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Abstract 
 

Glioblastoma is the most common and devastating form of brain cancer. One of the main characteristics 

of glioblastoma is the microenvironment that is promoting anti-inflammatory responses and tumour 

development. Currently there is no cure for glioblastoma and novel therapeutic approaches need to be 

developed. Semliki Forest virus, an oncolytic Alphavirus,is a good candidate to target glioblastoma 

because of its ability to enter the central nervous system. The aim of our study was to create an oncolytic 

Semliki Forest virus that would express the immunoregulatory cytokine interferon γ (type II interferon), 

test the virus functionality in vitro and its therapeutic potency in vivo against a syngeneic mouse glioma 

model. Interferon γ was selected under the hypothesis that it would drive the tumour microenvironment 

towards pro-inflammatory, anti-tumour responses. For this study, molecular cloning, virus production, 

ELISA, quantitative RT-PCR, Western Blot, and immunohistochemistry methods were used. Our data 

suggest that the newly constructed viruses could efficiently infect and kill a mouse glioblastoma cell line, 

CT-2A, and express the transgene in high levels. The newly constructed viruses evoked high levels of 

type I interferon responses (interferon , which they could overcome and replicate in the CT-2A cells 

reaching high titers. Our in vivo experiments need to be repeated, as the mice bearing glioblastoma 

tumours and treated with a virus carrying the interferon γ transgene, showed expression of the transgene 

but no viremia or virus in the brain was detected. Further investigation is needed to detect the site of the 

transgene expression in vivo.    

 

Keywords and abbreviations 

 
GBM: Glioblastoma 

SFV: Semliki Forest virus 

IFN: Interferon 

miRT: micro-RNA target sequence 

LOH: Loss of heterozygosity 

HSV: Herpes Simplex virus 

BHK cells: Baby hamster kidney cells 

ELISA: Enzyme Linked Immunoabsorbent Assay 

nsP: non-structural protein 

BBB: Blood brain barrier 

CNS: Central nervous system 

EGFP: Enhanced green fluorescent protein 

MOI: Multiplicity of infection 

PFU: Plaque forming units 

SG: Subgenomic promoter 

p.i: post infection 

WT: wild type 

mut: mutated 

ISGs: Interferon stimulated genes 
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Popular science article 

 
‘Arming’ a virus to fight brain cancer 

One of the most common and most devastating forms of brain cancer is glioblastoma (GBM). Because of 

the location of the tumour in the brain and its microenvironment, GBM is currently impossible to cure. 

While searching for new therapeutic options, the use of oncolytic viruses to target the tumour site seems 

like a promising approach. The reason for that is because oncolytic viruses have the ability to kill tumour 

cells. However, if they are ‘armed’ with immune modulating genes (for example, cytokines) then they 

can also evoke immune responses to the tumour site, which enhance their antitumour effect.  

In this study, oncolytic virus Semliki Forest (SFV) was used and modified in such a way to carry micro-

RNA target (miRT) sequences and a gene for the expression of the interferon γ (IFN-γ) cytokine. SFV 

was chosen because it can enter the central nervous system and infect brain cells. The miRTs are 

sequences that are complementary to a category of RNA sequences, called micro-RNAs. These micro-

RNAs are expressed in the healthy cells but they are expressed in low levels or not at all in the tumour 

cells. In this way the viruses are safer because they do not infect and kill healthy brain cells, but only 

tumour cells. The IFN-γ cytokine was selected under the hypothesis that it will promote antitumour 

responses in the tumour microenvironment, balancing the otherwise anti-inflammatory 

microenvironment that promotes the tumour development and overall resistance to therapy. The 

objectives of our study were to create new viruses that would express the interferon γ (IFN-γ) cytokine 

transgene, then test and characterize the functionality of the viruses in vitro using mouse GBM cells and 

their therapeutic potency in vivo in a mouse model.  

Initially we inserted the IFN-γ transgene in a wild type SFV strain 4 (SFV4) and in an SFV4 carrying a 

mutation. Then we tested and characterized the viruses in CT-2A cells, which are mouse GBM tumour 

cells. As it turned out, the constructed viruses propagated slower than the viruses without the transgenes 

but could still efficiently kill the CT-2A cells. Moreover, each virus could lead to the expression of the 

transgene in relatively high levels. However, the newly constructed viruses evoked antiviral responses 

from the cells. This could slow down the virus replication or block it completely. But while investigating 

this further, we concluded that this was not the case as the viruses could replicate efficiently in the CT-

2A cells.This also highlights the fact that the IFN-γ that was secreted from the infected cells did not 

‘protect’ the surrounding CT-2A cells from being infected, which could happen in theory. Preliminary in 

vivo experiments showed expression of the IFN-γ transgene, but without any indication of the virus 

circulating in the bloodstream or that the virus had reached the brain. For this reason, it is still under 

investigation where IFN-γ is being produced in the mice.  

Overall, our in vitro results seem promising that the newly constructed viruses can express the IFN-γ 

transgene efficiently, infect and kill GBM cells and overcome the antiviral responses that are evoked. 

However, our in vivo results need further investigation and repetition. Future work should focus on 

improving the construction of this ‘armed’ oncolytic virus, making it a novel therapeutic agent against 

the currently incurable glioblastoma cancer.  
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1. Introduction 

1.1 Glioblastoma 

Glioblastoma (GBM) (WHO grade IV) is a type of astrocytoma that develops either de novo (primary 

type) or derives from low-grade astrocytomas (secondary type) and it is the most common of all 

malignant brain tumours (Ohgaki and Kleihues, 2007). Most GBMs develop rapidly without any 

indication of precursor lesions, which leads to poor prognosis and thus the patients die soon after 

diagnosis. Primary GBM develops usually in patients with mean age of 65 years old, while secondary 

GBM develops in younger patients with mean age of 45 years old (Ohgaki et al., 2004).  

After the standard treatment, which is removal of the tumour followed by treatment with radiotherapy 

and temozolomide, most patients survive for an average of 12-15 months (Stupp et al., 2005). However, 

rare cases of 3-5% of patients surviving more than 3 years have been reported (Krex et al., 2007; Ohgaki 

et al., 2004). Since there is no cure for GBM, the need for developing novel therapeutic methods is 

urgent. 

GBM is characterized by nuclear pleomorphism and immune cell infiltration. It occurs in the cerebrum of 

adults. The tumour cells form a necrotic region at the centre and then spread around the centrein response 

to the hypoxic tumour microenvironment. The hypoxic environment results in tumour neovascularization 

(Fischer et al., 2005) and for this reason GBM is also characterized by high invasiveness. This invasive 

behaviour though is different compared to other cancer cells as GBM cells rarely metastasize outside the 

brain through blood vessel walls or bones (Tumors of the Central Nervous System, Volume 1 - Gliomas, 

pp 4-6, n.d.). Recent studies have also demonstrated the existence of a small subpopulation of cancer 

cells that have stem-like features in several cancers, including GBM (Vescovi et al., 2006). These cancer 

stem cells are self-renewing cells that propagate tumours phenotypically similar to the parental 

tumourand they may be playing an important role in the overall tumour maintenance and resistance to 

therapy (Bao et al., 2006b).  

Although the cytokine milieu in the normal healthy brain is intrinsically promoting immune responses 

that will prevent damage of the tissues due to inflammation, the GBM microenvironment is even more 

skewed towards the Th2 phenotype supporting immune evasion (Rolle et al., 2012). The immune evasion 

mechanisms of GBM cells include production of immunosuppressive cytokines such as IL-10, which is a 

tumour promoting cytokine that inhibits the production of interferon-γ (IFN-γ) and tumour necrosis 

factor-α (TNF-α) from the immune system (Huettner et al., 1997), secretion of tumour growth factor-β 

(TGF-β) (Wick et al., 2006) and expression of prostaglandin E2 (PGE2) (Hao et al., 2002) to name a few. 

Also, tumour associated microglia/macrophages and regulatory T cells (Tregs) are polarized overall 

towards anti-inflammatory properties (Razavi et al., 2016).  

1.2 Oncolytic virotherapy 
 

Due to the highly invasive nature and also the self-renewing subpopulation of GBM cells it is not always 

possible to remove the tumours with surgery. As they also show signs of resistance to radiation and 

chemotherapy (Bao et al., 2006a; Tumors of the Central Nervous System, Volume 1 - Glioma, pp213, 

n.d.) it is essential to find novel therapeutic methods against GBM. 

The basic concept of oncolytic virotherapy is that a virus is able to infect and destroy the tumours by 

lysing the cells. Around early 1950s researchers started studying how viruses affect the tumour growth 

and not just the replication of viruses inside tumour cells (Moore, 1952) and how they could modify 

Russian Far East Encephalitis viruses (a subtype of TBEV) in order to increase their infection and 



UPPSALA UNIVERSITET   6 (34) 

 

   

 

 

 

replication efficiency (Moore, 1949; Moore and O’Connor, 1950). Studies during the 1990s showed that 

viral infections could also induce tumour antigen-specific adaptive immune responses, acting as in situ 

cancer vaccines (Toda et al., 2002, 1999) .  

