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1. Chapter 1: Preface 

1.1 Abstract 

Lung cancer is responsible for the highest cancer mortality worldwide. The 

prognosis for patients with advanced disease remains poor with five-year 

overall survival of <10%, highlighting the urgent unmet need for novel 

treatments. Oncolytic viruses (OV) are a promising form of IO that has 

demonstrated selective infection, replication and killing of tumour cells, as well 

as subsequent activation of anti-tumour immunity. Maraba virus, MG1, is one 

such OV that is currently being investigated in phase I/II clinical trials as part 

of a “prime-boost” cancer vaccine. 

This thesis explores the anti-cancer effects of clinical-grade Maraba virus 

(MG1) in a panel of lung cancer cell lines in vitro and then also in vivo in an 

immunocompetent murine lung cancer model. The ability of MG1 to reach the 

tumour, replicate within it and exert anti-tumour benefits with systemic, as 

opposed to intratumoural, administration in vivo was investigated. Moreover, 

the ability of MG1 infection to induce immunogenic cell death in lung cancer 

cell lines and the changes in the tumour immune microenvironment in vivo was 

examined. Finally, as the current body of evidence suggests that OVs often 

have limited efficacy as single agents, the potential synergistic enhancement 

of MG1 virotherapy in combination with other standard modalities of treatment 

was investigated.  

The results discussed here show that oncolytic Maraba virus was able to 

selectively infect, replicate inside and kill non-small cell lung cancer cells, both 

in vitro and in vivo. Furthermore, in vivo, the virus retained its tumour tropism 

properties even after systemic delivery and replicated to doses that were 

comparable to intratumoural delivered MG1, despite the development of anti-

viral neutralising antibodies rising in parallel with viral replication in treatment-

naïve mice. Finally, MG1 was shown to inhibit tumour growth delay in a murine 

lung cancer model, likely due to stimulation of anti-tumoural innate immune 

effects.  
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2. Chapter 2: Introduction 

2.1 NSCLC: 

2.1.1  Background and staging 

Lung cancer is the most common cancer in the world with 2.09 million new 

cases diagnosed in 2018 contributing to 12.3% of total global new cancer 

cases that year (1). It is also the leading cause of cancer mortality worldwide 

accounting for 1.76 million deaths in 2018 (1). Most patients (80-85%) 

presents with non-small cell lung cancer (NSCLC) subtype, of which lung 

adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are the 

most common histological subgroups (2). Tobacco smoking remains to be the 

most common aetiology for lung malignancies with a stronger association with 

small cell and squamous cell histology more than LUAD which is the most 

common subtype in never smokers (3). Other risk factors include, passive 

smoking, air pollution, exposure to occupational carcinogens (e.g., silica dust 

and asbestos fibres) and inherited genetic predispositions (e.g., TP53 carriers) 

(2, 4, 5). 

Lung cancers diagnosed at early stages have a favourable prognosis, with a 

5-year overall survival (OS) of 70-90% for small, localised tumours (stage I) 

after surgical resection (6, 7). Unfortunately, most patients with lung cancer 

(around 75%) present with advanced disease (stage III/IV) at the time of 

diagnosis with a 5-year survival of <10% (8). Therefore, early detection could 

have significant improvements on survival, which has been supported by the 

recent publication of the 10 year results from the NELSON trial (9). This was 

a population-based randomised controlled trial which randomised individuals 

with high risk of developing lung cancer to either periodic screening (at 

baseline, year 1, 3 and 5.5) with low dose computed tomography (CT) or no 

screening. The investigators found that there was a 24% lung cancer mortality 

reduction for men and 33% for women in favour of screening compared to no 

screening. Furthermore, the trial’s findings also point to the increased 

likelihood of early detection and a significant reduction of false positives and 
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unnecessary procedures due to CT screening (9). This result followed the 

positive findings from the National Lung Cancer Screening Trial (NLST) 

conducted in the US, which also found a 20% reduction in lung cancer specific 

mortality rate and a reduction of 6.7% in overall mortality rate in favour of CT 

chest screening for patients who were current or ex-smokers with a ≥30 pack 

year history (10). Both the NELSON and NLST trials could prompt access to 

lung cancer screening programmes in Europe for high-risk individuals in the 

future. 

As mentioned earlier, the stage of lung cancer has an important impact on 

treatment options and prognosis for patients. Better access to positron 

emission tomography with CT (PET-CT) scanning and endobronchial 

ultrasound (EBUS) for mediastinal lymph node sampling have all increased 

the accuracy for lung cancer staging (11). The 8th edition of the International 

Association for the Study of Lung Cancer’s (IASLC) (12) staging project is 

based on tumour, node and metastasis (TNM) classification (summarised in 

Table 6 and 7 appendix). 

For most lung cancer patients who have incurable Stage IV disease, the OS 

remains poor. This is despite substantial improvements in systemic treatment 

over the past 20 years, advancing from the empirical use of cytotoxic 

chemotherapy based on physician’s choice to a more patient-tailored 

approach with subsets of patients who possess oncogenic driver mutated 

tumours receiving tyrosine kinase inhibitors (TKI) and those with expression 

of programmed death ligand-1 (PD-L1) benefiting from immune checkpoint 

inhibitors (ICI). This has only become possible due to a better understanding 

of lung cancer biology through advances in next-generation sequencing (NGS) 

and other high-throughput genomic profiling platforms. 

2.1.2  Molecular landscape of lung cancer: 

Lung cancer is a molecularly heterogenous disease and the genomic 

landscape is markedly different between never smokers and smokers. 

Tobacco-smoking related lung cancers are associated with a high tumour 

mutational burden with a mean somatic mutation rate of 8 to 10 mutations per 
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megabase (1 million base pairs), regardless of the histological subtype, as 

revealed by whole exome sequencing of lung malignant tissue (13). In contrast 

tumours from never smokers have a much lower tumour mutation burden with 

a rate of 0.1 to 1 mutation per megabase (14-17). LUAD from smokers are 

characterised predominantly with cytosine to adenine (C>A) nucleotide 

transversion mutations and non-actionable mutations such as Kirsten rat 

sarcoma (KRAS) and tumour protein p53 (TP53). Whereas in tumours of never 

smokers there is a predominant transition of cytosine to thymine (C>T) 

mutations and a higher prevalence of actionable driving gene alterations 

including epidermal growth factor receptor (EGFR) activating and ROS1 

mutations as well as anaplastic lymphoma kinase (ALK) translocations (15, 

18). 

Data from The Cancer Genome Atlas (TCGA) showed that the most common 

mutated oncogenes in LUAD are KRAS (in 33% of tumours), EGFR (in 14%), 

BRAF (in 10%), PIK3CA (in 7%) and MET (in 7%). Mutations in tumour 

suppressing genes include, TP53 (in 46%), STK11 (in 17%), KEAP (in 17%), 

NF1 (in 11%), RB1 (in 4%) and CDKN2A (in 4%). Mutations involving 

chromatin-modifying genes (SETD2, ARID1A and SMARCA4) and RNA-

splicing genes (RBM10 and U2AF1) are found in around 10% of specimens 

from LUAD (15). KRAS and EGFR mutations are usually mutually exclusive, 

but when they co-exist, KRAS mutations may confer resistance to EGFR 

tyrosine kinase inhibitor therapies (19). The frequency of KRAS mutations in 

LUAD seems equal across tumour grades suggesting a role in tumour initiation 

and early carcinogenesis whereas mutations in TP53 are more commonly 

present with advancing grade, suggesting a role during tumour progression 

(20). Unlike LUAD, actionable mutations are rarely detected in LUSC (21). 

Lung cancer, like many other malignancies, is composed of sub-population of 

cells, or clones, with distinct molecular features resulting in intratumoural 

heterogeneity. There is increasing evidence from genomic analyses of solid 

tumours, that the process of branched evolution occurs, whereby multiple sub-

clones can share a common ancestor, only to differ in subtle genomic 

alterations that occur later in the evolution of the tumour (22). A study by Zhang 

et al. applied multi-region, whole-exome sequencing to specimens from 11 
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patients with early-stage LUAD and found clear evidence of intratumour 

heterogeneity and branched evolution in every case (23). Furthermore, they 

gave evidence to suggest that a single-sample approach in early-stage 

NSCLC may be sufficient to depict the driver of the disease mutational 

landscape as they found that among 21 mutations known to be related to the 

cancer, 20 were present in every region. The authors also discovered a larger 

fraction of subclonal mutations were present in patients who had relapsed 

within 21 months after surgery compared to those who did not have 

recurrence. Larger prospective trials such as the Tracking Cancer Evolution 

through Therapy (Rx) (TRACERx) program (ClinicalTrials.gov number, 

NCT01888601) in the United Kingdom, will be able to examine this association 

further. The identification of truncal targetable genetic alterations occurring 

early during cancer evolution may enhance success of therapy. 

2.1.3  NSCLC and Tumour microenvironment 

The tumour microenvironment (TME) consists of not only tumour cells but is 

also comprised of immune cells, mesenchymal cells, endothelial cells, 

inflammatory mediators and extracellular matrix (ECM) molecules (24, 25). 

The type, density and location of immune cells within the TME is increasingly 

recognised to play an important role in the development of the disease and 

offer clinical prognostic values (26). Genetic events that drive tumour evolution 

will also shape the TME, for example the inactivation of the tumour suppressor 

serine/threonine kinase 11 (STK11), which occurs in one-third of KRAS-

mutated LUAD, skews the TME towards an immunosuppressive climate with 

the accumulation of immunosuppressive neutrophils, reduction of tumour-

infiltrating lymphocytes and loss of PD-L1 expression (27). 

The high tumour mutation burden in tobacco-smoking related lung cancers 

can result in the production of neoantigens which are recognisable by tumour-

infiltrating cytotoxic T cells. A high clonal neoantigen burden in LUAD 

promotes an inflamed TME that is enriched with activated effector T cells and 

expresses proteins associated with T cell migration (CXCL-9 and 10), antigen 

presentation and effector T cell function, as well as negative regulators of T 

cell activity such as programmed death-1 (PD-1), PD-L1 and lymphocyte 
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activation gene-3 (LAG-3) (28). The increase in expression of PD1 and PD-L1 

confers sensitivity to ICI therapy. 

2.1.4  NSCLC treatment and advances 

As mentioned previously, the treatment for NSCLC has revolutionised over the 

past 20 years, moving from generic chemotherapy to more targeted and 

individually tailored treatments dependant on histological diagnosis, detection 

of oncogenic driver mutations and PD-L1 status. The first step towards this 

personalised approach became apparent when patients with LUAD were 

found to have superior survival with cisplatin/pemetrexed chemotherapy 

compared to cisplatin/gemcitabine, but vice versa for patients with LUSC (29), 

highlighting the importance of tumour histology when choosing therapy. 

