
SUSCEPTIBILITY OF GLIOBLASTOMA CELLS TO ONCOLYTIC VESICULAR 
STOMATITIS VIRUS 

 

BY 

KAILONG ZHANG 

A Thesis Submitted to the Graduate Faculty of 

WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND 

SCIENCES 

in Partial Fulfillment of the Requirements 

for the Degree of 

MASTER OF SCIENCE 

Biomedical Sciences 

May,2020 

Winston-Salem, North Carolina 

Approved By: 

Douglas Lyles, Ph.D., Advisor 

David Ornelles, Ph.D., Chair 

Thomas Hollis, Ph.D. 

 



ii 
 

ACKNOWLEDGEMENTS 

I want to thank my mentor Dr. Doug Lyles for instilling in me a passion for 

knowledge and education, and his endless support and advice for my thesis and 

career. Without him, the work herein would not be possible. 

I also thank my committee members Dr. David Ornelles, Dr. Tom Hollis and Dr. 

Doug Lyles for their precious advice and critical review of this manuscript and 

thank all members of Dr. Lyles’s lab and Dr. Ornelles’s lab. All of them spent 

plenty of time offering me advice and support me through the ups and downs of 

the research process. 

Finally, I want to thank my parents who financially, emotionally and remotely 

support me for my master education. I will never forget the sacrifices you made 

to help me get to where I am today. 

 

 

 

  



iii 
 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ......................................................................................ii 

TABLE OF CONTENTS ....................................................................................... iii 

LIST OF ILLUSTRATIONS ...................................................................................iv 

LIST OF ABBREVIATIONS .................................................................................. v 

ABSTRACT ......................................................................................................... vii 

INTRODUCTION .................................................................................................. 1 

MATERIALS AND METHODS .............................................................................. 4 

RESULTS ............................................................................................................. 9 

DISCUSSION ..................................................................................................... 23 

REFERENCES ................................................................................................... 27 

CURRICULUM VITAE ........................................................................................ 30 

 

  



iv 
 

 

LIST OF ILLUSTRATIONS 

FIG. 1 Different GBM cell lines vary in susceptibility to Lassa-VSV or M51R-VSV 

infection  ............................................................................................................... 9 

FIG. 2 MX1 expression in BTCOE 4765 and BTCOE 4795 cells ....................... 11 

FIG. 3 OAS3 expression in BTCOE 4765 and BTCOE 4795 cells ..................... 14 

FIG. 4 BAX expression in BTCOE 4765 and BTCOE 4795 cells ........................ 16 

FIG. 5 Immunofluorescence images of labeling BAX with 6A7 and total BAX 

antibodies in BTCOE 4765 and BTCOE 4795 cells  ........................................... 18 

FIG. 6 Analysis of BAX expression in different cellular compartments of BTCOE 

4765 cells after mock or Lassa-VSV infection  ................................................... 21 

  



v 
 

LIST OF ABBREVIATIONS 

BTSCs  Brain Tumor Stem Cells 

Cyto   Cytosol 

DMEM Dulbecco's modified Eagle's medium 

FBS  Fetal Bovine Serum 

GBM  Glioblastoma Multiforme 

G protein Glycoprotein 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IFN  Interferon 

ISGs  Interferon Stimulated Genes 

L-glut  L-glutamine 

L protein Large protein  

Mito  Mitochondria 

MOI  Multiplicity of Infection 

MOMP Mitochondrial Outer Membrane Permeabilization 

M protein Matrix protein 

MTS  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium 

N protein Nucleoprotein 



vi 
 

PBS  Phosphate-buffered saline 

PC  Prostate Cancer 

PDAC  Pancreatic Ductal Adenocarcinoma 

PFA  Paraformaldehyde 

P protein Phosphoprotein 

RdRP  RNA-dependent RNA polymerase 

RIPA  Radioimmunoprecipitation Assay 

RT  Room Temperature 

SDS-PAGE Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis 

TMZ  Temozolomide 

VSV  Vesicular Stomatitis Virus 

 



vii 
 

ABSTRACT 

Glioblastoma (GBM) is the deadliest type of brain tumor with very poor survival 

rates. Thus, GBM patients are candidates for novel therapies such as oncolytic 

virus therapy. Vesicular stomatitis virus (VSV) is a highly cytolytic virus with 

tropism for cancer cells with attenuated interferon mediated antiviral 

mechanisms. Recombinant VSV, whose envelope glycoprotein is substituted with 

that of Lassa virus (Lassa-VSV), is safer for intracranial injection compared to 

VSVs with wild type VSV glycoprotein, such as oncolytic M51R M protein mutant 

VSV (M51R-VSV). Oncolytic activity of Lassa-VSV and M51R-VSV was analyzed 

by MTS assays of cell viability in three patient-derived GBM cell lines from Wake 

Forest Baptist Medical Center. GBM cell lines were also analyzed by 

immunoblots to test the hypothesis that variations in susceptibility are due to 

expression of interferon-stimulated genes (ISGs) and/or apoptosis-regulating 

gene products. The results indicate that all three lines were susceptible to Lassa-

VSV, but different GBM cell lines varied in susceptibility to Lassa-VSV infection. 

Unexpectedly, the most sensitive cell line expressed ISGs, but also expressed 

more pro-apoptotic protein BAX. These results indicate that the levels of 

expression not only of ISGs but also of apoptosis-regulating gene products may 

be involved in mediating susceptibility to oncolytic Lassa-VSV therapy.  
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INTRODUCTION 

Brain tumor is a scourge of mankind. Understanding mechanisms causing 

different susceptibility to oncolytic viruses is crucial for the development of 

oncolytic therapy to brain tumor patients. 

GBM is the highest grade and the most malignant form of brain tumor. Survival 

rate of GBM patients is very low. Only 10% of adult GBM patients survive more 

than 5 years (Glioblastoma-Brochure.Pdf, n.d.). Traditional therapies are still the 

mainstream treatments for GBM. Chemotherapy is one type of traditional therapy 

for GBM and the key chemotherapy agent is Temozolomide (TMZ). However, the 

resistance to TMZ is a significant obstacle for improving GBM patients’ benefit. 

More than 50% of GBM patients treated with TMZ show resistance (Lee, 2016). 

Thus, GBM patients are candidate for novel therapies such as oncolytic viral 

therapy. 

Oncolytic viral therapy employs modified versions of viruses which have been 

designed to target and attack tumors. Those tumor-selective and multi-

mechanistic antitumor viruses can infect tumor cells and lead to cell death that 

contributes to the therapy. Cancer cell death induced by oncolytic viruses is 

mostly immunogenic cell death in which apoptotic bodies are taken by antigen 

presenting cells and cytokines are produced by dying tumor cells. Those 

reactions could activate additional antitumor immune response and ultimately 

result in tumor eradication (Bartlett et al., 2013). 
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One oncolytic virus that is effectively targeting cancer cells, including GBM, is 

vesicular stomatitis virus (VSV). VSV is a single strand negative sense RNA virus 

that encodes five major proteins: glycoprotein (G protein), matrix protein (M 

protein), large protein (L protein), phosphoprotein (P protein), and nucleoprotein 

(N protein). In a typical VSV infection, G protein located on the VSV envelope 

plays a role in viral entry by mediating viral attachment to a low-density 

lipoprotein receptor (LDLR) (Finkelshtein et al., 2013). After recognition of LDLR, 

VSV is endocytosed and uncoated, delivering the VSV RNA genome into the 

cytoplasm where viral mRNA synthesis and viral RNA replication occur. During 

replication, a full-length positive sense RNA is synthesized by RNA-dependent 

RNA polymerase (RdRP). This positive sense RNA subsequently serves as 

template for synthesis of the negative sense genomic RNA and synthesis of viral 

proteins. The newly synthesized negative strand RNAs interacts with M proteins 

and G proteins and then incorporated into progeny virions. Finally, through a 

budding process mediated by M proteins, newly forming VSV virions are 

released from the host cell (Li & Zhang, 2012).  

M protein not only participates in viral assembly and structural integrity, but is 

also responsible for suppressing host antiviral responses. M proteins can inhibit 

host antiviral responses by limiting the synthesis of type I interferon (IFN) and the 

products of interferon stimulated genes (ISGs). In the result, protein synthesis is 

inhibited and both viral replication and infected host cells are impaired. (Strauss 

& Strauss, 2008). Cancer cells usually have a defect in antiviral responses, which 

makes them more susceptible to viral infection.  
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Two strains of recombinant VSV with M protein mutation (M51R-VSV and ΔM51-

VSV) are virulent to cancer cells but unable to escape the antiviral mechanisms 

of normal cells (Gray et al., 2019a). However, the oncolytic ΔM51-VSV shows 

virulence for intracranial injection in treating mice with GBM (Wollmann et al., 

2015). Another strategy for attenuating VSV involves substituting the VSV G 

protein with glycoproteins from other non-related viruses. The G protein of Ebola 

virus targets Niemann-Pick C1 cholesterol transporter on the surface of host 

cells. After this recognition, Ebola virus is delivered to endosomes and fusion 

between viral and endosomal membranes is catalyzed thereby inducing viral 

replication (Carette et al., 2011). The G protein of Lassa virus binds to a different 

receptor, α-dystroglycan, but functions as the G proteins of Ebola virus and VSV, 

delivering Lassa virus to endosomes and mediating endosomal membrane fusion 

(Kunz, 2009). Thus, the G proteins of both Ebola and Lassa viruses serve the 

same functions as VSV G protein in the replication cycle even though they have 

no sequence or structural homology. EBOV-VSV and Lassa-VSV whose wild 

type G protein is substituted by that of Ebola virus and Lassa fever virus 

separately are less virulent for directly injecting into mouse brain compared with 

ΔM51-VSV. In the same study, Lassa-VSV was indicated to be a more effective 

oncolytic virus than EBOV-VSV in destroying GBM (Wollmann et al., 2015).  

The goal of this project is to determine susceptibility of GBM cells from patients 

at Wake Forest to Lassa-VSV and M51R-VSV. Mechanisms, ISGs and 

apoptosis-regulating pathway, causing different susceptibility of GBM cells to 

Lassa-VSV infection were investigated in this study. 
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MATERIALS AND METHODS 

Viruses and cells. M51R-VSV, M51R-VSV-GFP and Lassa-VSV-GFP were 

prepared as previously described (Wollmann et al., 2015), (Kopecky et al., 2001), 

(Whitlow et al., 2006). 

Low passage GBM cells BTCOE 4565, BTCOE 4795 and BTCOE 4810 and G48 

cells were provided by the Biospecimen Core of the Brain Tumor Center of 

Excellence at Wake Forest University.  

MTS assay. GBM cells were seeded in 3 identical 96 well plates at 10,000 

cells/100 µL/well and incubated overnight in 37°C, 5% CO2 to allow attachment. 

Cells were mock-infected or infected with Lassa-VSV or M51R-VSV at MOI 10 

and 0.1 and incubated in 37°C, 5% CO2. At 24 h, 48 h and 72 h post infection, 

each plate was analyzed by MTS Assay at different time points.  

Each well of the 96-well assay plate was added 20 μL of MTS reagent (CellTiter 

96® AQueous One Solution Reagent) containing the samples in 100 μl of culture 

medium. The plates were incubated at 37°C for 1–4 hours in a humidified, 5% 

CO2 atmosphere. To measure the amount of soluble formazan produced by 

cellular reduction of MTS, the absorbance was recorded at 490 nm using a 96-

well plate reader by POLARstar Omega Microplate Reader. 

Whole cell lysate preparation. The whole cell lysates were prepared in RIPA 

buffer containing 1 µM aprotinin, 1 µM leupeptin, 1 µM E-64 protease inhibitor, 

500 µM AEBSF [4-(2-aminoethyl)-benzenesulfonyl fluoride], and 1XPhosSTOP 

(Roche Applied Sciences) (Whitlow et al., 2006). After incubation on ice for 2-5 
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min, samples were spun 15 min at maximum speed at 4 °C in a Microfuge. 

Without disturbing the pellet, supernatant from each tube was carefully 

transferred into a new microfuge tube for protein determination and immunoblots. 

Cytosol and mitochondrial compartment preparation. GBM cells were 

cultured in seven 100 mm plates per sample. Cells were mock-infected or 

infected with Lassa-VSV at MOI 10. After 6 h, cells were scraped in 5 mL cold, 

sterile PBS, which was serially passed until cells from all 7 plates had been 

scraped, and the process was repeated to end with 10 mL PBS + cells per 7 

plates. The cells were transferred into 15 mL tube and spun in cold centrifuge for 

10 minutes at 2500 rpm and then resuspended in 1.1 mL of Dounce buffer (10 

mM HEPES, 10 mM NaCl, 0.5 mM MgCl2, pH 7.4) in 15 mL tubes. A 100 µl 

aliquot was taken out for RIPA extraction, and 1 mL of each cell line was lysed by 

stroking 50 times by Dounce homogenizer. A 10 µl cell sample was checked to 

be properly lysed via checking with a hematocytometer. The cells were spun in 

cold centrifuge for 10 minutes at 2500 rpm to pellet nuclei. The 1 mL 

supernatants were transferred to 1.5 ml microcentrifuge tubes and centrifuged for 

40 minutes at 14,000 rpm, 4 °C to pellet mitochondria. Supernatants were 

transferred to new 1.5 ml microcentrifuge tubes, and mitochondrial pellets were 

resuspended in 200 µL Dounce buffer. The whole cell lysates were made from 

100 µL aliquot for RIPA centrifuged for 10 minutes at 2500 rpm to precipitate 

cells, and then replace Dounce buffer with 100 µL RIPA incubating on ice 2 - 5 

min. 
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Protein assay. Standard Curve: (Albumin Standard - Bio-Rad) 5 dilutions of a 

protein standard were prepared containing from 0.125 mg/mL to 2 mg/ml protein 

and the standard was prepared in the same buffer as the sample. 

Protein reagent (Bio-Rad # 5000113) Reagent A' was prepared by adding 

reagent S to reagent A that will be need for run as a ratio 1:50 and then pipet 5 

µL of standards and samples into a clean, dry 96-well plate. 25 µL of reagent A' 

and 200 µL reagent B were added into each well. After 15 minutes, absorbances 

were read at 750 nm by POLARstar Omega Microplate Reader. 

Immunoblots and film analysis. Cells were seeded in six-well tissue culture 

dishes until just sub-confluent and then mock-infected or infected with Lassa-

VSV or M51R-VSV at MOI 10. At 6 h postinfection, cell extracts were prepared in 

200 µL RIPA buffer per well, and protein samples were resolved by SDS-PAGE 

and transferred onto 0.45-µm-pore-size polyvinyl difluoride membranes. 

Immunoblots were then probed with antibodies against MX1 (abcam Anti-MX1 

antibody ab207414), OAS3 (abcam Anti-OAS3 antibody ab154270), BAX 

(HPA027878 Sigma Anti-BAX antibody produced in rabbit) and 6A7 (BD 

Pharmingen™ Purified Mouse Anti-Bax Clone 6A7). Secondary antibodies anti-

rabbit (Amersham ECL HRP-Conjugated Antibodies) or anti-mouse (Amersham 

ECL HRP-Conjugated Antibodies) were used for labeled targeted proteins which 

were detected by using chemiluminescence substrate (Thermo Scientific). The 

intensity of the bands was quantified by using ImageQuant TL software. 

Immunofluorescence microscopy and image analysis. Cells were seeded 

into Millicell EZ Slide with 30,000 cells/well overnight. Cells were mock-infected 
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or infected by Lassa-VSV at MOI 10. After 6 h, cells were gently washed three 

times with phosphate-buffered saline (PBS) and then fixed with 4% 

paraformaldehyde (PFA) (pH 7.0) for 15 min at room temperature (RT). The PFA 

was removed, and cells were washed with PBS, permeabilized with PBS+5% 

FBS+ 0.5% Triton X-100 for 5 min at RT, and blocked with PBS+ 5% FBS for 1 h 

at RT. The cells were incubated with 200 µL 6A7 antibody (BD Pharmingen™ 

Purified Mouse Anti-Bax Clone 6A7) diluted 1:100 or anti-BAX (HPA027878 

Sigma Anti-BAX antibody produced in rabbit) diluted 1:500 in PBS containing 5% 

serum for 1 h on ice. Cells were washed, then labeled with 200 µL rhodamine 

anti-mouse IgG (Alexa Fluor™ 647 Rabbit anti-mouse IgG) at 1:200 dilution or 

anti-rabbit IgG (Alexa Fluor™ 647 Goat anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody) at 1:100 dilution in PBS containing 5% serum 1 h 

in the dark, and afterwards washed 3 times with PBS. The chamber was 

removed and the cells were stained with Prolong Gold w/DAPI for 20-30 min. 

Fluorescence and bright field images were captured using a Retiga EX 1350 

digital camera (QImaging Corp.) attached to a Nikon Eclipse TE 300 inverted 

microscope. Briefly, a region of interest was defined using the area occupied by 

DAPI fluorescence to denote single cells and green fluorescence to denote cells 

with Lassa-VSV infection. For each region of interest, the fluorescence intensity 

was determined for each channel. 

Statistical analysis. Statistical analysis of two groups was performed using two-

tail T test. Standard error of the mean was calculated for quantitative analysis of 

immunoblots by Excel. Immunoblot data of OAS3 expression level was excluded 
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from two experiments with exceptionally high expression levels in BTCOE 4795 

cells. Statistical analysis of multiple groups was performed using analysis of 

variance with Sidak's method of correction for multiple comparisons of selected 

groups using GraphPad Prism 8 software. 

Authentication of reagents. BTCOE 4765, BTCOE 4795, BTCOE 4810 cells 

from the Brain Tumor Center of Excellence (BTCOE) at Wake Forest School of 

Medicine have been validated as derived from the patient's tumor by short 

tandem repeat (STR) profiling (Ferluga et al., 2016). A fourth patient-derived cell 

line, G48 was established earlier at Pennsylvania State University (Debinski & 

Gibo, 2005). Viruses were derived from infectious cDNA plasmids whose DNA 

sequence has been determined (GenScript). 
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RESULTS 

Viability of GBM cell lines after oncolytic viral infection.  

 

Fig. 1: Different GBM cell lines vary in susceptibility to Lassa-VSV or M51R-

VSV infection. Cells were seeded into 3 identical 96 plates and infected with 

Lassa-VSV or M51R-VSV at MOI 10 or MOI 0.1. After 24h, 48 h and 72 h 

infection, each plate was removed for MTS assay and 0 h infection was set as 

control. The percentages of different cell viability were calculated as a percent of 

the mock-infected control and shown in A, B, C and D. Data shown are means ± 

SEM. 

Four different GBM cell lines were analyzed to test the oncolytic effect of Lassa-

VSV in comparison with M protein mutant M51R-VSV. Cell viability of those GBM 

cell lines was analyzed by MTS assay at three time points (24 h, 48 h and 72 h) 
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postinfection with both single-cycle infection (MOI 10) and multi-cycle infection 

(MOI 0.1). Fig. 1A shows BTCOE 4765 cell line viability after infection with 

Lassa-VSV or M51R-VSV. At all time points, Lassa-VSV was much more lethal 

to BTCOE 4765 cells than M51R-VSV. More than 80% of this GBM cell line died 

of Lassa-VSV infection compared to more than 65% survived from M51R-VSV 

infection in both single-cycle and multi-cycle infection. Similar results were 

obtained in BTCOE 4810 cells shown in Fig. 1C. Lassa-VSV was more lethal to 

BTCOE 4810 cells than M51R-VSV since no more than 20% of these cells 

survived from Lassa-VSV infection after 48 h. However, BTCOE 4795 and G48 

were much more resistant to Lassa-VSV infection (Fig. 1B and Fig. 1D). With 

Lassa-VSV infection, around 30% of BTCOE 4795 or G 48 cells survived, and 

more than 40% of G48 cells survived from multi-cycle Lassa-VSV infection. The 

data described above show that different GBM cell lines responded differently to 

oncolytic Lassa-VSV infection and there was a trend of different susceptibility of 

BTCOE 4765 ≈ BTCOE 4810 > BTCOE 4795 > G48 (p < 0.05 at 24 h), and a 

different trend for M51R-VSV: BTCOE 4810 ≈ G48 ≈ BTCOE 4795 > BTCOE 

4765 (p < 0.05 at 48 h).  

Role of Interferon Stimulated Genes (ISGs) in Resistance to Virus.  
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Fig. 2: MX1 expression in BTCOE 4765 and BTCOE 4795 cells. Cells were 

seeded into 6-well dish and infected with Lassa-VSV or M51R-VSV at MOI 10. 

After 6 h infection, cell lysates were prepared in RIPA buffer and analyzed by 

SDS-PAGE. Protein samples were transferred to membrane via western blots 

and membrane was incubated with anti-MX1, anti-rabbit IgG secondary, anti-

actin and anti-mouse IgG secondary antibodies. (A) A typical western blot film of 

MX1 expression, in which mock infection was used as negative control and actin 

was used as loading control. (B) Multiple experiments (n=14) were quantified and 

expressed as a ratio to actin and normalized to BTCOE 4765 mock.  Data shown 

are means ± SEM. 

 

Different sensitivity to Lassa-VSV infection in GBM cell lines raises a question of 

what mechanism causes those GBM cell lines to respond differently to Lassa-

VSV infection. Interferon stimulated genes (ISGs) are thought to play a role in 

resistant cancer cells with VSV infection. MX1 is one of the ISGs which was 

demonstrated to be constitutively expressed in VSV-resistant, but not in VSV-

permissive pancreatic ductal adenocarcinoma (PDAC) cells (Hastie et al., 2016) 

and prostate cancer cells (Bayne, n.d.). Moreover, MX1 knockdown showed a 

positive effect on VSV-ΔM51 replication in resistant PDAC cells, suggesting that 

MX1 contributes to resistance of PDACs to VSV-ΔM51 (Hastie et al., 2016). 

Immunoblot approach was used to determine whether MX1 expression level is 

increased in the more resistant BTCOE 4795 GBM cell line versus the more 

susceptible BTCOE 4765 cell line (Fig. 2). The most resistant GBM cell line 
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(BTCOE 4795) and the most sensitive one (BTCOE 4765) were infected with 

Lassa-VSV or M51R-VSV and cell lysates were analyzed by SDS-PAGE and 

western blots after 6 h single cycle viral infection (Fig. 2A). Densitometric 

analysis of western blots was expressed as a ratio of band intensity of actin and 

normalized to BTCOE 4765 mock infection after 6 h postinfection. Results of 

multiple (n=14) experiments are shown in Fig. 2B. There was no significant 

difference in MX1 expression level between BTCOE 4765 and BTCOE 4795 cells 

with mock, Lassa-VSV or M51R-VSV infection. Compared with mock infection, 

MX1 was not significantly altered in either GBM cell lines with either Lassa-VSV 

infection or M51R-VSV infection. However, MX1 is not the only ISG which was 

proved to be upregulated in other cancer types infected by VSV. The research 

was conducted previously by our laboratory indicates that another ISG (OAS3) 

was also upregulated in more resistant prostate cancer (PC3) cell line. To 

determine whether OAS3 is also upregulated in less susceptible GBM cell line, 

immunoblot was used for analyzing OAS3 expression level after 6 h Lassa-VSV 

or M51R-VSV infection (Fig. 3A). Individual band intensities were analyzed and 

expressed as a ratio of band intensity of actin and normalized to BTCOE 4765 

mock infection. Results of multiple (n=12) experiments are shown in Fig. 3B. 

Compared with OAS3 expression level in BTCOE 4765, there was no 

significantly higher level of OAS3 in BTCOE 4795 with either Lassa-VSV or 

M51R-VSV infection. Moreover, there was no significant difference in OAS3 

expression level in both GBM cell lines with either Lassa-VSV infection or M51R-

VSV infection. 
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Fig. 3: OAS3 expression in BTCOE 4765 and BTCOE 4795 cells. Cells were 

seeded into 6-well dish and infected with Lassa-VSV or M51R-VSV at MOI 10. 

After 6 h infection, cell lysates were prepared in RIPA buffer and analyzed by 

SDS-PAGE. Protein samples were transferred to membrane via western blots 

and membrane was incubated with anti-OAS3, anti-rabbit IgG secondary, anti-

actin and anti-mouse IgG secondary antibodies. (A) A typical western blots film of 

OAS3 expression, in which mock infection was used as negative control and 

actin was used as loading control. (B) Multiple experiments (n=12) were 

quantified and expressed as a ratio to actin and normalized to BTCOE 4765 

mock.  Data shown are means ± SEM. 

 

The data presented in Fig. 2 and Fig. 3 lead to the conclusion that BTCOE 4765 

and BTCOE 4795 cells express similar levels of MX1 and OAS3, and there is no 

significant difference between Mock, Lassa-VSV and M51R-VSV infections. 

Thus, differences in MX1 and OAS3 are not likely to account for different 

susceptibility. 

Role of apoptotic BAX protein in GBM cell death.  



16 
 

 



17 
 

Fig. 4: BAX expression in BTCOE 4765 and BTCOE 4795 cells. Cells were 

seeded into 6-well dish and infected with Lassa-VSV or M51R-VSV at MOI 10. 

After 6 h infection, cell lysates were prepared in RIPA buffer and analyzed by 

SDS-PAGE. Protein samples were transferred to membrane via western blots 

and membrane was incubated with anti-BAX, anti-rabbit IgG secondary, anti-

actin and anti-mouse IgG secondary antibodies. (A) A typical western blots film of 

BAX expression, in which mock infection was used as negative control and actin 

was used as loading control. (B) Multiple experiments (n=5) were quantified and 

expressed as a ratio to actin and normalized to BTCOE 4765 mock. Data shown 

are means ± SEM. *, P<0.05. 

Another protein candidate that may cause GBM cell death after oncolytic VSV 

infection is the apoptotic protein BAX. Data from our previous research indicates 

that BTCOE 4765 cells have a higher BAX mRNA expression level than BTCOE 

4795 cells (Kim, T. et al. manuscript in preparation).  The purpose of the 

experiment in Fig. 4 was to test the hypothesis that susceptible GBM cells 

express higher levels of apoptotic protein BAX. Immunoblot approach was used 

to address whether more resistant GBM cell line express more proapoptotic 

protein BAX (Fig. 4). BTCOE 4765 and BTCOE 4795 cells were infected with 

Lassa-VSV or M51R-VSV and cell lysates were analyzed by SDS-PAGE and 

western blots after 6 h single cycle viral infection (Fig. 4A). Immunoblots were 

quantified and expressed as a ratio of band intensity of actin and normalized to 

BTCOE 4765 mock infection after 6 h postinfection. Results of multiple (n=5) 

experiments are shown in Fig. 4B. BTCOE 4765 cells expressed significantly 
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higher levels of BAX than BTCOE 4795 cells in both Lassa-VSV and M51R-VSV 

infection (P< 0.05), although there is no significant difference in BAX expression 

between Lassa-VSV and M51R-VSV infection in the same cell line. These data 

indicate that BTCOE 4765 cells express more BAX than BTCOE 4795 cells, and 

there is no significant difference in BAX expression between Mock-infected cells 

and cells infected with Lassa-VSV or M51R-VSV. 
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Fig. 5: Immunofluorescence images of labeling BAX with 6A7 and total BAX 

antibodies in BTCOE 4765 and BTCOE 4795 cells. Cells were infected with 

Lassa-VSV-GFP (green, column 3) at MOI 10 for 6 h. Cells were fixed, 

permeabilized and immunolabeled for 6A7 or BAX (red, column 4) and stained 

with DAPI to label cellular DNA (blue, column 2). (A) BTCOE 4765 and BTCOE 

4795 cells with 6 h mock or Lassa-VSV-GFP (green) infection at MOI 10 were 

fixed, permeabilized and probed with 6A7 antibody (red). (B) BTCOE 4765 and 

BTCOE 4795 cells were mock-infected or infected with Lassa-VSV-GFP (green) 

at MOI 10 for 6 h. Plates were fixed, permeabilized and incubated with antibody 

against total BAX (red).  

Higher BAX expression in the more sensitive GBM cell line raiseed the question 

of whether those BAX proteins were activated and translocate to mitochondria in 

the form of oligomers leading to mitochondrial outer membrane permeabilization 
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(MOMP). Immunofluorescence microscopy experiments were conducted in order 

to determine the activation state of BAX in GBM cell lines. BTCOE 4765 and 

BTCOE 4795 were mock-infected or infected by Lassa-VSV-GFP at MOI 10 for 6 

h and then cells were fixed and stained with DAPI, 6A7 antibody which is an 

antibody for activated BAX or anti-BAX antibody which is an antibody for all BAX. 

Fluorescence and bright field images of BTCOE 4765 and BTCOE 4795 with 

mock infection or Lassa-VSV-GFP infection are shown in Fig. 5. GBM cells with 

mock infection or Lassa-VSV-GFP infection labeled with 23H12 antibody for VSV 

M protein was used as a positive control for red secondary antibody. Lassa-VSV-

GFP infected GBM cells only incubated with red fluorescent secondary 

antibodies were used as negative controls (data not shown). The data presented 

in Fig. 5A indicates that there is no detectable red fluorescent signal of activated 

BAX in either susceptible or resistant GBM cells with Lassa-VSV-GFP infection 

compared with cells with mock infection. Fluorescence images of GBM cells with 

Lassa-VSV-GFP infection labeled with total BAX antibody (Fig. 5B) shows that 

the more sensitive GBM cell line has stronger red fluorescence than the resistant 

one, which corresponds to the results of earlier immunoblots. These data indicate 

that BTCOE 4765 cells express more BAX than BTCOE 4795 cells, and there is 

no detectable immunofluorescence of activated BAX in either 4765 or 4795 cells. 
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Fig.6: Analysis of BAX expression in different cellular compartments of 

BTCOE 4765 cells after mock or Lassa-VSV infection. Cells were mock-

infected or infected by Lassa-VSV at MOI 10 for 6 h. Cytosol and mitochondrial 

compartments were prepared in Dounce buffer and whole cell lysates were 

prepared in RIPA buffer. 15 µg protein sample of each cellular compartments 

were loaded to SDS-PAGE, and transferred to membrane via western blots. (A) 
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Protein samples were immunoblotted by 6A7 antibody and anti-actin as loading 

control. (B) Protein samples were immunoblotted by anti-BAX antibody and anti-

actin as loading control. 

In order to further analyze BAX and activated BAX expression levels in different 

cellular compartments, three different cell lysate compartments, whole cell lysate, 

cytosol compartments and mitochondrial compartments, were prepared from 

BTCOE 4765 cells that were mock-infected or infected with Lassa-VSV at MOI 

10, and analyzed with 6A7 or anti-BAX antibodies for immunoblot analysis.  

Cytosol, mitochondria, and whole cell lysates were analyzed with antibodies 

against BAX or with actin as loading controls after 6 h infection (Fig. 6). There 

was a small amount of BAX in the mitochondrial compartments and a large 

amount of BAX in the cytosol compartments, but there was no difference in the 

level of BAX in mitochondria between mock and Lassa-VSV infected BTCOE 

4765 cells analyzed with two different anti-BAX antibodies (Fig. 6A and 6B). 

Collectively, the immunoblot analysis together with immunofluorescence 

microscopy analysis from GBM cells indicate that proapoptotic protein BAX was 

expressed at higher levels in BTCOE 4765 cytosol, but there was little detectable 

activated BAX at mitochondria and no obvious difference between mock infection 

and Lassa-VSV infection. 
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DISCUSSION 

Oncolytic viral therapy could be an effective treatment supplement for 

chemotherapy therapy, because oncolytic viruses cause cytopathic effects in 

TMZ resistant GBM cells in vitro (Jiang et al., 2017). My study shows that GBM 

cell lines vary in response to oncolytic Lassa-VSV infection. Through analyzing 

the most sensitive cell line and the most resistant cell line after Lassa-VSV 

infection, expression of ISGs was detected in both cell lines. A higher level of the 

apoptosis-regulating gene product BAX was observed in most susceptible cell 

line, and was confirmed by different approaches. Hence, ISGs and apoptosis-

regulating gene products may be involved in mediating sensitivity to Lassa-VSV 

oncolytic therapy. 

Oncolytic therapy employs viruses that selectively replicate in and kill cancer 

cells and VSV is a very competitive candidate oncolytic virus. To date, different 

strains of recombinant VSV have been tested as oncolytic agent against various 

cancer types (Muscolini et al., 2019), (Hastie et al., 2016), (Gray et al., 2019b). 

For example, an M protein mutated VSV (ΔM51-VSV) has an oncolytic effect on 

a variety of cancer types including glioblastoma (Jiang et al., 2017).  ΔM51-VSV 

was shown to infect and kill the chemotherapy resistant GBM in vitro, suggesting 

that it may be an effective treatment supplement for GBM therapy for GBM 

patients especially for patients with tumors that are resistant to chemotherapy 

e.g., TMZ. (Jiang et al., 2017). However, ΔM51-VSV was shown to be virulent for 

intracranial injection in mice. In contrast, Lassa-VSV is safe in the brain and 

destroys glioblastoma effectively with no adverse side effects in the mice 
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(Wollmann et al., 2015). Another advantage of Lassa-VSV is shown by our MTS 

results in Fig. 1, which support that GBM cells are more sensitive to Lassa-VSV 

infection than M protein mutated VSV infection. Interestingly, GBM cell lines 

varied dramatically in response to Lassa-VSV infection. My hypotheses were that 

the basis for this diversity of responses to oncolytic VSV could be due to two 

general mechanisms, interferon pathway and apoptosis pathway.  

IFN signaling pathways are indicated to be involved in resistance to oncolytic 

therapy. The activation of IFN signaling pathways and up-regulation of ISGs 

including IRFs, MxA, OAS, have been identified as potential prognostic 

biomarkers of IFN-induced resistance. Targeting these biomarkers and 

combining IFN signaling inhibitors with oncolytic viruses in different systems has 

been explored and suggest that viral replication and oncolysis in cancer cells are 

improved (Ebrahimi et al., 2017). The research previously conducted by our 

laboratory indicates that resistant prostate cancer cells express higher level of 

ISGs. MX1 and OAS3 are two examples of ISGs whose expression levels were 

upregulated in more resistant prostate cancer cell line (Bayne, n.d.). Results in 

Fig. 2 and Fig. 3 show that MX1 and OAS3 are expressed in both susceptible 

and resistant GBM cell lines, which indicates that ISGs might not directly account 

for resistance to Lassa-VSV infection in GBM cells. 

Many viruses modulate host cell survival pathways to override the apoptosis 

pathway and promote viral efficacy (Everett & McFadden, 2001). Antiapoptotic 

proteins inhibit the activation of proapoptotic protein BAX translocating to 

mitochondria, whereas deleting antiapoptotic protein triggers apoptosis and 
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improves oncolytic virus virulence for brain tumor (Pisklakova et al., 2016). Data 

from our previous RNA seq experiment indicates that BAX mRNA level is higher 

in BTCOE 4765 (manuscript in preparation). Here, these results of BAX 

expression level analysis are consistent with the idea that BTCOE 4765 

expresses higher levels of proapoptotic protein BAX (Fig. 4 and Fig. 5B).  

In order to induce apoptosis, BAX is activated and translocates to the outer 

membrane of mitochondria. The activation status of BAX in GBM cells infected 

by Lassa-VSV was confirmed by two different experiments. The results of 

immunofluorescence microscopy experiment indicate that there is no detectable 

fluorescence of activated BAX in both the most sensitive and the most resistant 

GBM cell lines, although a positive control in which the levels of BAX would make 

a difference in apoptosis has not yet been developed (Fig. 5A). However, the 

results of another assay based on isolation of mitochondria and cytosol confirm 

that there was no detectable activated BAX in mitochondrial compartment of the 

most susceptible cell line (Fig. 6). Collectively, two different assays suggest that 

BAX is less likely to be activated and translocate to mitochondria and raise the 

likely possibility that BAX is not an important factor in GBM cell in response to 

Lassa-VSV infection. The other major protein that permeabilizes the outer 

membrane of mitochondria is BAK, which was shown to be more important than 

BAX for the induction of apoptosis in HeLa cells with VSV infection (Pearce & 

Lyles, 2009). 
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From our current study, it is evident that the levels of expression not only of ISGs 

but also of apoptosis-regulating gene products may be involved in mediating 

susceptibility to oncolytic Lassa- VSV therapy.   
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