Overall, it has been established so far that the main mechanisms through which oncolytic viruses can 

develop immune activity against cancer cells are: a) the classical pathway of direct lysis of tumour cells, 

b) anti-tumour immunity which involves: induction of immunogenic cell death (ICD) in tumour cells in 

combination with other forms of immunotherapy such as checkpoint inhibitors, dendritic cells that 

promote lymphocytes and NK cells towards antitumour phenotypes, T cells engineered to possess a 

chimeric antigen receptor (CAR) (Finocchiaro and Pellegatta, 2014) and arming of oncolytic viruses to 

express therapeutic transgenes that boost the functional immune responses against tumour antigens and 

c) disruption of the tumour vasculature (Figure 1) (Couzin-Frankel, 2013); Cassady et al., 2016; Kirn 

and Thorne, 2009; Marchini et al., 2016; Russell et al., 2012; Workenhe and Mossman, 2014; Zhang et 

al., 2013).  

So far, the most promising candidate for oncolytic virotherapy against GBM is PVSRIPO, a 

recombinant, non-pathogenic oncolytic virus based on a poliovirus Sabin type 1. It has shown promising 

results in pre-clinical studies from the Duke University and it was recently approved for phase I clinical 

trials for treatment of patients with GBM. The virus is modified to infect and lyse cells that express the 

Necl5 or CD155 molecule, which is widely expressed in GBM tumour cells. Moreover, PVSRIPO is 

modified to carry the IRES elements of human rhinovirus type 2 (HRV2) in order to reduce the 

neurovirulence of the virus and thus increasing the virus safety. This is possible because, HRV2 IRES 

does not recruit the eukaryotic initiation factors needed to initiate viral translation in normal healthy CNS 

cells, while at the same time PVSRIPO is fully capable of viral translation upon activation of Raf-Erk1/2 

MAPK signals in cancer cells specifically (Brown et al., 2014; Goetz et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The three main mechanisms that oncolytic viruses use to develop immune activity against tumour cells. Adapted by 

permission from Macmillan Publishers Ltd: Nature Reviews | Cancer, (Kirn and Thorne, 2009), copyright (January 2009). 
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1.2.1 Armed oncolytic viruses 

Oncolytic viruses can be genetically engineered to express a variety of immune modulating transgenes, 

like cytokines, chemokines or tumour associated antigens in order to induce effective and durable 

antitumour immunity. For these reasons they constitute a very attractive immunotherapeutic approach 

(Derubertis et al., 2007; Lee et al., 2006; Parviainen et al., 2015). Many viruses have been used for 

therapeutic approaches against different types of cancer, with HSV-1 being the first of its kind in 1991, 

when Martuza et al published their findings on how a thymidine-kinase (tk) deleted mutant, dlsptk 

HSV-1, showed promising therapeutic profile for the treatment of malignant glioma on mice.  

Since then, more HSV-1-based oncolytic viruses have been used in tumour immunotherapy approaches, 

with the genetically engineered M032 virus that expresses IL-12 currently undergoing a phase I clinical 

trial (NCT02062827). Other examples of armed oncolytic viruses used in clinical trials are: a reovirus 

engineered to produce granulocyte macrophage colony-stimulating factor (GM-CSF) (NCT02444546) 
and a measles virus engineered to express human carcinoembryonic antigen (CEA) for easier monitoring 

of the virus replication in the tumour site (NCT00390299)(Foreman et al., 2017).  

So far, Talimogene Laherparepvec (T-VEC, Imlygic,‘Amgen’) is the only armed oncolytic virus that has 

been licensed by FDA as a cancer therapeutic against melanoma tumours. T-VEC is based on herpes 

simplex virus type-1 and modified in such a way that it can replicate inside tumour cells and produce 

GM-CSF, thus enhancing systemic antitumor immune responses (Andtbacka et al., 2015). 

1.3 Semliki Forest virus 

Semliki Forest virus (SFV) belongs to the genus Alphavirus and is part of the Togaviridae family of 

viruses. Alphaviruses are small, with a spherical, icosahedral and enveloped virion, positive-sense 

ssRNA viruses (Figure 2) (Norkin, 2010). All Alphaviruses are transmitted through mosquito vectors 

and they have the ability to replicate in both arthropod and vertebrate hosts. According to their 

geographical distribution, alphaviruses were divided to New World (Venezuelan equine encephalitis 

[VEEV] and Eastern equine encephalitis [EEEV] viruses) and Old World viruses (Chikungunya virus 

[CHIKV], Sindbis virus [SINV], Semliki Forest virus [SFV]). Viruses that belong to the New World 

alphaviruses have evolved separately from the viruses belonging to the Old World viruses(Strauss and 

Strauss, 1994).   

SFV was first isolated in 1942 from the Aëdes abnormalis group of mosquitoes in the Semliki Forest in 

Uganda. It was later found to be pathogenic on the central nervous system of susceptible hosts, like mice, 

guinea-pigs, rabbits, rhesus and red-tail monkeys (Smithburn and Haddow, 1944). It can also cause 

diseases in humans but only one human outbreak has been reported so far, in Central African Republic 

during October to December 1987 (Mathiot et al., 1990). The symptoms were fever, persistent headache 

and myalgia. One death of a laboratory worker has been reported to have been caused by SFV, in 1979. 

The scientist was working with virus supernatant from BHK cells, but the infection route is still not 

known (Willems et al., 1979).  
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Figure 2:Structure of the alphavirus virion. It is enveloped, spherical and 65-70nm in diameter. The envelope contains 80 

spikes with each spike being a trimer of E1-E2 proteins. The capsid has a T=4 icosahedral summery and it is made up of 240 

monomeres. Modified from Viral Zone (viralzone.expasy.org/, Swiss Institute of Bioinformatics) 

 

Several strains of SFV have been isolated and according to their pathogenic abilities in mice they are 

categorized as virulent or avirulent strains. Virulent strains cause lethal encephalitis to mice, while 

avirulent strains cause nonlethal demyelinating disease that can last for days. After peripheral infection 

(intramuscular, intraperitoneal or subcutaneous), virulent strains of SFV induce blood viremia to the 

mice. The viruses proceed to multiply in the central nervous system (CNS) after crossing the blood brain 

barrier (BBB). After entering the CNS, the viruses can infect neurons and cause neuronal damage that 

leads to death as reviewed by Atkins et al (Atkins, 2012).  

1.3.1 Entry and replication cycle 

 

Initially, alphaviruses bind on the cell surface receptor via the E2 envelope glycoprotein. After binding 

they are taken up into the cell via receptor-mediated endocytosis in clathrin-coated pits. The receptor to 

which SFV is binding is currently unknown.  

After entering the cell, the virus is transported to an endosomal compartment, where the mildly acidic 

environment triggers a decomposition of the E1-E2 dimer and a subsequent display of the fusion peptide 

E1 which was previously hidden. The fusion peptide E1leads to a fusion of the viral lipid membrane with 

the endosomal membrane, creating a pore and allowing the capsid to be deposited inside the host cell 

cytoplasm 

The viral RNA genome encodes at the 5’ end for the nonstructural proteins (that catalyze transcription 

and replication of the genome) and for the structural proteins at the 3’ end (26SRNA) (Figure 3). The 

transcription of the viral genome is divided into ‘early’ and ‘late’ phase. The first translation product is a 

single P1234 polyprotein, which is processed and cleaved to individual proteins by the nsP2 protease. 

When nsP4, which has RNA-dependent RNA polymerase activity, is cleaved off the polyproteinit copies 

the viral RNA to a complementary negative strand. This serves as a template for the synthesis of a 

positive strand viral genomic RNA. The replication takes place inside replication ‘compartments’ that are 

protecting the intermediate viral dsRNA from pattern recognition factors. During the late phase of 

transcription, 26SRNA is translated into a single polyprotein and cleaved into individual proteins. The 



UPPSALA UNIVERSITET   9 (34) 

 

   

 

 

 

pE2 and pE1 are matured in the Golgi apparatus and transferred to the plasma membrane. There, the 

capsid proteins that were cleaved recognize the newly synthesized positive-sense ssRNA and bind it, 

forming the nucleocapsid. The budding process starts when the nucleocapsid recognizes the cytoplasmic 

side of E2. The nucleocapsid is enveloped by the E1-E2 dimers and the new virions are released from the 

cell (Jose et al., 2009; Norkin, 2010). 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: SFV Genome organization. The viral genome is 5’ capped and 3’ polyadenylated positive-sense ssRNA. It is 11-

12kb in length and processed as shown in the figure. Initially the non-structural and structural polyproteins are translated into 

polyproteins and they get processed and cleaved into individual proteins during the virus life cycle. Modified from Viral Zone 

(viralzone.expasy.org/, Swiss Institute of Bioinformatics). 

 

1.3.2 SFV as an oncolytic agent against GBM 

 

Since SFV has the ability to cross the BBB and spread in the CNS, this virus has been an attractive 

candidate for development of oncolytic virotherapy agents against brain tumours such as GBM. Some 

studies initially showed that intravenously administered Semliki Forest virus based vector can be 

effective against human glioma in a xenograph model in nude mice (Heikkilä et al., 2010). Further 

studies from the same group showed that the same SFV vector did not show a therapeutic effect against a 

syngeneic mouse model because it could not overcome the type I IFN system that was induced in the 

host (Ruotsalainen et al., 2012).  However, attempts were made using a different neurovirulent strain, 

SFV4, which was also carrying micro-RNA targets (miRTs) in the viral genome and would prevent the 

virus from infecting healthy neuronal cells (Ylösmäki et al., 2013). The miRTs are complementary 

sequences to micro-RNAs that are expressed in healthy cells only and not expressed at all or 

downregulated in tumour cells. The micro-RNAs chosen are highly expressed in the healthy cells and 

bind on the miRT sequences that are placed in the viral genome. Thus the viral translation is inhibited 

and the viral mRNA gets degraded. This mechanism increases the virus safety and prevents it from 

infecting healthy neuronal cells. In tumour cells where the micro-RNAs are not expressed or are 

downregulated, the viral mRNA is translated normally and the viruses propagate. In later studies it was 

also shown that this recombinant SFV4 virus was able to tolerate the type I IFN antiviral system that was 

induced, replicate in and lyse the tumour cells, probably through inhibition of the STAT1 

phosphorylation (Martikainen et al., 2015). Moreover, recent data indicate that SFV4 can also overcome 

treatment of GBM cells with type II IFN (IFN-γ) and thus IFN-γ cannot protect the tumour cells from the 

virus infection (Martikainen, unpublished). 
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2. Aim 

The aim was to create an oncolytic Semliki Forest virus that would express the immunoregulatory 

cytokine interferon gamma (IFN-γ), and then test the functionality of the virus in vitro and its therapeutic 

potency in vivo against a syngeneic mouse glioma model. 

IFN-γ was selected under the hypothesis that, as a type II IFN, will induce the expression of genes that 

lead to the induction of pro-inflammatory responses, macrophage activation and expression of antigen 

presenting and processing molecules potentially in the tumour site. In that way, IFN-γ would balance the 

otherwise immunosuppressive tumour microenvironment. On the contrary, type I IFNs lead to the 

expression of genes that induce an antiviral state in the cells. Both pathways are reviewed in Figure 4 

(Platanias, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Type I and type II interferon classical pathways. Both types of pathways induce activation of the JAK/STAT 

pathways and phosphorylation of STAT1 protein. However, type I IFN pathway induces the expression of interferon 

stimulated response elements (ISRE) leading to an establishment of an antiviral state in the cells. Type II IFN leads to the 

expression of gamma interferon activation site (GAS) elements, which evoke the activation of pro-inflammatory responses, 

macrophage activation andmolecules involved in antigen procession and presentation. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Reviews | Immunology, (Platanias, 2005), copyright (2005) 
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3. Materials and methods 

3.1 Cell lines 

The murine glioblastoma cell line GL261 (kind gift from Dr. GezaSafrany, National Research Institute 

for Radiobiology and Radiohygiene, Hungary) was cultured in Dulbecco's Modified Eagle Medium 

(DMEM) Glutamax supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin 

(PEST) and 1% sodium pyruvate. The murine glioblastoma cell line CT-2A (generously provided by 

Thomas Seyfried, Boston College) was cultured in Roswell Park Memorial Institute (RPMI) 1640 

supplemented with 10% FBS and 1% PEST. Baby Hamster Kidney (BHK21) cells (ATCC-CCL-10) 

were cultured in Glasgow’s MEM (GMEM)supplemented with 10% FBS, 1% PEST, 10% Tryptose 

phosphate broth (TPB) and 1M Hepes pH 7.2. For the infection steps, infection medium was used with 

the same recipes for all the cell lines, but without addition of 10% FBS. 

3.2 Cloning and virus production 

Initially, the EGFP marker transgene was amplified from the pCMV-SFV-A774-Intron-2SG-GFP-

mir124134 plasmid and the IFN-γ transgene from a pUC57-Kan-IFN-γ (ordered from Genscript Biotech 

Corporation) plasmid where the gene’s sequence was cloned. Both transgenes were amplified using Q5
®
 

High-Fidelity DNA Polymerase (New England Biolabs). The final volume of the reaction was 25μl and 

the components of the reaction were: 5ul of 5X Q5 Reaction Buffer (for a final concentration of 1x), 

0.5μl of 1mM dNTPs (for a final concentration of 200μΜ), 1.25μl each of 10μΜ Forward and Reverse 

primer (for a final concentration of 0.5 μΜeach), 2ng of template, 0.25μl of Q5 High-Fidelity DNA 

Polymerase and H2O up to 25μl. The mixture was then incubated in a S1000 Thermal cycler (Bio-Rad). 

The sequences of the primers that were used are shown in Table 1 of the Supplementary materials 

section. The PCR products were loaded on an agarose gel (1%) to confirm the right amplification of the 

product without contaminations. Then the PCR products were purified using the PCR clean-up kit 

(Macherey-Nagel). 

The vectors that would be used, pCMV-SFV4-2SG-VVWRB18R -miRT and pCMV-SFV4-nsP3mut-

2SG-VVWRB18R -miRT were double digested with FastDigest SmaI and FastDigest PdmnI 

(Fermentas) to remove the VVWRB18R part and then cloning was performed using the Gibson 

assembly
®

 Master Mix (New England Biolabs). In brief, with the Gibson assembly
®
 Master Mix 

fragments that share complementarity on one end (overlap region) are annealed into one piece of DNA. 

The master mix contains three different enzymes in the same buffer and these are: an exonuclease that 

creates the single-stranded 3´ overhangs for the overlap region, a polymerase that fills in the gaps within 

each annealed fragment and a DNA ligase that seals the nicks in the assembled fragments (Gibson et al., 

2009). For the Gibson Assembly
®

reaction a 3:1 molar ratio of the insert (300ng) and vectors (100ng) was 

used, with Gibson assembly
®
 Master Mix and H2O to a final volume of 20μl. The mixture was incubated 

at 50ºC for 1hr in a S1000 Thermal cycler (Bio-Rad). The produced plasmids: pCMV-SFV4-2SG-EGFP –

miRT, pCMV-SFV4-nsP3mut-2SG-EGFP –miRT, pCMV-SFV4-2SG-IFN-γ –miRT and pCMV-SFV4-

nsP3mut-2SG-IFN-γ –miRT were introduced into TOP10 competent bacteria (generously provided by 

Jing Ma, Uppsala University, IGP) using chemical transformation. For that, 10μl of the Gibson 

Assembly
® 

reaction, 10μl 5x KCM (for a final concentration of 1x), 30μl H2O and 50μl of TOP10 

bacteria were mixed together, incubated for 20min on ice, 10min in room temperature, and then after 

addition of 1ml of Luria Broth (LB) they were incubated for 1h shaking at 210rpm at 37
o
C. After the 

incubation, the transformed bacteria were plated on agar plates with Kanamycin. Kanamycin was used 

for the selection of the positive clones. The next day, colonies were selected and inoculated in LB with 

100mg/ml Kanamycin for enrichment of the cultures and then the plasmids were isolated using the 

GeneJET Plasmid Miniprep Kit (Thermo Scientific). The insertion of the transgenes to the vectors was 
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confirmed with restriction analysis using the FastDigest enzymes EcoRI, EcoRV, HindIII, BamHI 

(Fermentas) as it is shown in the Supplementary Figure 1a and 1b in the Supplementary materials 

section.  

For the virus production, BHK21 cells were transfected with the plasmids. After the plasmids were 

expressed, virus particles were produced and released in the culture supernatant. The supernatant was 

collected, comprising the p0 virus stock. In more detail, BHK21 cells were seeded on 6-well plates 

(Sarstedt) and using Lipofectamine
®
2000 Reagent (Invitrogen) they were transfected with all four newly 

constructed plasmids, pCMV-SFV4-2SG-EGFP –miRT, pCMV-SFV4-nsP3mut-2SG-EGFP –miRT, 

pCMV-SFV4-2SG-IFN-γ –miRT and pCMV-SFV4-nsP3mut-2SG-IFN-γ –miRT following the 

manufacturer’s instructions. Briefly, Lipofectamine
®
 is a positively charged liposome formulation that 

creates complexes with the negatively charged DNA, thus forming liposomes that are positively charged 

on their surface which allows them to overcome the negative charge of the plasma membrane and deliver 

the nucleic acids into the cytoplasm. First, four amounts of Lipofectamine
®
 reagent are diluted in GMEM 

medium. Plasmid DNA is also diluted in GMEM and then the Lipofectamine
®
 and the DNA are mixed 

together in a 1:1 ratio, incubated and then the lipid-DNA complex is added on the cells. The next day the 

supernatant was collected and aliquoted, as the p0 stock. Then 500μl of that were used to infect a 

confluent T75 flask with BHK21 cells. That was the p1 stock from which the viruses were purified 

through a 20% sucrose cushion and ultracentrifugation at 140 000g (25 000rpm) for 3h at 4
o
C. The 

purified viruses were plaque-titrated. The newly constructed viruses were: SFV4- nsP3mut –IFN-γ-miRT 

virus (mut- IFN-γ), SFV4- nsP3mut –EGFP-miRT virus (mut-EGFP), SFV4-IFN-γ virus (wt- IFN-

γ), SFV4- EGFP-miRT virus (wt-EGFP). 

 

3.3 Plaque assay 

First, 250 000 cells were plated on a 6-well plate (Sarstedt) and incubated for two days before infection 

in complete GMEM BHK-21 medium so that they reach approximately 95% confluency. Then, 10fold 

virus dilutions were prepared in a final volume of 400μl infection medium (GMEM supplemented with 

2% FBS). Cells were washed gently with 1ml of PBS. Then 200μl of the prepared virus dilutions were 

added to each well starting with the most diluted. Cells were incubated for 1h at 37oC. After that, each 

well was covered with 2ml of GMEM-carboxylmethyl cellulose (CMC) (2%) solutionand incubated for 2 

days until plaque formation. After 2 days, the GMEM-CMC solution was aspirated and crystal violet 

solution was added. Plates were incubated for 30min and then washed under warm tap water until the 

white plaques became visible. Plaques were counted in each well with the appropriate virus dilution and 

the titer was calculated accordingly. 

3.4 quantitative RT-PCR 

CT2A cells were seeded on a 6 well plate (500 000 cells/well) and infected after 24 hours with 0.1 MOI 

of each of the viruses or treated with 1ng/ml with IFN-β (R&D Systems) or IFN-γ. After 24 hours of 

infection or treatment, cells were harvested and RNA was extracted using the RNeasy
®

 Quick Mini Kit 

(Qiagen). Briefly, the cells were homogenized and lysed with a highly denaturing buffer that contained 

guanidine-thiocyanate. This buffer immediately inactivated all RNases, ensuring purification of intact 

RNA. Ethanol was also added to the mixture because it provided appropriate binding conditions. The 

lysate was then applied to an RNeasy Mini spin column and the total RNA bound to the membrane, 

while the contaminants were washed away with consecutive washing steps. The amount of RNA 

extracted was determined using the NanoDrop™ 2000/2000c Spectrophotometers (Thermo Scientific). 

After quantification of the extracted RNA, complementary-DNA (cDNA) was prepared using the 

iScript™ cDNA Synthesis Kit (Bio-Rad). Briefly, iScript™ reverse transcriptase is an RNase H+ that has 
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greater sensitivity than RNase-. iScript is a modified reverse transcriptase that derives from MMLV. For 

the cDNA synthesis, 300ng of RNA were mixed with 4μl of 5x iScript Reaction Mix (final concentration 

of 1x), 1μl of iScript Reverse Transcriptase, and H2O up to 20μl of final volume in the reaction. The 

reaction was then incubated in a S1000 Thermal cycler (Bio-Rad) and the conditions were: 25o C for 5min, 

46o C for 20min, 95o C for 1min. Then the cDNA was diluted in a ratio 1:2 and 1ul from the diluted mixture 

was used for quantitative RT-PCR using the iScript™ SYBR
® 

Green Supermix (Bio-Rad). The iScript 

Supermix contains hot-start iTaq DNA polymerase that is antibody-mediated, dNTPs, MgCl2, SYBR
®

 

Green I Dye, enhancers, stabilizers and fluorescein. The total volume of the reaction was 10μl (5μl of 2x 

iScript SYBR
® 

Green Supermix for a final concentration 1x, 1μl of the diluted cDNA mixture, 1,5μl 

from each of the forward and reverse primers for a final concentration of 150nM of each primer, and 

H2O). The reactions were loaded on a 96-well PCR plate (Bio-Rad) and then loaded ontoCFX96 Touch™ 

Real-Time PCR Detection System (Bio-Rad). The reaction conditions were as follows: 95
o
C for 3min, 

(95
o
C for 10 sec, 58

o
C for 40sec) x 39 cycles, melt-curve analysis 55

o
C-95

o
C, 0.5

o
C increase 5sec/step. 

The primer pair sequences for each gene that was analysed are provided in Table 2 in the 

supplementary materials section. Analysis of the genes expression was performed in Microsoft Excel 

(Microsoft Corporation) and expression levels were normalized against the mouse-36B4 housekeeping 

gene.  

3.5 IFN-β detection 

CT-2A cells were seeded on a 6 well plate (500 000 cells/well) and infected the next day with 0.1 MOI 

of each virus. Supernatant was collected 24hours p.i and 48hours p.i. The amount of the cell secreted 

IFN-β was analyzed using the LEGEND MAX™ Mouse IFN-β ELISA Kit (BioLegend) and following 

the manufacturer’s instructions. It is a Sandwich Enzyme-Linked Immunosorbent Assay (ELISA) kit 

with a 96-well plate, pre-coated with a polyclonal goat anti-mouse IFN-β capture antibody. In brief, for 

the preparation of the standard curve, 500μl of the 500pg/ml top standard were prepared from the stock 

of the standard solution and then six two-fold serial dilutions of the 500pg/ml top standard were 

performed using the Assay Buffer A as diluent. The Assay Buffer A also served as zero standard (0 

pg/ml). Thekit’s plate was washed 5 times with 300μl of 1x Wash Buffer per well. Then, 50μl of the 

Assay Buffer A were added per well and 50μl of the standard dilution or the samples were added in the 

respective wells. The plate was sealed and incubated at room temperature for 2h, shaking at 200rpm. 

After incubation the plate was washed again 5 times as described before and then 100μl of the Mouse 

IFN-β Detection Antibody solution, which is a biotinylated monoclonal hamster anti-mouse IFN-β 

antibody, were added to each well. The plate was incubated as before for 2h. Following incubation the 

plate was again washed and 100μl of the Avidin-HRP (horseradish peroxidase) D solution were added 

per well. The plate was incubated for 30min while shaking. The plate was again washed as described 

previously and then 100μl of the Substrate Solution F were added in each well. The plate was incubated 

for 30min in the dark. Wells containing samples with IFN-β turned blue in colourand the intensity was 

proportional to the IFN-β’s concentration. Then the reaction was stopped by adding 100μl of the Stop 

Solution in each well. The reaction colour turned from blue to yellow. The absorbance was measured 

immediately at 450nm and 570nm in an iMark™ Microplate Absorbance Reader (Bio-Rad). The 

absorbance at 570nm was subtracted from the absorbance at 450nm. All concentration calculations were 

performed in Microsoft
® 

Excel (Microsoft Corporation) and the graphs were prepared in GraphPad Prism 

5.0 Software (GraphPad Software, Inc.) 

3.6 IFN-γ detection 

 

CT-2A cells were seeded on a 6 well plate (500 000 cells/well) and infected the next day with 0.1 MOI  

of each virus. Supernatant was collected 24hours p.i and 48hours p.i. The amount of the secreted IFN-

γwas analysed using the Mouse IFN-γ ELISA development kit (Mabtech) and following the 
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manufacturer’s instructions. Briefly, a 96-well high binding plate (Sarstedt) was coated overnight at 4
o
C 

with 100μl of 1μg/ml mAb AN18 monoclonal antibody, diluted in PBS. The next day, the plate was 

washed twice with 200μl PBS per well and then blocked for 1hour in room temperature with 200μl per 

well of PBS with 0.05% Tween20 and 0.1% BSA (Incubation buffer). Then the plate was washed with 

washing buffer (PBS containing 0.05% Tween20) five times. For the preparation of the standards, 500μl 

of 500pg/ml standard were prepared from the stock of the standard solution and then six two-fold serial 

dilutions of the 500pg/ml standard were performed using the Incubation Buffer as diluent. The 

incubation buffer and medium was used for the blank measurement. Then, 100μl of the samples and the 

standards diluted in incubation buffer were added to the respective wells and the plate was incubated for 

2h. The plate was washed again with washing buffer and then 100μl of biotinylated mAb R4-6A2 with a 

concentration of 0.5μg/ml, diluted in incubation buffer, were added per well. The plate was incubated for 

1h and then washed again as before. Then, 100μl of Streptavidin-HRP (horseradish peroxidase) diluted 

1:1000 in incubation buffer were added per well and the plate was incubated for 1h. The plate was 

washed again and 100μl per well of the TMB substrate solution (3, 3’, 5, 5’-Tetramethylbenzidine) were 

added. The plate was incubated for approximately 20min in the dark. Wells containing samples with 

IFN-γturned blue in colourand the intensity was proportional to the IFN-γ’s concentration. Then the 

reaction was stopped by adding 100μl of H2SO4 acid in each well. The reaction colour turned from blue 

to yellow. The absorbance was measured immediately at 450nm in an iMark™ Microplate Absorbance 

Reader (Bio-Rad). All concentration calculations were performed in Microsoft
® 

Excel (Microsoft 

Corporation) and the graphs were prepared in GraphPad Prism 5.0 Software (GraphPad Software, Inc). 

 

3.7 Western Blot 

For the detection of prosphorylated STAT1 protein, phosphorylated IRF3 and Vinculin (loading control), 

500 000 CT-2A cells/per well were seeded on a 6 well plate and infected the next day with 10MOI from 

each virus. After 1h of incubation the infection medium was replaced with complete medium. Cells were 

harvested after 6h in 150ul of a mixture of Nu PAGE®LDS and Neutralizing Agent (Invitrogen) diluted 

to 1X in ddH2O. Then the samples were heated in 70oC for 10 minutes. 25ul of the samples were loaded 

in a NuPAGE® 4-12% Bis-Tris Protein Gel and ran for 1hour in 200V, using the XCellSureLock™ Mini-

Cell and the NuPAGE®MOPS-SDS Running Buffer (1X). After the electrophoresis was complete, wet 

transfer of the protein samples was performed using the XCell II™ Blot Module, Nitrocellulose/Filter 

Paper Sandwiches(Bio-Rad) and the Nu PAGE® transfer buffer (1X) (Invitrogen) for 1h at 30Volts. After 

wet transfer, the membranes were blocked with goat serum. The following primary antibodies (Abs) 

were used for the detection of the target proteins: rabbit monoclonal anti-vinculin Ab (Thermo 

Scientific), rabbit monoclonal Phospho-IRF-3 (Ser396) Ab (Cell Signaling Technology), and rabbit 

polyclonal STAT1 Ab (Cell Signaling Technology). The membranes were incubated overnight. Next 

day, the membranes were washed three times for 10min each time with TBS-Tween20 and then 

incubated with the secondary Ab, goat anti-rabbit IgG (H+L), horseradish peroxidase (HRP) conjugate. 

For the detection of the proteins the membranes were incubated with the Amersham™ ECL™ Western 

Blotting chemiluminescent detection reagent (GE Healthcare
®
). Finally, imaging of the membranes and 

picture acquisition was performed using the ChemiDoc™ Touch imaging system (Bio-Rad) 

3.8 Cell viability assay 

Gl261 and CT-2A cells were plated on 96-well plates (Sarstedt) (20 000 cells/well). The next day they 

were infected with 0.0001, 0.001, 0.01, 0.1, 1, 10 and 100 MOI from each of the constructed viruses, the 

two viruses without any modifications and mock infected with infection medium not containing any 

virus. After 3 days p.i, 15μl of the alamarBlue
®
 reagent (ThermoFischer Scientific) was used (equals to 

10% of the sample volume inside the well) and the plates were incubated for 3h at 37
o
C. In brief, 
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alamarBlue
®
cell viability reagent contains resazurin as an active ingredient. Resazurin is non-toxic, non-

fluorescent and a cell permeable compound blue in colour. When resazurin enters the cells, it is reduced 

to resofurin, which has red colour and is fluorescent. Cells that are alive convert resazurin to resofurin 

continuously and thus increase the overall fluorescence inside the medium. Fluorescence signal was 

measured at 585nm at a Wallac 1420 VICTOR2™ microplate reader (Waltham). All calculations and 

preparation of graphs for the relative cell viability, which was normalized to the mock infected cells that 

were considered 100% alive according to the method and microscopical examination, were performed 

using the GraphPad Prism 5.0 Software (GraphPad Software, Inc.). 

 

3.9 Immunohistocemical staining 

Adult female C57BL/6 mice (Janvier) were implanted intracranially with CT-2A gliomas (50 000cells 

into caudate putamen). The mice were treated with the four newly constructed viruses (1x10
6
 PFU 

intraperitoneally) fourteen days after the tumour implantation and they were sacrificed six days after the 

treatment. Then the brain tissue that was isolated from the mice was immersion fixed in 4% 

formaldehyde overnight (+4
o
C) and moved to 70% EtOH until embedded into paraffin using the Tissue-

TEK® VIP™ Tissue Processing Center (Sakura). Then 6μΜ sections were sliced from the paraffin 

blocks using a microtome. The procedure up to this step was performed by the supervisor, Miika 

Martikainen as the obtaining and handling of tissue samples and access to the animal facility required the 

FELASA certificate. The slices were placed on MenzelSuperFrost
®
Plus Adhesion slides (Thermo 

Scientific) and incubated overnight at 37
o
C to attach properly. Then they were kept at +4

o
C until 

staining. Briefly, the de-paraffinization step was performed using xylene, 100% EtOH, 95% EtOH, 80% 

EtOH and PBS for a short washing step. Then the antigen retrieval was performed by boiling the sections 

in Citrate-based Antigen unmasking solution (Vector Laboratories) for 20min. Endogenous peroxidases 

were blocked using MetOH with 0.3% H2O2 for 30min and then the sections were washed with PBS, 3 

times for 5min each time. Then the sections were blocked for 30min using goat serum (diluted 1:1000 in 

PBS). After blocking, the sections were stained using polyclonal rabbit anti-SFV primary 

antibody(1:4000 diluted in blocking buffer), provided by Ari Hinkkanen (Turku, Finland), and then they 

were incubated using goat anti-rabbit IgG HRP secondary antibody (1:1000 in PBS) for 30min. After 

that, the slides were washed and 200μl of the SIGMAFAST™ 3,3′-Diaminobenzidine tablets (Sigma-

Aldrich) dissolved in H2O were added on each sample as a substrate for the HRP-conjugated antibody 

that was used before. The slides were incubated until colour was visible. For background staining, 

Delafield’s Hematoxylin was used and the excess was washed with H2O. Dehydration of the sections was 

performed using 80% EtOH, 95% EtOH, 100% EtOH and xylene. The sections were mounted using 

Permount (Fischer Scientific). The next day, images were obtained using ZEISS AxioImager 

(AxioCamcolour) at magnification 10x using the ZEN Blue software. 

 
3.10 Ethics permit 

 

For the study, permission with the number N164/15 was obtained from the local animal ethics 

committee.  
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4. Results 
 

In summary, the new oncolytic SFV4 virus constructs carrying the EGFP marker transgene and the IFN-γ 

transgene were prepared and then their functionality was characterized in vitro and their potential 

therapeutic potency was tested in vivo again a syngeneic mouse glioma model. 

 

4.1 Genome organization of the new SFV4 constructs 

 

Initially, the transgenes were amplified and inserted in the pCMV-SFV4-2SG-miRT and pCMV-SFV4-

nsP3mut-miRT vectors using Gibson Assembly
®

. The one vector is based on the wild type SFV4 strain, 

while the second one contains a mutation in the nsP3 region (nsP3mut) (Kind gift from Gerald McInerney, 

Karolinska Institute). The nsP3mut virus was chosen to be tested based on unpublished data from the 

supervisor Miika Martikainen, which show that the virus has better cell killing ability of a mouse 

glioblastoma cell line (GL261) compared to the wild type SFV4. The transgenes were placed after a 

second subgenomic promoter. The second subgenomic promoter (SG) was located after the gene 

encoding for the structural polyprotein (Figure 5). Previous studies have shown that viruses use 

subgenomic promoters to create a separate mRNA and thus ensuring an efficient translation of their viral 

genes (Vähä-Koskela et al., 2003).  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic representation of the genome organization of the new SFV4 constructs. After the gene encoding for the 

non-structural polyprotein, there are two subgenomic promoters (SG). Located after the gene encoding for the structural 

polyprotein it was the second SG, which controlled the expression of the EGFP marker transgene, the IFN-γ transgene and the 

miRTs. 

 

The constructed vectors also contained two copies of each of the miRTs complementary to micro-RNA 

124, micro-RNA 125 and micro-RNA 134 located after the transgenes (Figure 5). The micro-RNA 124 

and micro-RNA 125 have been shown to be highly expressed in healthy mouse brain, while being 

significantly downregulated in glioblastoma tumour cells (Martikainen et al., 2015; Ramachandran et al., 

2016). These two miRTs have also been used in previous studies to make SFV4 constructed viruses 

against glioblastoma safe for mice. The micro-RNA 134 is expressed in dendrites present in the 
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hippocampal neurons and previous studies have shown that it is highly downregulated in glioblastoma 

tumour cells as well (Ramachandran et al., 2016). In this way, neurovirulence of the virus constructs was 

subsequently prevented. 

 

4.2 SFV4 constructs can efficiently kill CT-2A glioblastoma cells but not GL261 

 

In order to determine whether the insertion of the transgenes affected the oncolytic capacity of the 

viruses without any modifications, SFV4 and SFV4-nsP3mut (which will be referred to as ‘wild type’ 

viruses for the rest of the report), two mouse glioblastoma cell lines, GL261 and CT-2A, were infected 

with seven different MOIs of the four newly constructed viruses, mut-IFN-γ virus,  mut-EGFP virus,  

WT-IFN-γ virus,  WT-EGFP virus, and the two wild type viruses as a control. Then, three days post 

infection, the cells’ relative viability was compared using the alamarBlue
®
 cell viability reagent.  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 6:Relative cell viability comparison of two mouse glioblastoma cell lines, GL261 and CT-2A. Cells were infected with 

seven different MOIs from the four newly constructed viruses and the two wild-type viruses. Then, their cell viability was 

measured three days post infection using the alamarBlue
®
 cell viability reagent. As shown in the graphs, for the GL261 cells 

only the mutated virus was able to kill the cells efficiently. On the contrary, all six viruses could kill CT-2A cells in a dose 

dependant manner. Data plotted as mean ± SD (n = 3 for each measurement). 

 

 

As shown in Figure 6, only the SFV4-nsP3mut virus was able to efficiently kill the GL261 cells, and this 

is further supported by previous unpublished data from the group. In contrast to GL261, CT-2A cells 

were more susceptible to viral oncolysisand, as shown in Figure 5, dose-dependent cytopathic effect was 

seen with all of the tested viruses. Since the GL261 cells seemed to be highly resistant to the newly 

constructed viruses and to wild type SFV4 containing no modifications, it was decided to not continue 

using this cell line further on in our study.  

 

4.3 Verification of the transgenes’ expression and functionality 
 

The next objective of the study was to verify the expression and functionality of the EGFP marker 

transgene and the IFN-γ transgene. CT-2A cells were infected with 0.1MOIs of the mut–EGFP virus and 
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WT-EGFP virus. Then, they were observed with fluorescence microscopy after one day p.i and two days 

p.i to observe the expression of EGFP (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Microscopical observation of the EGFP marker gene inside CT-2A infected cells. Comparing the two viruses, mut –

EGFP seems to be more efficient in infecting the CT-2A cells than WT- EGFP virus. Based on the timepoints, there seems to 

be a decrease in the EGFP expression from day one to day two, which could be a result of the increased amount of dead cells 

as it is shown in the bright field caption as well.  

 
As it was observed, EGFP marker gene was highly expressed in CT-2A cells after infection with both 

viruses. According to the bright field caption too, intense cytopathic effects (CPE) are also observed 

from day one already, and no significant difference seems to be observed between the two viruses. 

However, as far as the EGFP expression is concerned, mut-EGFP seems to be better in infecting the cells 

as there is higher expression of the marker gene. EGFP expression is decreased on the second day of the 

infection because of the increased amount of dead cells in the culture.  

 

For the verification and testing of IFN-γ transgene, CT-2A cells were infected with 0.1MOI of mut-IFN-

γ virus and WT-IFN-γ virus, the supernatant was collected one and two days p.i. Then, the secreted IFN-

γ was detected using ELISA (Figure 8).  

 

 

 

 

 

 

 

 

 

 
 

Figure8: Detection of the secreted IFN-γ using ELISA. CT-2A cells do not normally produce IFN-γ in response to the SFV4 

infection. Only cells infected with the two viruses carrying the IFN-γ transgene secreted IFN-γ, which meant that the cytokine 

levels were originating from the transgene expression. The expression reached approximately the levels of 15ng/ml. Data 

plotted as mean ± SD (n = 2 for each measurement). 
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After performing ELISA, no IFN-γ was detected in culture supernatants collected from uninfected cells 

or from cells infected with EGFP-carrying viruses, indicating that the cells do not naturally produce IFN-

γ in response to SFV infection. Therefore it was concluded that the IFN-γ amounts were originating from 

the transgene expression in the infected cells. As shown in the graphs in Figure 7, in these samples the 

amount of IFN-γ secreted reached even levels of 15ng/ml on the second day of the infection. Also, it is 

apparent that although the expression of the transgene from the WT-IFN-γ virus is higher on day one, the 

transgene expression does not increase at the same level as it does from the mut-IFN-γ virus, which is an 

indication of slower replication of the viruses carrying the nsP3 mutation. 

 

 

4.4 SFV4 constructs are evoking type I IFN responses 

 

The next objective was to test whether the viruses evoke type I IFN responses in the infected CT-2A 

cells. For this purpose, CT-2A cells were infected with 0.1MOI and the cell culture supernatant was 

analysed with ELISA for cell secreted IFN-β detection (Figure 9). 

 

 

 

 

 

 

 

 
Figure 9: The secreted IFN-β was detected using ELISA. The four newly constructed viruses evoke high type I IFN responses 

in contrast with the wild type viruses.  

 
As it is shown in Figure 9, all the newly constructed viruses evoked high type I IFN responses in the CT-

2A cells. In contrast, the wild type viruses evoke low responses. This might be an explanation of the 

better oncolytic abilities of the wild type viruses (as shown in Figure 6). 

 

To further investigate the phosphorylation of STAT1 and IRF-3 Western Blot detection was used, with 

Vinculin as a loading control. IRF-3 is a transcription factor and an important component of the innate 

immune system, required for the expression of type I IFN upon virus infection, while phosphorylated 

STAT1 is involved in the increase of the expression of Interferon Stimulated Genes (ISGs) as a response 

either to type I (IFN-β) or type II (IFN-γ) IFNs (Figure 10). 

 

 

IFN-β 
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Figure 10: Western Blot for the detection of phosphorylated IRF-3 and STAT1 proteins. Wild type viruses did not induce 

notable phosphorylation of the proteins which correlated with the previous data that they also did not evoke type I and type II 

IFN responses. Mut-IFN-γ and WT-IFN-γinduced high levels of STAT1 phosphorylation due to a dual response to the IFN-β 

levels they evoke and the IFN-γ secretion from the transgene expression.  

 

As shown in Figure 10, mut-IFN-γ and WT-IFN-γ viruses induced high levels of STAT1 

phosphorylation due to the synergic response to the IFN-β levels they evoked in the cell culture 

supernatant and the IFN-γ secretion from the transgene expression. However, the wild type viruses did 

not evoke notable levels of STAT1 phosphorylation which correlates with their ability to evoke low 

levels of type I immune responses in the cells. Instead they induce phosphorylation of IRF3 protein as an 

innate response to pathogen associated molecular patterns (PAMPS), which apparently is not followed by 

antiviral immune responses in the cells.  

 

Accordingly, the Interferon Stimulated Genes (ISGs) expression was analysed with quantitative RT-PCR 

one day p.i. The expression levels were normalized against a mouse-36B4 housekeeping genewhile IFN-

β and IFN-γ treated cells were also used as controls for comparison. The viruses that induced higher IFN-

βlevels in the culture also elevated the expression of the respective ISGs. As shown in Figure 11, type I 

ISGs, ISG15, IFIT1and ISG20 gene expression is elevated the most after infection of the cells with WT-

IFN-γ virus, which is the virus that evokes the higher levels of IFN-β on day one. But in general, the 

trend shows that type I ISGs expression is elevated the most by the newly constructed viruses and not so 

much by the viruses without any transgenes. Same goes for the type II ISGs, IRF1 and CXCL10, where 

their expression is elevated after infection with the mut-IFN-γ and WT–IFN-γ viruses. Zap and IP30 

genes are downregulated by all viruses. STAT1 is elevated the most in cells infected with mut-IFN-γ and 

WT-IFN-γ viruses, probably as a dual response to the IFN-β levels they evoke and the IFN-γ secretion 

from the transgene expression.Overall the heat map correlated with the type I and type II IFN levels in 

the cell culture supernatant. However, this could indicate that the replication of the viruses might be 

inhibited or slowed down.   
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Figure 11: Interferon Stimulated Genes expression pattern analysis. According to this heat map, the cells that were infected 

with the viruses that induced higher type I or type II responses also elevated the expression of the respective ISGs.CT-2A cells 

treated with IFN-β and IFN-γ were also used as a comparison control. The qPCR values in the boxes are respective to the 

level of expression of each gene and to the colour coding of the map. The housekeeping gene m36B4 was used for 

normalization.  

 

4.5 SFV4 constructed viruses can replicate in CT-2A cells despite the type I IFN response 

 
In order to study whether the replication of the newly constructed viruses was inhibited because of the 

type I IFN system evoked and the elevated expression of the ISGs, all cell culture supernatants from the 

infected cells were plaque-titrated one day after the infection and two days p.i (Figure 12). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12: Plaque-titration of the cell culture supernatants after infection of CT-2A cells with the four constructed viruses and 

the two wild type viruses. The constructed viruses seem to be slowed down on the first day but they are replicating efficiently, 

reaching higher titers than the wild type viruses. PFU: Plaque forming units. 

 
Surprisingly, the newly constructed viruses replicated in CT-2A cells and their titers were increased 

approximately up to 3 logs from day one to day two p.i, despite the type I and type II IFN responses 

evoked. The same did not apply for the wild type viruses though which could be because the wild type 

viruses lyse the cells faster. This result in combination with the cell viability data, in total supports the 

hypothesis that IFN-γ does not protect the CT-2A glioblastoma cells against SFV4 viruses.  
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4.6 In vivo preliminary data 

 

After the in vitro studies in CT-2A cells, the four constructed viruses were tested in vivo for their 

potential therapeutic efficacy. For this reason, 12 C57BL/6 mice were used, three for each virus and three 

that were mock infected. Mice were injected with CT-2A glioblastoma cells and 14 days after the 

injection they were treated with the four viruses. On day one p.i blood serum samples were collected and 

on day six, which was also the end point of the infection, blood serum and brain tissues were collected as 

the mice were sacrificed. This part was performed by the supervisor, Miika Martikainen. 

 

The blood samples were titrated for viremia detection. However,the mice showed no blood viremia. Next 

they were analysed for IFN-γ detection and surprisingly, only one group of mice showed elevated levels 

of IFN-γ, the mice that were infected with the mut-IFN-γ virus (Figure 13), during day 6 p.i. Since no 

viremia was detected, it was hypothesized that IFN-γcould be originating from the transgene being 

expressed in the brain. However, brain tissue sections were immunohistochemically stained for viral 

proteins but the virus was not detected (Figure 14).  

 

Moreover, as it is shown in Figure 14, there is no tumour detected in the brain sections that were 

preliminary stained so far. While using an In Vivo Imaging Instrument (IVIS machine) there was signal 

indicating that after 14 days there was tumour growth (data not shown) and so it was concluded that the 

mice could be treated with the viruses. However, there is a possibility in the brain sections that were 

obtained so far, the tumour site has not been reached yet. By acquiring more brain sections there is high 

chance that the tumour site will be detected and more definite conclusions can be drawn. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13: ELISA for IFN-γ detection. We conclude that on day one it is normal for the IFN-γ levels to be elevated since it 

was the timepoint immediately after the treatments. On day 6 p.i though IFN-γ was elevated in the group of mice that were 

treated with the mut-IFN-γ virus. Since the mock infected mice showed very low levels of IFN-γ and the mice were not 

suffering from other infections it was concluded that the cytokine may be originating from the constructed virus that has 

reached the brain and then it is distributed in the circulation.  
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Figure 14: Brain sections were collected and stained for SFV viral proteins. Picture on the top shows a positive control that 

was used where mice were intracranially infected with SFV4-nsp3mut. Brown staining represents virus infected brain cells. The 

picture on the bottom shows brain section from the mouse infected with the mut-IFN-γ virus which seems negative.  
 

5. Discussion 
 

Glioblastoma is a devastating disease that is currently impossible to treat (Ohgaki et al., 2004). One of 

the main characteristics is the highly immunosuppressive tumour microenvironment (Rolle et al., 2012). 

Currently, immunotherapy based methods including the use ofoncolytic viruses are under development to 

treat glioblastoma. SFV has the advantage of being able to cross the BBB and enter the CNS. Studies 

have shown that it can target the glioblastoma tumour cells and lyse them (Heikkilä et al., 2010).  

Moreover, when SFV viruses carry micro-RNA target sequences (miRTs), neurovirulence of the virus 

can be prevented (Martikainen et al., 2015; Ramachandran et al., 2016).  

 

In this study, the aim was to create and oncolytic SFV4 that would be armed with an IFN-γ transgene and 

would carry miRTs. The transgene could potentially drive the Th2 skewed tumour microenvironment 
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towards Th1 proinflammatory responses. The next objectives were to test and characterize the 

functionality of the viruses in vitro and in vivo.  

The viruses were constructed by inserting the transgene after a second SG and the miRT sequences after 

the transgene. In this way, both the expression of the transgene and the miRT cassette would be under the 

control of the second subgenomic promoter (Figure 5). The same miRT cassette has been used in 

previous studies (Ramachandran et al., 2016) to detarget the virus from infecting healthy neuronal brain 

cells, infecting only GBM tumour cells and thus increasing the safety of the therapy for in vivo studies. 

Since this cassette proved to be effective, it was further used in this thesis study as well. According to the 

graph in Figure 6,the insertion of the transgenes did not affect the oncolytic capacity of the viruses as 

they were still able to infect and lyse the CT-2A cells. However, mut-EGFP virus and WT-EGFP seemed 

to be better in lysing the cells than mut-IFN-γ virus and WT-IFN-γ virus. And since the only difference 

between these two viruses is the transgene, this indicates that the IFN-γ transgene can be affecting the 

replication of the viruses by slowing them down.  

Then as it is shown in Figure 7 the expression of the EGFP transgene was verified by infecting the CT-

2A cells and then observing them under the microscope. Comparing the mut –EGFP virus and WT-EGFP 

it is indicated that the SFV4 carrying the nsP3 mutation is better at replicating in the cells and the 

transgene is expressed in higher levels on day two as well. Although the function of the nsP3 mutation is 

still under investigation, this observation correlates with previous studies where it has been shown that 

the SFV4- nsP3mut is better at replicating in glioblastoma cells. Most importantly, SFV4- nsP3mut is the 

only virus able to lyse the GL261 glioblastoma cells (as shown in Figure 6).This is an important finding 

and it could lead to the conclusion that focusing the future work in the construction of an oncolytic SFV4 

virus that carries this mutation would increase the virus’ therapeutic potency. Moreover, this can be 

further supported by the results of Figure 8 showing the IFN-γ levels. On day two the transgene was 

expressed in amounts of even up to 15ng/ml in the cell culture supernatant, which compared to data from 

other studies is a high amount of IFN-γ to be secreted from the cells. However, when the cells are 

infected with the WT-IFN-γ virus they express higher levels of IFN-γ on day one compared to the virus 

construct carrying the nsP3 mutation. Mut-IFN-γ virus was replicating slower initially though reaching 

the same levels as the virus without the mutation.  

The next objective was to study whether the virus constructs are evoking type I IFN responses in the 

infected cells. Indeed, as it is shown in Figure 9, the newly constructed viruses evoked high IFN-β (Type 

I IFN) levels already from the first day of infection and they increased more on the second day, while the 

viruses without modifications did not evoke such immune responses in the cells. This is further 

confirmed with the Western Blot analysis for the detection of phosphorylated IRF-3 and STAT1 proteins 

in Figure 10. Wild type viruses did not induce notable phosphorylation of the STAT1 protein which 

correlated with the fact that they also did not evoke type I or type II IFN responses either. However, they 

did evoke phosphorylation of the IRF3 protein, which can lead to the conclusion that the viruses without 

the transgene evoke responses to PAMPS but not establishment of an antiviral state in the cells. The mut-

IFN-γ and WT-IFN-γ induced high levels of STAT1 phosphorylation due to a dual synergic response to 

the IFN-β levels they evoke and the IFN-γ secretion from the transgene expression. In the same aspect, 

the expression of ISGs was analysed while also using cells that were treated with IFN-γ and IFN-β as 

controls for comparison. As it is shown in Figure 11, the expression of the ISGs correlated with all the 

previous experiments as the viruses that evoked high type I IFN levels also resulted in the elevated 

expression of the respective ISGs, such as IFIT1 where it is apparent that the WT–EGFP and WT-IFN-γ 

viruses that evoked the highest levels of IFN-β on day one post infection also resulted in higher levels of 

IFIT1 in the cells. The same was observed with the type II ISGs, and especially with the STAT1 levels 

that were substantially elevated after infection with the mut-IFN-γ and WT-IFN-γ viruses. Surprisingly, 
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Zap and IP30 genes were notably downregulated after infection with all the viruses. This result led to the 

conclusion that they are downregulated after infection with SFV4 viruses specifically. Based on the fact 

that Zap/ ZC3HAV1 protein is an antiviral protein activated by the cells to inhibit the viral replication 

and IP30 is a protein that plays an important role in antigen processing, downregulation of those could be 

a way SFV4 viruses are using to evade the cell’s antiviral responses and establish an efficient infection. 

Other viruses have been shown to take advantage of a similar mechanism as well (Albanese et al., 2016; 

Wang et al., 2016) but a further investigation of these pathways and potential virus evasion mechanism 

would be needed to draw robust conclusions. 

However, the high levels of type I IFN responses evoked by the viruses led to the question whether the 

immune responses would inhibit the virus replication in the cells. For this reason, the cell culture 

supernatant was plaque-titrated and as it is shown in Figure 12 the viruses were capable of replicating in 

the cells and the newly constructed viruses were actually able to increase their titers by 3 logs from day 

one to day two. The same was not observed with the wild type viruses though. The reason for that could 

be their increased oncolytic capacity and their ability to kill the CT-2A cells faster. The slowed down 

replication of the constructed viruses could be a result of the viruses being restricted by the second 

subgenomic promoter and thus their replication is slowed down. However, this slow initial replication 

could potentially be more beneficial for the therapy as the viruses would not lyse the cells as fast as the 

wild type viruses. This can potentially mean that the viruses would not be detected fast from the host’s 

immune system and thus the infection would not be cleared immediately, allowing the viruses to 

replicate, lyse the tumour cells and express the therapeutic transgene.  

After the in vitro data showing promising results of the viruses expressing the transgenes efficiently and 

being able to replicate in the cells overcoming the type I and type II IFN responses, a pilot in vivo study 

was performed. Mice were injected with CT-2A tumours and after 14 days they were treated with the 

four newly constructed viruses, mut-IFN-γ virus, mut-EGFP virus, WT-IFN-γ virus, WT-EGFP virus. 

From the blood serum samples collected on day one p.i and day six that was the endpoint when the mice 

had to be sacrificed, no viremia was observed. However, as it is shown in Figure 13, IFN-γ was detected 

in the mice blood serum. At day one p.i, IFN-γ could be explained by the initial response of the mice 

immune system against the virus infection.  On day six p.i though, only the mice treated with the mut-

IFN-γ virus showed an elevated amount of IFN-γ in their blood. That could be a result of the virus 

entering the CNS, replicating and expressing the transgene which could be distributed to the blood 

through circulation. The immunohistocemical staining of brain sections from the group of mice treated 

with the mut-IFN-γ virus though did not show any sign of infected cell in the brain (Figure 14). 

Potentially, the virus could have also infected some other organ in the body of the mouse and the IFN-γ 

is originating from there or from the spinal cord which was not included in the staining but it is a 

common place of the CNS where the SFV is replicating in. This could be further tested by isolating these 

organs and performing immunohistochemical staining on them. This hypothesis is possible since the 

miRTs used in this study are highly specific for brain cells and not for general micro-RNAs expressed in 

different tissues.  

 

In summary, in this study we showed that SFV4 viruses modified to express IFN-γ antitumour cytokine 

and miRTs can efficiently infect and kill the CT-2A cell line in vitro, with a high level of expression of 

the transgene. The constructed viruses are capable of evoking type I IFN responses from the cells and 

type II because of the IFN-γtransgene expression and these IFN responses may be slowing down the 

viruses. Moreover, the viruses are also able to overcome the IFN responses and replicate in the CT-2A 

cells. However, our in vivo study needs to be repeated in order to reach more conclusive results about the 

viruses’ therapeutic efficacy.  
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Although the choice of IFN-γ is theoretically promising and has a lot of potential due to its antitumour 

activities and the ability to drive the immune responses towards the Th1 milieu, it could also have 

adverse effects. Surprisingly, recent studies have started to show that IFN-γ may have antitumour 

properties as well as pro-tumour properties, like involvement of the IFN-γ in immunosuppression of 

CTLs and NK cells (Zaidi and Merlino, 2011).  Eventually, it has been concluded that whether IFN-γ 

will have antitumour or pro-tumour properties depends on the tumour microenvironment, the molecules 

involved and the intensity of the signals.  

 

Since there is currently no cure against GBM, many different and novel approaches are under 

investigation. As reviewed by Gutkin et al, nanoscale drug delivery systems are being studied because of 

their promising potential to increase the drug’s ability to cross the BBB, which is an important issue to 

solve when it comes to GBM (Gutkin et al., 2016). However, since it is not yet possible to accurately 

predict the toxicity profiles of these nanoscale drug delivery systems, more work needs to be performed 

in order to address the safety issues and overcome this obstacle (Karim et al., 2016). In the same context, 

cellular and viral based immunotherapy methods are currently under development. Among those, cellular 

based methods like dendritic cell vaccines and adoptive T cell immunotherapy reached the clinical trials. 

Clinical trials using dendritic cell vaccinations are still ongoing (NCT02010606, NCT01808820, 

NCT02465268), but adoptive T cell immunotherapy methods did not show positive results in the clinics 

(Kuramitsu et al., 2016). From the cellular based immunotherapy methods, checkpoint inhibitors seem to 

be the most promising so far as it is reviewed by Huang et al (Huang et al., 2017). Moreover, there is a 

current trend where checkpoint inhibitors are combined with oncolytic viruses to increase the efficiency 

of the oncolytic viruses for the treatment of different types of cancer (Fukuhara et al., 2016). Viral based 

therapies have already shown promising results in preclinical and clinical stages and with a good 

example of human Cytomegalovirus being used against GBM (Foster et al., 2017). Many oncolytic 

viruses are also in phase I clinical stages either on going or recruiting patients, with PVSRIPO being the 

most promising against GBM (NCT03043391)(Brown et al., 2014). The results of the present thesis 

study where an armed SFV4 virus was used to express IFN-γ are too preliminary to draw conclusions 

whether they will be promising in a clinical aspect, but they are without doubt promising at in vitro level. 

Similar studies with the one performed in this thesis (Ramachandran et al., 2016) have shown promising 

in vivo results using mice models and that indicates that this thesis can have potential.   

 

Future work of this project could focus on improvement and optimization of the virus construction.  

Changing the location of the transgene insertion could potentially increase the efficiency of the 

transgene’s expression without slowing down the viruses. Moreover, the probable poor replication ability 

of the viruses in vivo, as it was observed by the low viremia, could be explained either by the addition of 

the second SG promoter cassette or by the choice of miRTs which may need improvement.  
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Supplementary Material 
 
Table 1: Primer sets for amplification of the transgenes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V4-mIFN-γ 

gibson 

Forward 

 

 

 

 

Reverse 

5’-

CCTCTACGGCGGTCCTAGATTGGTGCGTTAATACACC

CGGGATGAACGCTACACACTGC-3’ 

 

 

5’-

CCACATCGCGTCTCTGATCCTCACCTCGAGCGCCAGA

ATGCGTTCTCAGCAGCGACTCC-3’ 

 

V4-EGFPgibson 

Forward 

 

 

 

Reverse 

5’-

CACCTCTACGGCGGTCCTAGATTGGTGCGTTAATACA

CCCGGGCCACCATGGTGAGC-3’ 

 

5’-

CATCGCGTCTCTGATCCTCACCTCGAGCGCCAGAATG

CGTTCTCACTTGTACAGCTCGT-3’ 

 

V4-IFN-γ 

Forward 

 

 

Reverse 

5’-GTTAATACACCCGGGATGAACGC-3’ 

 

 

5’-AATGCGTTCTCAGCAGCGACTCC-3’ 

 

V4-EGFP 

Forward 

 

 

Reverse 

5’-CACCCGGGCCACCATGGTGAGCA-3’ 

 

 

5’-GAATGCGTTCTCACTTGTACAGC-3’ 
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Table 2: Primer sets for quantification and analysis expression of the Interferon Stimulated Genes. 

 

mZap 

Forward 

 

 

Reverse 

5’-TCCACACACCTATCAACGTCC-3’ 

 

 

5’-GAAAAGGCAGGGGTCGTTCT-3’ 

mISG15 

 

Forward 

 

 

Reverse 

 

5’-GGTGTCCGTGACTAACTCCAT-3’ 

 

 

5’-CTGTACCACTAGCATCACTGTG-3’ 

mIFIT1 

Forward 

 

 

Reverse 

5′- CCATAGCGGAGGTGAATATC-3′ 

 

 

5′- GGCAGGACAATGTGCAAGAA-3′ 

mISG20 

Forward 

 

Reverse 

5ʹ- CAATGCCCTGAAGGAGGATA-3ʹ 

 

5ʹ- TGTAGCAGGCGCTTACACAG-3ʹ 

mIRF1 

Forward 

 

Reverse 

5′-CAGAGGAAAGAGAGAAAGTCC-3′ 

 

5′-CACACGGTGACAGTGCTGG-3′ 

mCXCL10 

Forward 

 

Reverse 

5′-GGATGGCTGTCCTAGCTCTG-3ʹ 

 

5′-TGAGCTAGGGAGGACAAGGA-3ʹ 

mIP30 

Forward 

 

Reverse 

 

mSTAT1 

Forward 

 

 

Reverse 

 

5′-GAACGCGCTCTGCTCAA-3ʹ 

 

5’-

TGCGAATAATATCTGGGAAAGTAA-

3ʹ 

M36B4  

(Housekeeping gene) 

Forward 

 

Reverse 

 

5′-GCTCGACATCACAGAGCAGG-3ʹ 

 

5′-CCGAGGCAACAGTTGGGTAC-3ʹ 

 

 

 

 

 

 

 

 



UPPSALA UNIVERSITET   34 (34) 

 

   

 

 

 

a)                                                                                     b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary figure 1: a) Restriction analysis of the produced plasmids with EcoRI. Lane 26 shows the 

digestion pattern of pCMV-SFV4-2SG-VVWRB18R -miRT which was used as a control. Lanes 1-6 show the 

digestion pattern of pCMV-SFV4-2SG-EGFP –miRT plasmids isolated from different colonies and the plasmid 

shown in lane 2 was used for the WT-EGFP virus production. Lanes 7-13 show the digestion pattern of pCMV-

SFV4-nsP3mut-2SG-EGFP –miRT plasmids isolated from different colonies and the plasmid shown in lane 11 was 

used for the mut-EGFP virus production. Lanes 14-19 show the digestion pattern of pCMV-SFV4-2SG-IFN-γ –

miRT plasmids isolated from different colonies and the plasmid shown in lane 19 was used for the WT-IFN-γ 

virus production. b)  Since in the lanes 20-26 that show the pattern for the pCMV-SFV4-nsP3mut-2SG-IFN-γ –

miRT plasmids did not have the correct pattern, additional plasmid isolations were performed and from those 

shown in Figure 1b, the plasmid from lane 1 was chose for themut- IFN-γ virus production.1kb Plus Ladder 

(Thermo Scientific) was used for estimating the molecular weight of all the samples.  

 

 

 

 

 

 

 