Furthermore, maintenance pemetrexed reduces risk of progression and 

improves OS in patients with LUAD who did not progress after induction (4 to 

6 cycles) platinum-pemetrexed chemotherapy (30, 31). The addition of a third 

chemotherapeutic agent to the standard of care platinum-based doublet (4-6 

cycles) seemed to only improve response rates, but not increase in OS, at the 

expense of increased toxicity (32-34). Second line docetaxel with or without 

ramucirumab (a monoclonal antibody against vascular endothelial growth 

factor receptor 2) was the standard of care prior to the immunotherapy era 

(35). 

An improved understanding of the molecular pathways that drive NSCLC 

subsequently led to the identification of targetable genetic alterations which 

revolutionised the treatment of lung cancer. One of the first oncogenic driver 

mutations to be identified in lung cancer was EGFR, a transmembrane surface 

protein that is activated by the binding of epidermal growth factor (EGF). Once 

bound, an intracellular tyrosine kinase domain causes a cascade of events 

leading to DNA synthesis and cellular proliferation (36). Erlotinib and gefitinib 

were the first-generation EGFR agents to be shown to induce higher objective 

response rates (ORR) and progression-free survival (PFS) compared to 

cytotoxic therapy in patients with previously untreated EGFR mutated NSCLC 

(37-42). In contrast to first-generation EGFR inhibitors, which only reversibly 

targets EGFR, second-generation agents such as afatanib and dacomitinib 
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bind EGFR irreversibly as well as targeting HER2 and HER4. Both afatanib 

and dacomitinib have shown PFS benefit over gefitinib (43, 44), with 

dacomitinib resulting in improved OS as well (34 vs 27 months; HR 0.76) after 

longer follow-up (45). 

Almost all patients who initially respond to an EGFR TKI subsequently develop 

disease progression. The most common cause of acquired resistance (which 

accounts for approximately 50% of cases) is a secondary mutation in EGFR 

which involves the substitution of methionine for threonine at position 790 

(T790M) (46). This mutation causes steric hindrance to prevent the binding of 

the initial EGFR TKI or increase ATP affinity to the tyrosine kinase binding 

domain, hence reducing its efficacy. Amplification of the MET oncogene has 

also been associated with resistance to first-generation EGFR TKIs in 5-20% 

of cases (47, 48). Third-generation EGFR inhibitors, e.g., Osimertinib, bind 

covalently to cysteine on codon 797, which can overcome the enhanced ATP 

affinity from the T790M mutation. Osimertinib was granted accelerated 

approval by US Food and Drug Administration (FDA) for use in patients with 

NSCLC harbouring a T790M mutation whose disease progressed on other 

EGFR-inhibiting agents, based on results of a phase I/II study showing a 

response rate of 61% and a median PFS of 10 months in the same setting 

(49). In the subsequent phase III study of patients fulfilling the same criteria as 

in the phase I/II study, osimertinib demonstrated an improved PFS (10.1 vs. 

4.4 months; hazard ratio [HR] for progression or death 0.30) and ORR (71% 

vs. 31%) compared with platinum- or pemetrexed- based chemotherapy 

combination (50). The recent results from the FLAURA trial, which randomised 

patients with previously untreated advanced NSCLC harbouring an EGFR 

mutation (exon 19 deletion or L858R allele) to osimertinib or one of two first 

generation EGFR TKIs (erlotinib or gefitinib), showed a median OS 

improvement in favour of osimertinib (38.6 vs. 31.8 months; HR for death 0.80) 

hence promoting its earlier role in patients treatment pathway (51). 

ALK gene rearrangement on chromosome 2 are found in approximately 5% of 

NSCLC (52). The most common ALK rearrangement in NSCLC involves the 

5’ end of the echinoderm microtubule-associated protein-like (EML4) gene 

juxtaposed with the 3’ end of the ALK gene, resulting in a novel fusion 
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oncogene EML4-ALK (53). Advanced NSCLC associated with the ALK fusion 

oncogene is highly sensitive to ALK TKIs and the first agent to be approved 

for this purpose was crizotinib, an oral competitive ATP inhibitor of ALK, MET 

and ROS1 tyrosine kinases. Crizotinib (54) and ceretinib (55) (a second 

generation ALK TKI) were both shown to prolong PFS and ORR when 

compared to chemotherapy in previously untreated patients with NSCLC 

harbouring ALK aberration. Subsequently another two second generation ALK 

TKIs, alectinib (56-58) and brigatinib (59), have both shown improved PFS, 

ORR and higher intracranial response rates when compared to crizotinib 

hence superseding crizotinib as standard first line treatment for patients with 

ALK translocated NSCLC. 

Resistance to ALK TKIs may occur due to upregulation of bypass signalling 

pathways involving EGFR and mitogen-activated protein kinase (MAPK), but 

the most common resistance mechanism is secondary ALK mutations such as 

I1171 and G1202R (60). A potent third generation ALK TKI, lorlatinib has 

shown activity against all known ALK inhibitor resistance mutations and is the 

preferred agent of choice on progression of up to three previous lines of ALK 

inhibitors (61).  

ROS1 gene encodes for the receptor tyrosine kinase and chromosomal 

rearrangements can lead to the formation of oncogenic fusion proteins with 

constitutive kinase activity (62). ROS1 rearrangements are identified in 

approximately 1-2% of patients with NSCLC and due to amino acid similarities 

between the kinase domains of ROS1 and ALK, some ALK TKIs are also 

active against ROS1 including crizotinib, ceretinib and lorlatinib (61, 63-66). 

Resistance mechanisms to crizotinib usually involves secondary mutations 

within the ROS1 kinase domain, most commonly G2032R (67), or KRAS and 

KIT mutations (68). 

Other genetic alterations have been investigated as potential targets in 

NSCLC, including BRAF, HER2, RET, MET and fusions of the neurotrophic 

tyrosine receptor kinase (NTRK) genes. Inhibitors to all these targets have 

shown modest activity in early phase clinical trials and further promotes 

development in histology-agnostic therapies (69). 
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2.1.5  NSCLC and immune surveillance 

Lung cancer initiation and progression does not only depend on the evolving 

genomics and molecular properties of cancer cells but also on their interaction 

with the TME especially with the immune system (70). The concept that the 

immune system can recognise and eliminate nascent malignant cells was first 

proposed by Paul Ehrlich in 1909 and was later formulated into the cancer 

immunosurveillance theory by Burnet and Thomas in 1950s (71, 72). The 

theory was initially supported by the immune-mediated rejection of 

transplanted tumours induced by chemical carcinogens or viruses in 

syngeneic mice (73, 74). Despite this, the concept of cancer 

immunosurveillance was largely abandoned by 1978 mainly due to the 

observation that athymic nude mice did not show an increased incidence of 

spontaneous or chemically induced tumours compared to wild-type animals 

(75, 76). However, since the 1990s the role of the immune system in cancer 

immunosurveillance was reinvigorated with key experiments using knock-out 

mice which highlighted the importance of different immune components 

including, interferon (IFN) γ, perforin, interleukin (IL)-12, T cells, natural killer 

T (NKT) and natural killer (NK) cells (reviewed by Dunn et al. (77)). 

The immune system is now recognised to inhibit tumour growth and destroy 

cancer cells through its innate and adaptive responses (78). Innate immune 

responses are antigen nonspecific, develop rapidly and are mediated by 

various effector cells such as NK cells, polymorphonuclear leukocytes, mast 

cells and dendritic cells. NK cells have an important role in recognising and 

destroying malignant and virally infected cells. NK cells monitor cells for 

expression of major histocompatibility complex class (MHC)-I molecules and 

cell stress markers, detecting changes in self-molecules rather than identifying 

foreign antigens. NK cells release IFN-γ and perforin as well as inflammatory 

cytokines that induces tumour apoptotic cell death (79). Conversely, adaptive 

immune responses are antigen specific, develop more slowly, offer immune 

memory and comprise both humoral and cellular immunity mediated by B and 

T cells, respectively (78, 80). In this respect, adaptive rather than innate 
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immunity offers the greatest potential for durable, robust anti-tumoural immune 

responses. 

In the adaptive immune response, cancer cells release antigens which can 

engage antigen presenting cells (APC), such as immature DCs, and in the 

correct context leads to maturation (activation). DCs then present these 

tumour-associated antigens (TAA) within major histocompatibility complex 

(MHC) molecules to naïve T cells in the tumour-draining lymph nodes which 

triggers specific CD4+ helper T cells and CD8+ cytotoxic T cells activation. 

Effective T cell priming relies on an array of co-stimulatory molecules including 

CD80/86 on DCs, which are upregulated on the cell surface following 

maturation, and the CD28 receptor on T cells. After recruiting effector CD8+ T 

cells to the tumour, these cells can directly destroy cancer cells in an MHC-

restricted fashion. However, as tumours can arise in the presence of an intact 

innate and adaptive immune system, the hypothesis of immunoediting was 

proposed by Dunn et al. (81). This theory explains the effects the immune 

system has on cancer progression through three dynamic processes called 

the three E’s: elimination, equilibrium and escape. 

In the first phase of elimination, the immune system recognises tumour cells 

as abnormal, leading to their destruction. If all the nascent transforming cells 

are successfully destroyed at this stage, then then whole cancer editing 

process is complete. However, if not then phase two (equilibrium) would 

ensue. At this stage, some malignant cell variants would have survived the 

elimination process and enter into a dynamic equilibrium, whereby 

lymphocytes and IFN-γ exert potent and relentless selection pressure on the 

tumour cells that is enough to contract, but not fully eradicate it. Although many 

of the original tumour cell escape variants are destroyed, new variants arise 

carrying different mutations that provide them with increased immune 

resistance. The end result is a new population of tumour clones with reduced 

immunogenicity which developed due to the sculpting forces of the immune 

system. This equilibrium phase can last over many years and may account for 

the clinical observations where patients undergo prolonged periods of 

remission before cancer relapse. 



27 
 

Finally, the escape phase follows, whereby the tumour cell variants in the 

equilibrium phase can now grow in an immunologically intact environment. 

This is most likely due to the genetic and epigenetic changes in the tumour 

cells to confer resistance to immune detection and/or elimination by both the 

innate and adaptive immune responses. It is now recognised that tumours can 

either directly or indirectly impede the development of anti-tumour immune 

responses either through the elaboration of immunosuppressive cytokines 

(e.g., transforming growth factor-β (TGF-β) and interleukin-10 (IL-10)) or via 

mechanisms involving T cell immunosuppression (e.g., regulatory T cells 

(Tregs) and myeloid-derived suppressor cells MDSCs). Tumour escape can 

also result from protein expression level in the tumour, such as loss of tumour 

associated antigen expression (82), loss of MHC components (83), shedding 

of NKG2D ligands (84), development of IFN-γ insensitivity (85) and 

upregulation of immune checkpoints e.g. PD-L1 (86). All these immune escape 

mechanisms allow the tumour to grow and metastasise. 

Like other tumour types, NSCLC can establish an immunosuppressive TME 

that is permissive for tumour growth (86). For example, NSCLC tumours have 

been shown to contain large numbers of Tregs that constitutively express high 

levels of CTLA-4 on their surface and directly inhibit T cell proliferation (87). In 

addition, there is a reduction of tumour-infiltrating CD8+ T cells (88), which 

also possesses increased PD-1 expression (89). Furthermore, NSCLC tumour 

cells have been found to up-regulate PD-L1 expression (90) and down-

regulate surface expression of MHC class I/tumour antigen expression, 

thereby helping these cells to evade the immune system (91). Finally lung 

cancer cells may also release immunosuppressive cytokines, including IL-10 

and TGF-β (92). 

2.1.6  NSCLC and Immunotherapy 

Immune checkpoint molecules produced upon T-cell activation, regulate the 

immunological synapse between T cells and DCs in lymph nodes (CTLA-4-

B7.1) and between T cells and tumour cells (PD-1 and PD-L1), all of which 

acts as a negative feedback to suppress T-cell activation. Blocking the CTLA4, 

PD-L1 and PD-1 axis with monoclonal antibodies restores T-cell mediated 
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anti-tumour immunity and these have emerged as a revolutionising treatment 

for many tumour types including advanced NSCLC (Table 1). 

ICI have been approved as a standard of care for patients with NSCLC whose 

tumours have progressed after first-line cytotoxic therapy. Two trials compared 

nivolumab (a humanised IgG4 anti-PD-1 antibody) to docetaxel in patients with 

NSCLC who progressed on platinum-based chemotherapy, in squamous cell 

carcinoma (SCC) subset (CheckMate 017 trial) (93) and non-SCC histology 

(CheckMate 057 trial) (94). In patients with SCC NSCLC, nivolumab resulted 

in an improved mOS (9.2 months vs. 6.0 months, HR 0.59; p<0.001), PFS (3.5 

months vs 2.8 months, HR 0.62; p<0.001) and response rate (20% vs. 9%, 

p<0.008) over docetaxel. These benefits were largely independent of clinical 

and tumour characteristics including PD-L1 expression (93).  In the non-SCC 

NSCLC trials, nivolumab improved mOS (12.2 months vs. 9.4 months, HR 

0.73) and response rate (19% vs. 12%, P=0.02), but not PFS (94). Nivolumab 

therefore obtained regulatory approval in the USA and Europe for treatment of 

advanced NSCLC in patients who progressed on first-line chemotherapy. 

Pembrolizumab (another humanized IgG4 anti-PD-1 antibody) was also tested 

against docetaxel in a randomised phase III trial in patients with NSCLC who 

progressed on first-line chemotherapy. The results this time showed that the 

magnitude of OS benefit was related to PD-L1 expression with HR of 0.53 if 

tumours had a PD-L1 expression of >50% and HR of 0.76 if PD-L1 expression 

was between 1-49% (95). The authors concluded that PD-L1 testing may allow 

selection of patients who would better respond to pembrolizumab. Finally, a 

humanised IgG1 anti-PD-L1 antibody, atezolizumab, has also shown survival 

advantage over docetaxel in patients with NSCLC in a similar setting (mOS 

13.8 vs. 9.6 months) (96). ICI have therefore become the preferred therapy 

over standard chemotherapy in patients with NSCLC who have progressed on 

first-line cytotoxic treatment. 

In untreated patients with NSCLC, pembrolizumab has also proven OS benefit 

when combined with chemotherapy over placebo/chemotherapy combination 

in two randomised phase III clinical trials. For patients with squamous NSCLC, 

the KEYNOTE-407 trial showed the mOS was 15.9 months (95% CI, 13.2 to 

not reached) in pembrolizumab-carboplatin/paclitaxel or nab-paclitaxel group, 
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and 11.3 months (95% CI, 9.5-14.8) in the placebo-combination group (HR for 

death, 0.64; 95% CI, 0.49-0.85; p<0.001) (97). The OS benefit seen in this trial 

was consistent regardless of the level of PD-L1 expression. Similarly in 

patients with non-squamous NSCLC, the KEYNOTE-189 showed the 12 

months OS rate was 69.2% (95% CI, 64.1-73.8) in the pembrolizumab-

platinum/pemetrexed group vs. 49.4% (95% CI, 42.1-56.2) in the placebo-

combination group (HR 0.49; CI, 0.38-0.64; p<0.001) (98). Again, the 

improvement in OS was seen irrespective of PD-L1 expression. Therefore, ICI 

in combination with chemotherapy has now become the preferred treatment in 

untreated patients with NSCLC. 

Despite the success of these monoclonal antibodies directed to PD-1 or its 

ligand PD-L1 against NSCLC, durable responses only occur in about 14-20% 

of pre-treated patients (69) and even amongst responders, resistance can 

ensue. These issues highlight an unmet need for exploring new therapeutic 

approaches for patients with advanced NSCLC. 
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Table 1: Pivotal studies of ICI in advanced NSCLC 

Study 
name 

Phase Histology, 
PD-L1 

Line of 
treatment 

Study design Control 
arm 
outcome 
(months) 

Experimental 
arm outcome 
(months) 

Hazard 
ratio 
(95% CI, 
p-value) 

First line ICI only 

KEYNOTE-
024 

III NSCLC, PD-
L1 TPS≥50% 

Treatment-
naive 

Pembrolizumab (Pem) vs. 
chemotherapy (chemo) 

mOS 
14.2 

mOS 30.0 0.63 
(0.47-
0.86), 
P=0.002 

KEYNOTE-
042 

III NSCLC, PD-
L1 TPS≥1% 

Treatment-
naive 

Pem vs. chemo mOS 
12.1 

mOS 16.7 0.85 
(0.71-
0.93), 
p=0.0018 

CheckMate-
026 

III NSCLC, PD-
L1 TPS≥1% 

Treatment-
naive 

Nivolumab (Nivo) vs. chemo mOS 
13.2 

mOS 14.4 1.02 
(0.80-
1.30), 
p=NS 

CheckMate-
227 

III NSCLC Treatment-
naive 

PD-L1 ≥1% Nivo vs. 
Nivo+Ipilimumab (Ipi) vs. chemo 

mOS 
14.9 

mOS 17.1 
(Nivo+Ipi) 

0.79 
(97.72% 
CI: 0.65-
0.96) 

    PD-L1 <1% Nivo vs. Nivo+chemo 
vs. chemo 

mOS 
12.2 

mOS 17.2 
(Nivo+Ipi) 

0.62 
(0.48-
0.78) 

MYSTIC III NSCLC Treatment-
naive 

Durvalumab (D) vs. 
durvaluman+tremelimumab (D+Tr) 
vs. chemo(chemo) 

mOS 
12.9 

mOS 16.3 (D) 0.76 
(0.56-
1.02), 
p=NS (D 
vs. 
chemo) 
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mOS 11.9 
(D+Tr) 

0.85 
(0.61-
1.17), 
p=NS 
(D+Tr) 
vs. 
chemo 

First-line ICI + Chemotherapy combination 

KEYNOTE-
189 

III Non-
squamous 

Treatment-
naive 

Pembro+chemo vs. 
placebo+chemo 

12-month 
OS 
49.4% 

12-month OS 
69.2% 

0.49 
(0.38-
0.64), 
p<0.001 

KEYNOTE-
407 

III Squamous Treatment-
naive 

Pembro+/-carboplatin/paclitaxel or 
nab-paclitaxel 

mOS 
11.3 

mOS 15.9 0.64 
(0.49-
0.85), 
p<0.001 

IMpower-
150 

III Non-
squamous 
including 
EGFR/ALK+ 

Treatment-
naive 

Atezolizumab (Atezo)+/-
bevacizumab/paclitaxel/carboplatin 

mOS 
14.7 

mOS 19.2 0.78 
(0.64-
0.96), 
p=0.02 

IMpower-
132 

III Non-
squamous 

Treatment-
naive 

Atezo+/-platinum/pemetrexed mPFS 
5.2 

mPFS 7.6 0.60 
(0.49-
0.73), 
p<0.0001 

IMpower-
131 

III Squamous Treatment-
naive 

Atezo+chemo mPFS 
5.6 

mPFS 6.3 0.715 
(0.603-
0.848), 
p=0.0001 

Later-line ICI 

CheckMate-
017 

III Squamous Second or 
later 

Nivo vs. docetaxel mOS 6.0 mOS 9.2 0.62 
(0.47-
0.80) 
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CheckMate-
057 

III Non-
squamous 

Second or 
later 

Nivo vs. docetaxel mOS 
12.2 

mOS 9.5 0.75 
(0.63-
0.91) 

KEYNOTE-
010 

II/III NSCLC, PD-
L1 TPS≥1% 

Second or 
later 

Pembro 2mg/kg or 10mg/kg vs. 
docetaxel 

mOS 8.5 2mg/kg: mOS 
10.4 

2mg/kg: 
0.71, p-
0.0008 

10mg/kg: 
mOS 12.7 

10mg/kg: 
0.61, 
p<0.0001 

OAK III NSCLC Second or 
later 

Atezo vs. docetaxel mOS 9.6 mOS 13.8 0.73 
(0.62-
0.87), 
p=0.0003 
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2.2 Oncolytic viruses 

Oncolytic viruses (OVs) are a promising class of immunotherapy, which can 

be naturally occurring or genetically modified and can be RNA or DNA based 

(Figure 1). Since Dock et al. (1904) first reported a female patient with 

myelogenous leukaemia who underwent tumour regression after an influenza 

infection, attempts to harness viruses for anti-neoplastic effects have never 

stopped. OVs possess a dual mechanism of action; firstly, they were originally 

developed to selectively infect, replicate and cause direct lysis of tumour cells, 

but they are now also recognised to promote anti-tumour immune responses 

via multiple mechanisms including induction of immunogenic cell death (99) 

(discussed in more detail in section 2.2.2).  

There are more than 3,000 species of viruses but not all are suitable as 

oncolytic agents. The key desirable characteristics for OVs include the intrinsic 

cancer-selectivity and potency to kill infected cells; ability to activate innate 

immune cells such as NK cells; the ability to generate adaptive anti-tumour 

immunity; and the versatility to be engineered to express attenuating genes or 

arming genes (100). 

2.2.1  Tumour-selectivity 

Cancer cells possess alterations in cell physiology that distinguishes them 

from normal counterparts such as limitless replication potential, insensitivity to 

growth inhibition signals, evasion of apoptosis, self-sufficiency in growth 

signals, sustained angiogenesis and tissue invasion and metastasis.  OVs can 

naturally or be genetically modified to exploit these differences to achieve 

tumour tropism. Some mechanisms of tumour specificity are described below. 

2.2.1.1  Transductional targeting 

OVs can exploit tumour specific receptors that are displayed at high levels by 

tumour cells; for example, intracellular adhesion molecule-1 (ICAM-1) and 

decay accelerating factor (DAF) are overexpressed on many cancer cells and 

acts as entry receptors for coxsackievirus A21 (CAV21) (101). Another 

enterovirus, echovirus type 1, targets overexpression of integrin α2β1 on 
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ovarian cancer cells (102) and poliovirus infects cells expressing CD155 

receptor which is abundant on many cancer cell types (103). Talimogene 

laherparepvec (T-VEC), which is the only FDA approved OV for clinical use in 

melanoma, is a based on herpes simplex virus type I (HSV-1) and binds to 

herpesvirus entry mediator (HVEM) receptors on melanoma cells (104). 

2.2.1.2  Translational targeting 

Upon viral infection of normal cells, type I interferon (IFN) is produced which 

leads to the shutdown of protein synthesis in neighbouring cells, prohibiting 

viral replication. However, cancer cells generally have a defective IFN 

signalling pathway and therefore are more susceptible to OV replication 

compared to their normal counterparts. Naturally occurring vesicular stomatitis 

virus (VSV) (105) and Newcastle disease virus (NDV) (106) are restricted to 

tumour cells with defective IFN responses. 

2.2.1.3  Transcriptional targeting 

OV can be engineered to be tumour selective by placing essential viral genes 

under the regulation of tumour specific promoters thus restricting viral 

replication only within cancer cells. For example, adenovirus can be modified 

so that the essential viral gene (E1) is under the control of human E2F-1 

promotor (107) which is selectively activated in tumour cells with a defect in 

Rb pathway. Also HSV replication can be limited within liver and hepatocellular 

carcinoma due to placing the immediate-early ICP4 gene under the control of 

the albumin-enhancer-promoter (108). 

2.2.1.4  Pro-apoptotic targeting 

Delayed apoptosis of infected cells can assist viral replication and therefore 

some viruses alter the activity of regulators of programmed cell death such as 

p53 and pRb. Adenovirus protein E1A and E1B can render p53 inactive during 

natural infection, therefore a deletion in E1 proteins within the virus results in 

an adenovirus that specifically replicates in tumour cells which have a p53 

mutation, while sparing normal cells. One example of this is ONYX-15 which 

has deletions in two viral genes E1B and E3 (109) and is clinically approved 

for treatment in head and neck cancers in China.
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Figure 1: OV classification and viruses.  

HSV1: Herpes simplex virus type 1; SFV: Semliki forest virus; VSV: Vesicular stomatitis virus; NDV: Newcastle disease virus   
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2.2.2  Oncolytic virus and immune effects 

As mentioned previously, OVs were initially developed for their direct oncolytic 

properties, however it is increasingly recognised that OVs can also induce 

beneficial changes in the tumour immune microenvironment (110). Tumours 

generally secrete soluble immunosuppressive mediators, such as nitric oxide 

and cytokines including IL-10 and TGF-β (111). In addition tumours may lack 

tumour-infiltrating lymphocytes (TILs) and instead recruit immune suppressive 

cell subsets (such as macrophages, regulatory T cells, MDSC or neutrophils), 

all of which can hinder the capacity of the acquired immune system to clear 

the cancer (112). Virotherapy can revert this immunosuppressive (“cold”) TME 

to a “hotter” immunostimulatory one by inducing pro-inflammatory cytokines 

(113) pathogen-associated molecular pattern molecules (PAMPs), danger-

associated molecular patterns (DAMPS), which in turn leads to APCs 

maturation, as well as, releasing tumour-associated antigens (TAA) that can 

be processed and presented by APCs to effector T-cells to initiate an adaptive 

anti-cancer immune response. 

The importance of an intact immune system for the efficacy of oncolytic 

virotherapy has been shown in studies comparing OVs in immunodeficient and 

immunocompetent mouse models. One example of such a study is by Toda et 

al. (114) who showed that HSV type 1 (HSV-1) was effective in 

immunocompetent mice but the anti-tumour effect was lost in athymic mice, 

highlighting the role of endogenous CD8+ cytotoxic T lymphocyte (CTL). This 

finding was consistent in VSV therapy where anti-cancer effects were 

dependant on CD8+ T cells and NK cells (115). Other OVs have also shown 

dependence on the immune system for its anti-tumour properties such as 

maraba virus (MG1) (116), Newcastle disease virus (NDV) (117), reovirus 

(118) and sendai virus (119). Furthermore, OVs have also been shown to 

initiate an innate and adaptive immune response in the clinical setting; in a 

phase Ib clinical trial  with T-VEC, Ribas et al. showed changes in immune 

infiltration in the on-treatment biopsies from some patients including influx of 

CD4+ and CD8+ T cells as well as CD56+ cells and CD20+ B cells (120). In 

these biopsies, although there was also an influx of immunosuppressive 
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Tregs, the magnitude of effector T cell (Teff) increase was much larger, hence 

the Treg to Teff ratio was overall decreased with intratumoural T-VEC 

injection. Similar changes have been observed clinically with reovirus 

(Pelarorep, previously known as Reolysin) (121) and adenovirus-CD40L 

(122). 

2.2.3  Oncolytic virus and clinical use 

There are numerous OVs that have been investigated for clinical use, including 

reovirus, VV, HSV, coxsackie virus, measles virus, retrovirus and adenovirus 

(123). To date, only T-VEC is FDA-approved for clinical use in malignant 

melanoma. T-VEC is a modified oHSV1 with deletions in the ICP34.5 and 

ICP47 genes resulting in enhanced tumour tropism and decreased 

neurovirulence (124). The addition of a GM-CSF transgene also improves the 

immune modulatory effects of the virus (104).  T-VEC was FDA-approved for 

clinical use based on results of the phase III OPTiM (Oncovex [GM-CSF] 

Pivotal Trial in Melanoma) trial (125). In this study, intralesional injection of T-

VEC led to a statistically significant improvement in durable ORR when 

compared to GM-CSF alone (16.2% vs 2.1%, p<0.001), in patients with 

unresectable stage IIIB or IV melanoma. Importantly, an anenestic response 

was also noted, as 15% of measurable visceral (non-injected) lesions reduced 

in size by ≥50% following T-VEC treatment. The final analyses revealed a 

mOS benefit of 23.3 months vs. 18.9 months in the T-VEC and GM-CSF arms, 

respectively, while also exhibiting a tolerable safety profile with low rates of 

grade 3/4 adverse events (AEs) (126). T-VEC was also found to alter the 

tumour immune microenvironment by reducing the number of CD4+ Tregs, 

CD8+ T suppressor cells and MDSC (127). 

Tasadenoturev (DNX-2401) is another OV which has shown promising 

responses clinically. It is a tumour selective, replication-competent oADV that 

has been modified with a deletion in the E1A gene, which allows it to replicate 

only in cells defective in the retinoblastoma (RB) pathway. A dose-escalation 

phase I study showed that DNX-2401 was safe and capable of robust viral 

replication and tumour control in recurrent high-grade glioma patients. 72% of 
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patients (18 out of 25) had tumour reduction and remarkably 20% (5 patients) 

survived for more than 3 years (128). 

Other OVs have also been investigated in clinical trials with positive results, 

such as pelareorep (a reovirus) (121) researched in advanced pancreatic 

cancer and oncorine (H101) which is an attenuated oADV used to treat head 

and neck squamous cell carcinoma (129). 

Therefore, OV therapy can be safe and efficacious to use clinically to treat 

different cancers and have the potential to be a promising addition to 

conventional anti-tumour treatments such as chemotherapy, radiotherapy and 

ICI. 

2.3 Maraba virus (MG1) 

2.3.1  Background 

Maraba virus belongs to the vesiculovirus genus of the Rhabdoviridae family 

and was first isolated from Amazonian phlebotomine sand flies in Brazil, 

thereby avoiding the risk of livestock infection associated with VSV. A lack of 

pre-existing antibodies in the human population gives further advantage to its 

therapeutic potential. The virion consists of a bullet-shaped enveloped particle 

(Ø: 70nm, L: 170nm) harbouring an 11-kb single-stranded negative sense 

RNA genome (NCBI reference: NC_025255). Its genome consists of a 3’ 

leader sequence and a 5’ trailer sequence separated by five open reading 

frames, each encoding one viral protein: nucleocapsid (N), phosphoprotein 

(P), matrix (M), glycoprotein (G) and polymerase (L) (Figure 2).  
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Figure 2: Maraba virus structure 
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There has been no reported maraba-related pathogenicity in humans and only 

one case of seroconversion against viral antigens documented in the literature 

(130) and therefore maraba possesses good OV characteristics. The life cycle 

of maraba virus (Figure 3) occurs exclusively in the cytoplasm and so there is 

no risk of genotoxicity. Maraba virus exploits the ubiquitous low-density 

lipoprotein receptor (LDLR) to attach (1) and enters into host cells via 

endocytosis (2). After receptor-mediated endocytosis, the cellular endosome 

undergoes acidification and the drop in endosomal pH triggers a 

conformational change in the glycoprotein that mediates fusion between the 

viral envelope and the endosomal membrane (3). The viral nucleocapsid is 

then able to escape into the cytoplasm and initiate viral replication. The viral 

polymerase first transcribes the individual mRNAs for each viral gene (4) which 

are then translated via host ribosomes to yield viral proteins (5). At the later 

stages of infection, the viral polymerase switches from transcription to 

replication and synthesises copies of the negative-sense maraba genome 

through positive-strand intermediates (6). Finally, the viral proteins and 

genomic RNA are assembled into complete virus particles and the virus exits 

the cell by budding through the plasma membrane (7). 
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Figure 3: Lifecycle of maraba virus 

Figure adapted from: 

Lichty, B.D. et al., Vesicular stomatitis virus: re-inventing the bullet. Trends in 

Molecular Medicine, 2004. 10(5): p. 210-216. 
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Maraba virus has been genetically modified with two mutations which 

translates into the L123W and Q242R substitutions in the sequence of the M 

and G proteins, respectively. This novel strain, named MG1, demonstrated 

faster replication, larger burst size and increased killing potency in a panel of 

human tumour cells (ES 2 ovarian cancer, A549 lung cancer and SW620 

colorectal cell lines) compared to wild type maraba virus (131). Conversely 

MG1 was also strongly attenuated in normal primary cells validating its 

oncotropism. The abortive replication of MG1 in normal cells is mostly due to 

the inability of MG1 to block type I IFN-mediated antiviral immunity whereas 

this IFN pathway is often defective/deficient in malignant cells (131).  

2.3.2  MG1 Cytotoxicity 

In vitro, MG1 has shown oncolytic activity against multiple adherent cancer 

cell lines of human, canine and murine origins (Table 2). In addition, Tong et 

al. also found that MG1 was able to induce cell death in ovarian cancer cells 

whether the cells were adherent, in suspension or in three-dimensional 

spheroid form (which can be found in the peritoneal cavity of ovarian cancer 

patients) (132). MG1 cytopathic effect was also superior when evaluated 

across a panel of sarcoma cell lines in vitro, when compared to VSVΔ51, HSV 

N212, VVdd and Pelareorep (reovirus) (133). 

Ex vivo primary human cancer biopsies were also shown to be amenable to 

MG1 infection and replication resulting in significant cytopathic effects across 

a range of tumour tissues including prostate cancer, head and neck squamous 

cell carcinoma and sarcoma (133, 140, 146). The latter two of these tumour 

sites tend to possess very poor prognosis in the advanced setting and so MG1 

is an enticing therapeutic prospect for these cancers. 

The efficacy of OV therapy, as with other treatments, depends heavily on the 

successful delivery of the anti-tumour agent to the malignant mass. Many OVs 

have demonstrated that the most efficient and safest way to administer the 

viral vector is via direct intratumoural injection, however this limits the 

applicability of OVs to cancers that are accessible and localised. Conversely, 

MG1 has shown successful systemic delivery in mice harbouring syngeneic 
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subcutaneous CT26 colorectal carcinoma. Repeated systemic administration 

of MG1 was shown to reach the tumour bed and replicated in situ, leading to 

complete tumour regression and durable cures resistant to tumour rechallenge 

(131). In addition, there was also impressive efficacy in clearing CT26 lung 

metastases. Since this initial study, there have been multiple publications to 

show MG1 efficacy in other syngeneic or xenograft models, including breast, 

ovarian, leukaemia, mammary gland, prostate, sarcoma and skin cancers 

(147). 

MG1 has also shown versatility to be combined effectively with other 

treatments such as chemotherapy. Bourgeois-Daigneault et al. demonstrated 

that combination MG1 and paclitaxel provided synergistic benefit in mice 

bearing subcutaneous breast tumours (134). Mechanistically, paclitaxel was 

shown to impair IFN-β production hence allowing MG1 replication and 

oncolysis in the breast cancers. 
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Table 2: Cell lines in which MG1 oncolytic activity has been investigated 

Origin Cancer type Cell line References 

Canis familiaris Sarcoma D17 (133) 

Homo Sapiens Breast cancer BT549 
HS587T 
MCF7 
MDA-MB-231 
MBA-MB-435 
NCI/ADR-RES 
T47D 

(131, 134, 135) 

 Central nervous 
system cancer 

SF268 
SF295 
SF539 
SNB19 
SNB75 
U118 
U243 
U273 

(131, 136) 

 Colon cancer COLO205 
HCT116 
HCT15 
HT29 
SW620 

(131, 137) 

 Leukaemia, 
lymphoma 

A301 
Jurkat 
OCI-Ly18 

(138) 

 Lung cancer A549 
HOP62 
HOP92 
NCI-H226 
NCI-H23 

(131, 136) 

 Ovarian Cancer ES2 
HEYA8 
iOvCa105 
iOvCa131 
iOvCa142 
iOvCa147 
OVCAR3 
OVCAR4 
OVCAR8 
SKOV3 

(131, 132, 136, 
139) 

 Pancreatic 
cancer 

PANC-1 (131) 

 Prostatic cancer DU145 
LNCaP 
PC3 

(131, 140) 

 Renal Cancer 786-O 
ACHN 
SN12C 

(131) 
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TK10 

 Sarcoma 143B 
RD-ES 
SW982 
U2OS 

(131, 133, 141) 

 Skin Cancer A431 
M14 
MALME3M 
SKMEL28 
UACC257 
UACC62 

(131) 

Mus musculus Central nervous 
system cancer 

GL261 (131) 

 Colon cancer CT26 
CT26lacZ 

(131, 137) 

 Leukaemia, 
lymphoma 

EL4 
L1210 

(138) 

 Lung cancer TC1 (142) 

 Mammary gland 
cancer 

E0771 
EMT6 
4T1 

(131, 134, 143) 

 Ovarian cancer ID8 (144) 

 Prostate cancer TRAMP-C1 
TRAMP-C2 

(140) 

 Skin cancer B16 
B16F10 
B16lacZ 

(116, 137, 145) 

 

Table adapted from: 

Pol, J.G. et al. Development and applications of oncolytic Maraba virus 
vaccines. Oncolytic Virother, 2018. 7: p. 117-128. 
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2.3.3  MG1 and the immune system 

The therapeutic effects of MG1 are not only dependent on its potent oncolytic 

properties but also its ability to stimulate an anti-tumoural immune response. 

Zhang et al. demonstrated that an UV inactivated MG1 (MG1-UV2min) was as 

effective in reducing lung metastases in a syngeneic B16lacZ melanoma lung 

murine model as live MG1 (116). There was no detection of MG1 protein or 

genome in the lungs of MG1-treated mice, further indicating that the in vivo 

efficacy of MG1 in the B16lacZ model is attributed to immune-mediated 

cytolysis rather than viral oncolysis (116). In this same model, they observed 

splenomegaly 5 days post-MG1 systemic delivery caused by an expansion in 

innate immune cells (NK cells and DCs) compared to other immune 

populations. This was accompanied by a remarkable enhancement of effector 

NKs secreting IFN-γ or granzyme B which was dependent on the virus 

interaction with DCs. NK cell activation appeared critical for the therapeutic 

efficacy as selective depletion of NKs abolished tumour growth control. 

The stimulation of anti-tumoural immune response by MG1 seems to be of 

particular interest in the neoadjuvant setting (116, 135). Surgical stress seems 

to be associated with immunosuppression and cancer progression (146). 

However, perioperative live or attenuated MG1 was able to decrease tumour 

metastases post-surgery in B16lacZ melanoma and 4T1 breast murine models 

compared to surgery alone, which also led to improved overall survival in the 

B16lacZ lung metastasis model (116). Neoadjuvant MG1 also demonstrated 

benefit in murine triple-negative breast cancer (TNBC) models (135). 

Intratumoural injection of MG1 to the primary tumour, which was subsequently 

surgically resected provided protection against secondary cancer rechallenge 

in at least 20% of mice across all three TNBC models tested. This effect was 

shown to be dependent on viral replication as UV-inactivated MG1 negated 

the benefit in this rechallenge murine model. Intravenous MG1 was found to 

be more efficient than local administration with 40% of mice remaining 

disease-free in this rechallenge setting. Furthermore, 90% of cured mice from 

the post-operative rechallenge completely rejected a second one afterwards, 

suggesting that anti-neoplastic T cell memory had been stimulated. 
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Transcriptomic analysis demonstrated that pathways linked to immune 

response were enriched during MG1 infection such as increased expression 

of chemokines (CCL5 and CXCL11), as well as activation of STAT1, NFκB 

subunit p65 and IRF3 (135). In vivo, there was greater T-cell infiltration in 

MG1-injected than untreated tumours at the time of surgery, whereby the 

migration was dependent on CXCR3, CXCL-9, -10 and -11. Ex vivo, there was 

production of IFN-γ in restimulated splenocytes to tumour in MG1-treated mice 

that was reliant on receptor IFN-αR1. Finally, MG1 treatment of TNBC cell 

lines resulted in increased PD-L1 protein in vitro, while in vivo combination of 

intratumourally-delivered MG1 and immune checkpoint blockade slowed down 

tumour growth in the 4T1 murine model compared to untreated or animals 

receiving either ICIs or MG1 alone. Furthermore, neoadjuvant MG1 coupled 

with primary tumour resection responded well to ICI as 60-90% of animals 

experienced complete response after tumour rechallenge, which was 

completely ineffective in mice who did not receive neoadjuvant MG1 (135). 

Therefore, MG1 is proving to be a very promising neoadjuvant treatment 

immunotherapy candidate. 

The immunogenic properties of MG1-infected tumour cells are also being 

investigated as potential cancer vaccines against leukaemia (138) and 

metastatic solid tumours (137). Infusion of MG1-infected γ-irradiated 

leukaemia cells (iLOV) to leukemic mice resulted in 60% of the animals having 

complete responses. Furthermore, if iLOV treatment was delivered 

prophylactically to mice, there was complete protection against leukaemia 

challenge (138). Similarly, in B16 melanoma and CT26 colon carcinoma 

murine models, MG1 expressing IL-12 infected cell vaccine (MG1-IL12-ICV) 

resulted in reduction of pulmonary lesions and increase in activated/cytotoxic 

NK cells in the lungs (137). The efficacy of this vaccine was dependent on both 

NK cells and CD8+ T cells as their selective depletion abolished anti-tumour 

effects. 

Finally, MG1 can be utilised as a potent oncolytic vaccine vector (142, 145). 

This was initially shown by Pol et al. whereby a melanoma-associated tumour 

antigen (dopachrome tautomerase [DCT]) was inserted into the MG1 genome 

forming MG1-DCT. Although MG1-DCT alone did not prime detectable 



48 
 

adaptive T-cell response against melanoma antigen in a syngeneic murine 

melanoma model, the use in a prime-boost strategy with a replication-defective 

(E1/E3 deleted) adenovirus expressing the same DCT antigen (Ad-DCT) did. 

Out of total circulating CD8+ T-lymphocytes, 30% demonstrated reactivity 

against the DCT epitope following MG1-DCT infusion which was preceded by 

intramuscular delivery of Ad-DCT (this is in comparison to 6% with Ad-DCT 

alone and 20% with Ad-DCT/VSV-DCT prime boost). The Ad-DCT/MG1-DCT 

prime-boost not only extended median survivals in B16-F10 melanoma 

harbouring mice compared to Ad-DCT monotherapy but also cured 20% and 

30% of the animals bearing brain and lung metastases, respectively (145). The 

Ad:MG1 prime-boost also incurred long-term anti-tumour memory and 

protected cured mice from tumour rechallenge. These anti-neoplastic effects 

are largely mediated by CD8+ T effectors as selective depletion of this immune 

subset abolished these beneficial results. The prime-boost vaccination 

strategy has since been demonstrated in HPV-positive tumours and prostate 

cancer (140, 142). MG1 virus encoding E6 and E7 antigens of the HPV 

serotypes 16 and 18 (MG1-E6E7) was able to clear tumours in 60% of mice 

harbouring HPV-positive TC1 lung tumours and these cured mice were 

completely protected against a long-term aggressive tumour re-challenge. 

Twenty-four hours after intravenous delivery of MG1-E6E7 infection was 

associated with a local increase in the expression of genes involved in antigen 

presentation (e.g. H2-K1, Tap1, Tapbp), antiviral innate immunity (e.g. Ddx28, 

Irf7, Stat1) or T-cell activation (e.g. Cd28, Il2ra), in comparison to untreated 

tumours (142). Similarly, MG1 expressing the human six-transmembrane 

antigen of the prostate (STEAP) protein (MG1-STEAP) generated specific 

CD8+ T-cell responses against STEAP epitopes and in vivo delayed tumour 

progression in mice with bulky TRAMP-C2 tumours (140). 

 

2.3.4  MG1 clinical trials 

Following the promising results with the prime-boost strategy in preclinical 

studies, subsequent non-human primate trials with Ad:MG1 oncolytic 

vaccination in cats (147) and macaque monkeys (148) revealed Ad and MG1 
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vaccination to be tolerable, non-pathogenic and able to initiate humoral and 

cellular immunities to the epitopes of the tumour associated antigens 

incorporated in both viruses. 

These results led to three human clinical trials to be initiated; the first phase 

I/II trial evaluates Ad:MG1-MAGEA3 in human patients with MAGE-A3-

positive solid tumours (commonly NSCLC, melanoma and certain 

haematological malignancies) [clinicaltrials.gov reference NCT02285816]. 

Patient received either 2 infusions (3 days apart) of MG1-MAGEA3 at a dose 

of 1x1010 pfu (arm A), or intramuscular Ad-MAGEA3 at a dose of 1x1010 pfu 

(arm B) or IM Ad-MAGEA3 followed 2 weeks later with systemic MG1-

MAGEA3 (arm C). In this trial, MG1-MAGEA3 genomes were detected in blood 

samples of patients 2 weeks post-treatment, hence confirming the ability of the 

virus to replicate in humans. Importantly, anti-tumour immunity was evident in 

3 out of 6 patients evaluated, with over 1% of total circulating CD8+ T cells 

reacting against MAGE-A3 in one participant (149). A second phase I/II clinical 

trial will evaluate Ad-MAGEA3:MG1-MAGEA3 in combination with 

pembrolizumab in previously treated metastatic NSCLC (clinicaltrials.gov 

reference NCT02879760). The third clinical trial again investigates the prime-

boost strategy, but this time the viruses incorporates the HPV E6 and E7 

proteins. Ad-E6E7:MG1-E6E7 in combination with atezolizumab is being 

evaluated in advanced or recurrent HPV associated tumours (clinicaltrials.gov 

reference NCT03618953). 

2.4 Enhancing oncolytic virus therapy 

The self-amplifying, immunogenic and oncolytic properties of OVs makes 

them promising anti-cancer agents to investigate and develop. However, it is 

perhaps unsurprising, as with many other cancer therapeutics, that there is 

unfortunately limited single agent activity of OVs in the majority of patients and 

that the greatest therapeutic gains are likely to be harboured through 

combination strategies built upon understanding of cancer biology. There are 

many factors to consider in selecting both a virus and a combination partner, 

such as viral genome (DNA vs. RNA and transgene capacity), ability of virus 
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to engage immune system, route of viral delivery (IT vs. IV), non-overlapping 

toxicity profiles and sequencing of treatments are just to name a few. There 

have been recent reviews (112, 150) written on this topic and here I discuss 

just a couple of the most promising OVs combination strategies. 

2.4.1  OVs and Radiotherapy 

Radiotherapy (RT) is an essential treatment modality in cancer with around 

60% of patients with malignancy receiving RT in their treatment lifetime. Many 

viruses develop strategies to inhibit cellular DNA repair pathways which can 

prove to be a fatal synergistic combination for tumour cells when concurrently 

treated with RT, that also induces double strand DNA breaks (151). 

Adenoviruses have been shown in particular to target non-homologous end 

joining (NHEJ) DNA repair pathway (152). This hypothesis was tested with the 

oncolytic adenovirus CG7870 with RT in LNCaP xenograft (human prostate 

adenocarcinoma) model, which resulted in a synergistic increase in cell killing, 

both in vitro and in vivo compared to either single agent alone (153). This 

synergistic finding with RT were also true with other adenoviruses in A549 lung 

cancer (154), ovarian cancer cell lines (155) and glioma xenografts (156). 

Another potential mechanism for RT and OV combination is where RT can 

induce increased viral replication, which was demonstrated with reovirus type 

3 Dearing (RT3D) when combined with EBRT showed significant 

enhancement of cytotoxicity relative to either single agent alone both in vitro 

and in vivo in melanoma cell lines (157). This increased replication was 

mediated by RT-induced cancer up-regulated gene 2 (CUG2) up-regulation 

and subsequent down-regulation of pPKR and p-elF2α which led to 

mitochondrial apoptotic signalling and increased cell death. HSV replication 

has also been shown to increase with radiation exposure, resulting in 

significant reduction of tumour volume compared to single treatment alone for 

NSCLC (158) and malignant mesothelioma (159). The underlying mechanism 

of increased replication with RT is hypothesized due to RT-mediated increase 

in cellular GADD34 expression (158), which is a DNA damage- and growth 

arrest-inducible gene that helps to protect cells against genetic insults. A 

region of GADD34 shows significant homology to HSV-1 γ34.5 protein (160), 
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which is often deleted in oncolytic HSV to reduce viral induced neurotoxicity. 

However, the deletion of γ34.5 protein reduces viral replication and cytotoxicity 

in tumour cells. Therefore, RT-mediated upregulation of cellular GADD34 can 

functionally replace γ34.5 resulting in increased viral replication and improved 

tumour-cytotoxicity without the risk of neurovirulence. 

Another example for OV and RT synergistic combination is demonstrated with 

oVV, GLV-1h68) and RT which led to increased cytotoxicity in sarcoma cell 

lines. This time, the effect was mediated through the induction of intrinsic 

apoptosis (161). The differences in mechanisms of synergy between EBRT 

and OV combinations are most likely due to the inherent differences in 

characteristics between different OVs. 

OV could also be engineered to induce selective radiosensitivity in tumour 

cells with many viruses being modified to include promoters that are activated 

by RT exposure or genes that sensitize cells to RT-induced cell death. An 

example of this strategy was in oncolytic adenovirus, AdΔ24 (E1A-deleted) 

(162) which was modified to express the tumour suppressor gene p53. 

Introduction of functional p53 into p53-negative cells results in increased 

sensitivity to RT-induced cell death (163). In vitro, AdΔ24-p53 and RT resulted 

in synergistic cytotoxicity in human glioma cell lines than single treatments 

alone and this combination resulted in 50% long-term survival in 

immunocompromised s.c. glioma models in vivo (164). 

To date, clinical experience with OV and RT combinations have been mainly 

limited to local administration (mostly intratumoural (IT)). One example of such 

trials is the randomised phase II trial of intra-prostatic injection of an oncolytic 

adenovirus in combination with radical dose of intensity modulated 

radiotherapy (IMRT) (165). The results confirmed safety as well as efficacy 

showing 42% relative reduction in biopsy positivity at 2 years in the 

investigational arm versus IMRT alone. Another phase I/II trial investigated IT 

delivered oncolytic HSV GM-CSF in combination with radical chemo-

radiotherapy in squamous cell head and neck cancers followed by neck 

dissection 6 to 10 weeks later (166). The results again showed safety of the 

combination treatment as well as impressive efficacy data whereby not only 
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was the disease-specific survival 82.4%, but 94% of patients had complete 

pathologic responses. There were also no locoregional relapses at 29 months 

of follow-up (historic control series indicate two-year locoregional relapse rate 

of 30-50%).  

The pre-clinical and clinical data supports the safety and scientific rationale for 

OV and RT combination. However, clinical investigation of this strategy has 

mainly been limited by the need to access the tumour directly for OV delivery. 

2.4.2  OVs and immune checkpoint inhibitors 

Immune checkpoint inhibitors have been the most clinically impactful step 

forward in cancer treatment over the last decade. These agents block the 

negative regulators of T cell function, leading to T cell activation. Amongst 

these agents, PD-1/ PD-L1 and CTLA-4 inhibitors have been the most 

successful to date, resulting in clear clinical benefit in multiple tumour sites 

(167-170). Currently, the FDA has approved 6 ICIs for clinical use: ipilimumab, 

nivolumab, pembrolizumab, atezolizumab, avelumab and durvalumab. The 

effectiveness of anti-PD1/PD-L1 therapy is related to the immune TME, with 

tumours lacking lymphocyte infiltration and an IFN-γ gene signature being less 

responsive to ICIs (171). Therefore, the ability of OVs to convert the tumour to 

a more immune cell-rich environment should result in better therapeutic 

responses to ICIs (Figure 4). This paradigm has stimulated active, ongoing 

research combining OVs and ICI treatments in cancer therapy which we have 

recently reviewed (172). 
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Figure 4: OV have the ability to turn the TME from “cold” to “hot”.  

Prior to OV treatment, checkpoint inhibition is therapeutically inefficient as the tumour expresses low levels of PD-L1 (therefore no target for anti-

PD-L1 antibodies) and is poorly infiltrated with immune cells (therefore no target for anti-PD1 and anti-CTLA4 antibodies). After OV infection, the 

tumour increases expression of PD-L1 and releases pro-inflammatory cytokines e.g., type I IFNs and CCL3/4, which attract immune cell 

infiltration, thereby increasing the efficacy of immune checkpoint blockade. OV: oncolytic virus; PD-1: Programmed death-1; PD-L1: Programmed 

death ligand-1; CTLA-4: Cytotoxic T-lymphocyte-associated protein 4; IFN: Interferon; CCL3/4: Chemokine (C-C motif) ligand 3 or 4 
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Many DNA and RNA viruses have been shown to stimulate a “hotter” immune 

TME when combined with ICI, for example Chen et al. showed that HSV1716 

and anti-PD-1 antibody led to increased infiltration of effector CD4+ and CD8+ 

T cells, but no similar increase in FoxP3 Treg cells resulting in extended 

survival in murine models of rhabdomyosarcoma (173). Similar synergistic 

effects were observed when ICIs were combined with vaccinia virus (174), 

reovirus (175), rotavirus (176) and measles virus (177), all resulting from 

beneficial changes in the tumour immune microenvironment. Many other 

viruses have also been deliberately engineered to be armed with anti-PD1 or 

anti-CTLA4 antibodies to deliver this lethal combination to tumour cells. For 

example, Kleinpeter et al. inserted three forms of murine PD-1 (mPD-1) 

binders into Western Reserve strain of oncolytic vaccinia virus (oVV). The 

authors then assessed the expression of the resulting anti-PD-1 antibodies 

and their anti-tumour efficacy in vitro and in vivo in multiple tumour models. 

They showed the resulting viruses were indeed produced, assembled and able 

to block murine PD-1 ligand binding after virus infection, which subsequently 

led to improved survival in mice harbouring subcutaneous fibrosarcoma (178). 

Engeland et al. also engineered attenuated measles virus by encoding 

antibodies against CTLA-4 and PD-L1 (MV-aCTLA-4 and MV-aPD-L1). Using 

an immunocompetent murine model of malignant melanoma, treatment with 

MV-aPD-L1 mediated checkpoint modulation demonstrated an increase in 

CD8+ T cell tumour infiltration, increase in IFN γ-expressing CD8+ T cell 

production and a decrease in Tregs cells.  Delayed tumour progression and 

improved mOS were observed for animals treated with measles virus encoding 

anti-CTLA-4 and anti-PD-L1 when compared to controls (179). 

Clinically T-VEC is the only FDA-approved OV for the treatment of metastatic 

melanoma. With the success of T-VEC monotherapy and its ability to modulate 

the immune response to tumours, it was postulated that there would be a 

greater therapeutic benefit in combination with ICIs. A Phase Ib/II trial of T-

VEC in combination with ipilimumab (an anti-CTLA-4 antibody) for patients 

with previously untreated unresectable stage IIIB-IV melanoma. The first part 

of the study recruited nineteen patients in total and resulted in an ORR of 50%; 

44% of patients had a durable response lasting ≥6months and there were no 
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documented dose-limiting toxicities (180). The subsequent phase II part of the 

trial randomised patients with advanced melanoma to either ipilimumab alone 

or in combination with T-VEC. The outcome demonstrated an ORR in 39% of 

patients receiving T-VEC and ipilimumab compared to 18% in patients 

receiving ipilimumab monotherapy. Importantly distant non-injected sites also 

showed anenestic responses with visceral lesions reducing in size in 52% of 

patients with combination treatment, compared to 23% of patients in the 

ipilimumab alone arm (181) (ClinicalTrials.gov: NCT01740297). 

T-VEC has also been tested in combination with an anti-PD-1 antibody 

(pembrolizumab) for patients with advanced melanoma in the Masterkey-265 

trial (ClinicalTrials.gov: NCT02263508). This is a phase Ib/III trial that has 

revealed promising results so far. The phase I component demonstrated an 

ORR of 62%, with a complete response rate (CRR) of 33% in patients 

receiving T-VEC + pembrolizumab combination therapy. The treatment was 

well tolerated with no dose-limiting toxicities occurring. Patients who 

responded to combination treatment had increased CD8+ T cells, elevated 

PD-L1 expression as well as IFN-ƴ gene expression on several cell subsets in 

tumours after induction T-VEC alone treatment (120). These data support the 

theory that oncolytic virotherapy can enhance the efficacy of ICI by altering the 

TME, making cold tumours hotter, and priming for more effective checkpoint 

blockade. The subsequent phase III trial has now completed recruitment and 

outcome data are eagerly awaited. 

Therefore, there is vast amount of pre-clinical and clinical data to support the 

promise of OV and ICI combination as novel strategy to add to the artillery of 

anti-cancer treatments. 

2.5 Conclusion: 

Although there has been drastic improvement in the treatment of advanced 

NSCLC over the past decade, mainly resulting from the application of ICI, the 

5-year OS in the metastatic setting is still poor (~6%) and the response rates 

to ICIs is low (10-20%). Therefore, there is still an unmet need to find novel 



57 
 

treatments or combination therapies with better response rates to improve the 

survival in these groups of patients. 

OVs represent a promising therapeutic platform with their self-amplifying, 

tumour-tropic, oncolytic and immune stimulatory properties. These viruses can 

also be genetically manipulated to include inserts that can boost its anti-tumour 

effects either as monotherapy or to enhance combination potential with other 

therapeutic agents. Furthermore, OVs have shown to be effective partners 

when deployed with ICI as they can promote recruitment of effector 

lymphocytes as well as inducing the expression of PD-1/PD-L1 to increase the 

response and reverse resistant to ICI. RT has also been shown to improve 

OVs effects by enhancing viral replication and inducing cellular apoptotic 

pathways. OVs can also be genetically engineered to contain RT-induced 

transgenes that can lead to selective radiosensitisation of cancer cells to 

improve anti-tumour effects. OVs therefore represents an attractive, potent 

and versatile weapon to add to the armoury of cancer treatment. However, to 

date, established clinical use of OVs has been limited to local delivery for 

accessible tumours as systemic delivery of viruses often does not reach the 

tumour in the presence of neutralising antibodies (NAbs), which can impede 

oncolytic therapy, both direct cytotoxicity and induction of anti-tumour 

immunity. 

Maraba virus is a relatively novel OVs that appears to be a powerful 

multifunctional tool in the fight against cancer, with very little pre-existing 

immunity in the general population. Firstly, many tumours are susceptible to 

MG1-mediated oncolysis. Furthermore, MG1 oncotoxicity has been shown to 

stimulate both the innate and adaptive anti-tumour immune response. Clinical 

application of MG1 virus, to date, has been focused on the prime-boost 

strategy for vaccination against tumour associated antigens which has led to 

remarkable extension of the survival in several pre-clinical murine models. 

MG1 has also demonstrated efficacy when delivered systemically in murine 

melanoma models which can slow down subcutaneous tumour growth as well 

as distant metastases, giving promise to widespread clinical use in metastatic 

malignancies. In conclusion, MG1-maraba virus represents an encouraging 
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OVs to investigate for anti-cancer effects either as monotherapy or in novel 

therapeutic combinations.  

2.6 Aims 

The aims of this study were to examine MG1-maraba virus as a potential anti-

cancer agent for the treatment of NSCLC, by investigating both direct 

cytotoxicity and generation of anti-tumour immunity. In addition, to determine 

whether MG1 efficacy can be enhanced by combining with other standard of 

care cancer treatments such as RT or ICI. 

Specific aims of the project are: 

1. Investigate the cytotoxicity of MG1-maraba virus against murine and 

human NSCLC cell lines and primary human cell line. 

2. Test the efficacy of intratumoural and systemic delivery of MG1-maraba 

virus in murine NSCLC in vivo model. 

3. Characterise the immune effects of MG1-maraba virus in NSCLC in 

terms of identifying DAMPS, type I IFN production and changes in the 

tumour immune microenvironment in vivo. 

4. Determine whether oncolytic MG1-maraba virus can be effectively 

enhanced with RT and ICI 
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3. Chapter 3: Material and Methods 

3.1 Cell Culture 

Human non-small cell lung cancer cell lines: NCI-H1792, NCI- H1437, NCI-

H1573, NCI-H1975 (all adenocarcinomas) and NCI-H1299 (large cell 

carcinoma) were purchased from ATCC in 2017. 3LL (Lewis lung carcinoma) 

cell line was obtained from Professor Julian Downward (The Francis Crick 

Institute, London, 2017). Sum149 Parental and Revertant cell lines were 

provided by Dr Rachel Brough (ICR, London, 2019). Primary human foreskin 

fibroblast (HFF), B16-F1 and vero cell line were obtained from existing ICR 

laboratory stocks. Sum149 Parental and Revertant cell lines were grown in F-

12 Hams supplemented with 5% heat-inactivated foetal bovine serum (FBS), 

1 ug/ml hydrocortisone (H4001, Sigma), 2.5mM L-glutamine and 5 ug/ml 

insulin (I9278, Sigma). Vero and HFF cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 5% FBS, 2.5 mM L-

glutamine and penicillin-streptomycin (60 mg/L and 100 mg/L respectively). All 

other cell lines were cultured in Roswell Park Memorial Institute (RPMI) media 

with the same supplementations as DMEM. All media and reagents were 

supplied by Laboratory Support Services, ICR, London unless stated 

otherwise. Cells were cultured at 37oC in a humidified atmosphere of 5% CO2. 

Cell lines were routinely tested for mycoplasma using the e-Myco PCR kit 

(Intron Biotechnology, South Korea) and experiments carried out within 3 

months of resuscitation. 

3.1.1  Cryopreservation 

Cells were harvested and pelleted by centrifugation; cell pellets were re-

suspended in freezing medium (90% (v/v) FBS; 10% (v/v) dimethyl sulfoxide 

(DMSO)) and stored in 1 ml cryovials (Nunc®). Cryovials were immediately 

placed at ‒80˚C. Cells were thawed in a 37˚C water bath, washed in a large 

volume of RPMI or DMEM to remove DMSO, re-suspended in growth medium 

and placed into a culture flask. 
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3.1.2  Isolation of human PBMC 

Fresh blood from healthy volunteers were collected in 10 ml K2EDTA BD 

VacutainerTM tubes (Fisher Scientific 10331254) and diluted 1:1 with Hanks’ 

Balanced Salt Solution (HBSS) at room temperature. 30 ml aliquots were then 

layered on top of 15 ml Lymphoprep© (Alere Ltd.) before being centrifuged in 

a Heraeus Megafuge 2.0R centrifuge at 800g for 25 mins with no brake. 

Plasma was removed and the white cell layer isolated using a wide-tipped 

Pasteur pipette (Alpha laboratories Ltd.). Cells were washed with 50 ml HBSS 

and centrifuged at 400g for 10 mins. Cells were washed again with 50 ml 

HBSS and centrifuged at 300g for 5 mins. Freshly isolated PBMCs were used 

immediately for human NK cell degranulation assay. 

3.2 Maraba (MG1) virus 

MG1-green fluorescent protein (MG1-GFP) and MG1-firefly luciferase (MG1-

FLUC) were originally produced and provided by Ottawa Hospital Research 

Institute (Ottawa, Canada) (131) in PBS. Each virus was amplified (2.4.1) and 

aliquoted into 200 µl eppendorfs to be stored long term at -80˚C. Virus titre 

was determined by plaque assay using vero cells (3.4.2). 

3.2.1  MG1 viral amplification 

T175 flasks which were 100% confluent with vero cells were infected with 0.01 

MOI MG1-GFP/FLUC virus and left at 37oC in a humidified atmosphere of 5% 

CO2 for 24 hrs. The supernatant in these flasks were harvested and 

centrifuged in a Heraeus Megafuge 2.0R centrifuge at 400g for 10 mins to 

pellet the cellular debris for disposal. The residual supernatant was then 

filtered through 0.2 µm filters (SartoriusTM MinisartTM High Flow (HF) syringe 

filters, Fisher Scientific, 10686521) and centrifuged again at 14000rpm 

(Beckman Coulter Optima XPN ultracentrifuge) for 1 hr. The final pellet was 

then resuspended in 1 ml of PBS prior to aliquoting for storage as described 

above. 
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3.2.2  Plaque assay 

Vero cells were seeded at 1.5x105 cells/well in 24-well plates and incubated 

at 37˚C for 24 hrs. Serial dilutions between 2x10-4 and 2x10-9 of MG1 infected 

lysates and stock MG1 were prepared in virus serum-free dilution medium 

(DMEM, 2mM L-glutamine). Medium was removed from the vero cells and 

replaced with 200µl virus serum-free dilution medium followed by 100 µl of 

diluted viral samples, in duplicates. After 1 hr incubation at 37oC, the 

supernatant medium was removed, and the cells overlaid with a 1:1 solution 

of 3% (w/v) CMC (sodium carboxymethyl cellulose; Sigma) and 10% DMEM. 

After 72 hrs incubation at 37oC, plates were fixed with 0.1% (v/v) 

glutaraldehyde in PBS for 10 mins. The fixative was removed, and cells 

stained with crystal violet (0.05% (w/v) in 80% ddH2O; 20% ethanol) for 5 

mins. Plates containing plaques were scanned and counted manually. The 

average of duplicate wells was used to calculate viral titre, using the following 

calculation: 

 

   Average number of plaques  

    

 

3.2.3  MG1 infection of NSCLC cells 

Cells were harvested and seeded into 6-well plates with 4.5x105 cells per well 

in 4 mls growth medium. MG1-GFP was diluted in PBS and added at various 

concentrations 0, 0.01, 0.1 and 1 multiplicity of infection (MOI). Images were 

taken using an EVOS Fl cell imaging system (ThermoFisher Scientific) 

microscope at 24 and 48 hrs. In a separate experiment, cells were infected in 

a similar fashion, this time with MG1-FLUC virus prior to harvesting at 24 and 

48 hrs. 1x105 cells were added per FACS tube (BD Falcon) and cells were 

washed with 2 mls of FACS buffer (PBS; 1% (v/v) FCS; 0.1% (w/v) sodium 

azide) and centrifuged in a Heraeus Megafuge 2.0R centrifuge at 400g for 5 

mins at 4oC. Cells were re-suspended in 100 µl FACS buffer before the 

Dilution 

pfu/ml = 
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addition of viability dye (eBiosceience fixable viability dye eFluor 780 (65-

0865-15). Cells were incubated for 30 mins at 4oC in the dark and then washed 

with 4 mls FACs buffer, cells were fixed with 1% PFA (1% (w/v) 

paraformaldehyde in PBS) and stored at 4oC prior to acquisition on a BD LSRII 

flow cytometer. 

3.2.4  MG1 replication in NSCLC cells 

Cells were harvested and seeded into 6-well plates with 4.5x105 cells per well 

in 4 mls growth medium and infected with MG1-GFP at 0.1 MOI dose. Cells 

and supernatants were collected using a wide-tipped Pasteur pipette at 24, 48 

and 72 hrs. Lysates were generated by 3 cycles of freeze-thaw (10 mins dry 

ice, then in a water bath at 37oC and MG1 virus titre determined by plaque 

assay (see section 3.2.2).  

3.2.5  MTT assay in MG1-infected NSCLC cells 

MTT is a colorimetric test which relies on NAD(P)H-dependent oxidoreductase 

enzymes within viable cells to reduce a yellow tetrazolium salt (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT) to formazan. 

The insoluble formazan crystals are dissolved with dimethyl sulfoxide (DMSO) 

and the resulting purple coloured solution is quantified by measuring 

absorbance at 550nm using a multi-well spectrophotometer. 

Cells were seeded into 96-well plates with 1x104 cells per well in 200 µl growth 

media and infected the following day with various concentrations of MG1-GFP 

at 0, 0.0001, 0.001. 0.01 and 0.1 MOI. Cell viability was determined at 48 hrs. 

20µl of 12mM MTT was added for the final 4 hrs, then the medium was 

aspirated, and crystals dissolved in 200 µl DMSO before absorbance at 550 

nm was measured and normalised to DMSO-treated cells. 

MTT assays were also performed to assess cell viability after combination RT 

and MG1 therapy. In these experiments, the process was identical to the 

description above, except RT was administered (as described in section 3.3 

below) 24 hrs prior to MG1-GFP exposure and cell viability was assessed at 

72 hrs after RT. 
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3.2.6 IFN-beta protection against MG1 infection 

B16-F1 melanoma cells were seeded into 6-well plates with 4.5x105 cells per 

well in 4 mls growth medium. Exogenous recombinant murine IFN-beta (R&D 

systems catalogue ref: 8234-MB) was added at concentrations of 0 (control), 

20, 200 and 2000 pg/ml and incubated for 24 hours prior to MG1-GFP viral 

infection at 0.1 MOI. Cell viability was then assessed using MTT assay 

(described in section 3.2.5). 

3.3 External beam radiotherapy (EBRT) 

All irradiation was performed using an Orthovoltage X-ray source (320/250kV; 

serial no:20090606) (AGO X-Ray Ltd, Reading, UK) at 250kVp and at a dose 

rate of approximately 0.6 Gy/min, as measured directly by a UNIDOS©E 

Universal Dosimeter (PTW, Grantham, UK). Cells were irradiated in 6-, 24- or 

96-well plates (Nunc. Denmark) in single fractions up to 8 Gy. Eppendorf tubes 

containing MG1-GFP at 3x107pfu (plaque forming units)/ml were irradiated at 

0, 2, 4, 8, 16 and 32 Gy. 

3.4 Enzyme-linked immunosorbent assay (ELISA) 

HMGB1 was assessed using Tecan HMGB1 ELISA kit (catalogue ref: 

ST51011), while IFN-β was determined via mouse IFN-beta ELISA kit; R&D 

systems (catalogue ref: 42400-1). Samples were collected as described in 3.5 

and 3.11. For both ELISA assays, standard curves were prepared as follows: 

HMGB1 ELISA: 

Concentration (ng/ml) Dilution method Standard 

80 Add 100 µl of standard solution 

(320 ng/ml) to 300 µl of Diluent 

buffer and mix. 

7 

40 Add 100 µl of Standard 7 to 100 µl 

of Diluent buffer and mix. 

6 
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20 Add 100 µl of Standard 6 to 100 µl 

of Diluent buffer and mix. 

5 

10 Add 100 µl of Standard 5 to 100 µl 

of Diluent buffer and mix. 

4 

5 Add 100 µl of Standard 4 to 100 µl 

of Diluent buffer and mix. 

3 

2.5 Add 100 µl of Standard 3 to 100 µl 

of Diluent buffer and mix. 

2 

0 Diluent buffer only. 1 

 

IFN-beta ELISA: 

Concentration (pg/ml) Dilution method Standard 

500 Add 500 µl of standard 

solution (1000 pg/ml) to 

500 µl of Diluent buffer 

and mix. 

7 

250 Add 500 µl of Standard 

7 to 500 µl of Diluent 

buffer and mix. 

6 

125 Add 500 µl of Standard 

6 to 500 µl of Diluent 

buffer and mix. 

5 

62.5 Add 500 µl of Standard 

5 to 500 µl of Diluent 

buffer and mix. 

4 

31.3 Add 500 µl of Standard 

4 to 500 µl of Diluent 

buffer and mix. 

3 

15.6 Add 500 µl of Standard 

3 to 100 µl of Diluent 

buffer and mix. 

2 
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7.81 Add 500 µl of Standard 

2 to 100 µl of Diluent 

buffer and mix. 

1 

 

Test procedure for each ELISA assay were as follows: 

HMGB1 ELISA: 

1) 100 µl of Diluent buffer was added into respective wells of the microtiter 

plate. 

2) 10 µl of Diluent buffer was added into the blank-well of the microtiter 

plate. 

3) 10 µl of standard, positive control and of each cell sample was added 

into respective wells of the microtiter plate and the plate was shaken 

briefly for 30 seconds. 

4) The plate was covered with adhesive foil and incubated for 24 hours at 

37oC. 

5) The adhesive foil was removed and the incubation solution was 

discarded. The plate was washed 5 x with 400 µl diluted Wash buffer. 

Excess solution was removed by tapping the inverted plate on a paper 

towel. 

6) 100 µl of Enzyme conjugate was added into each well. 

7) The plate was covered with adhesive foil and incubated for 2 hours at 

25oC. 

8) The adhesive foil was removed and the incubation solution was 

discarded. The plate was washed 5 x with 400 µl of diluted Wash buffer. 

Excess solution was removed by tapping the inverted plate on a paper 

towel. 

9) 100 µl Colour solution was added into each well and incubated for 30 

minutes at room temperature (18-25oC). 

10) 100 µl of Stop solution was added into each well and briefly mixed by 

gently shaking the plate. 

11)  The plate was read on a SpectraMax 384 plate reader (Molecular 

Devices) at 450 nm wavelength. 
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IFN-beta ELISA: 

1) The 96-well microplate was coated with 100 µl per well of diluted 

Capture Antibody. The plate was sealed and incubated overnight at 

room temperature. 

2) Each well was aspirated and washed with 400 µl of Wash Buffer per 

well three times. Excess solution was removed by tapping the inverted 

plate on a paper towel. 

3) The plates were then blocked by adding 300 µl of Reagent Diluent to 

each well and incubated at room temperature for 1-2 hours. 

4) Step 2 aspiration/wash was repeated and the plates were then ready 

for sample addition. 

5) 100 µl of sample or standards were added per well. The plate was 

covered and incubated for 2 hours at room temperature. 

6) Step 2 aspiration/wash was repeated. 

7) 100 µl of Detection Antibody was added to each well. The plate was 

covered and incubated for 2 hours at room temperature. 

8) Step 2 aspiration/wash was repeated. 

9) 100 µl of Substrate Solution was added to each well and incubated for 

20 minutes at room temperature. 

10)  50 µl of Stop Solution was added to each well and briefly mixed by 

gently shaking the plate. 

11)  The plate was read on a SpectraMax 384 plate reader (Molecular 

Devices) at 450 nm wavelength. 

3.5 Immunogenic cell death assays 

For ATP release, cells were seeded into 6-well plates with 4.5x105 cells per 

well in 2 mls growth medium and incubated overnight. The following day, the 

medium was aspirated and replaced with 2 mls of fresh growth medium before 

adding various concentrations of MG1-GFP virus; 0, 0.0001, 0.001, 0.01, 0.1 

and 1 MOI. The supernatants were then collected with a wide-tipped Pasteur 

pipette at 24 and 48 hrs and centrifuged at 400g in a Heraeus Megafuge 2.0R 
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centrifuge for 4 mins to remove cell debris. 100 µl of each supernatant was 

distributed into a CorningTM 96-well solid white polystyrene microplate (Fisher 

scientific) and 25 µl of CellTiter-Glo® Luminescent assay (Promega) was then 

added to each well. After the plate was incubated for 10 mins at 37oC, the 

luminescent signal was read on a SpectraMax 384 plate reader (Molecular 

Devices). 

For HMGB1 secretion, cells were plated and treated in a similar fashion as 

described above for ATP release assay. Culture supernatants were collected 

after 24 and 48 hrs and secreted HMGB1 was quantified by ELISA (method 

described in 3.4). 

For cell surface calreticulin (CRT) expression, cells were plated in 12-well 

pates with 1x105 cells/well, incubated overnight and treated with different 

concentrations of MG1-FLUC; 0, 0.01, 0.1 and 1 MOI. After 48 hrs, cells were 

collected and stained with recombinant anti-CRT (Alexa Fluor 647; Abcam; 

catalogue re: ab196159) and fixable viability dye-eFluor 780 (Thermo Fisher 

Scientific; catalogue ref: 65-0865-15). CRT expression was then analysed with 

flow cytometry. Gating was performed using “fluorescence minus one” controls 

and an isotype control (recombinant rabbit IgG antibody; alexa fluor 647; 

Abcam; catalogue ref: ab199093) was used. 

3.6 Western blotting 

3.6.1  Buffers 

2x Loading buffer 100 mM Tris HCl pH 6-8. 4% (w/v) SDS; 0.2% (w/v) 

bromophenol blue; 20% (v/v) glycerol; 200 mM 

dithiothreitol (DTT) in ddH20 

Running buffer 25 mM Tris base; 250 mM glycine; 0.1% (w/v) SDS in 

ddH20 

3.6.2  Method 

For western blotting, lysates were obtained directly on the culture surface with 

RIPA buffer (Thermo Fisher) containing protease (Complete, Roche) and 
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phosphatase inhibitors (phophoSTOP, Roche) and subjected to protein 

quantification (BCA; