildtype GBM and a strong
association with the mesenchymal subgroup of tumors thereby, suggesting selection of
patients that benefit from immunotherapeutic checkpoint antibodies in ongoing clinical trials
112 Furthermore, decreased expression of PD-L1 was observed in recurrent GBM compared
to de-novo GBM 3, Combining proinflammatory virotherapeutic approaches would stimulate
immune surveillance and hence, function synergistically with checkpoint inhibitors. Speranza
et al (2018) combined chemo-virotherapeutic approach of non-replicating adenovirus encoding
thymidine kinase along with anti-PD1 antibodies in vitro and in vivo % The subsequent
administration of prodrug, ganciclovir, which upon conversion by thymidine kinase functions
as an in situ chemotherapeutic agent resulting in activation of proinflammatory type 1 interferon
response with a consequent increase in PD-L1 expression 4. Such smart combinations of

proinflammatory chemo-virotherapeutic approach enhances immunogenic cell death

81



effectuated in combination with checkpoint blockade inhibitors due to upregulated PD-L1
expression, observed with increased percentage of long-term survivors when compared to
either treatments alone in mice 4. The failure in tumor growth upon rechallenge in such long-
term survivors 4 implicate long lasting anti-tumoral memory T-cells and the synergy observed

with such a combinatorial regimen.

Similarly, our CT-VT-RT regimen potency can be enhanced by combining with personalized
vaccines containing immunogenic tumor associated and viral peptides along with checkpoint
blockade antibodies against PD-1, CTLA-4, etc,. Glioma cells infected with the virus but not
lysed as part of the oncolytic cascade would be targeted by the activated immune cells due to
stimulation with MeV-L peptide. Moreover, certain tumor cells are considered resistant to MeV
induced oncolysis due to upregulated expression of innate sensors or type-1 interferon
production sustaining a distinctive antiviral state 15117, These cells nonetheless are permissive
to viral infectivity and thus the combination of viral peptide vaccines along with checkpoint
inhibitors would render them susceptible to host initiated immune response. Further knowledge
that most patients undergo childhood vaccinations against MeV should allow for re-activation
of memory T-cells upon challenge with viral peptide, designed from a highly conserved region
of viral genome, RNA polymerase (L). Also, given the immunosuppressive nature of
glioblastoma the strong co-stimulatory signal elicited by the viral peptide would aid in immune
responses initiated by tumor peptides such as LYTDRTEKL (TGFBI). Thus, cells not infected
by virus are susceptible through SOC radiotherapy and alkylating chemotherapy as part of the
synergistic regimen along with anti-tumoral immune responses activated by tumor associated
peptides and checkpoint blockade inhibitors while, MeV initiates an oncolytic cascade in

neighbouring cells simultaneously.

The oncolytic approach of measles virus further exacerbated through cloning of cytotoxic
genes in clinical use such as super cytosine deaminase (SCD) or human thyroidal sodium
iodide symporter (NIS) and the latter also utilized for live imaging of viral dynamics through
non-invasive radioiodine single-photon emission computed tomography (SPECT) — computed
tomography (CT) 118 Also, we assessed the feasibility of delivering measles virus through
individualized patient-cell based therapy employing HPC’s as our viral logistics partners. We
showed successfully delivery of MeV to the glioma cells by the HPC’s (Fig. 9) using co-culture
assays and previous studies detail enhanced homing ability of HPC’s due to intrinsic
chemokine signalling events such as CXCL12-CXCR4, stem cell factor (SCF)-CD117, etc, >
7. The presence of stress factors including y-irraditation and alkylating agents in CT-VT-RT
and the consequently induced immune-stimulatory chemokine signalling events in our setting

might further enhance the glioma tropism of these HPC'’s.
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In conclusion, we have verified the synergistic combination of CT-VT-RT as a sequential
regimen with proinflammatory characteristics capable of triggering apoptotic cascades in
addition to host initiated antiviral, anti-tumoral immune response through increased
presentation of immunogenic viral and tumor associated peptides. We hereby propose a novel
synergistic approach for treatment of glioblastoma by combining CT-VT-RT with novel
personalized vaccines consisting of tumor and viral peptides and probably with anti-PD1/anti-
PD-L1 antibodies.
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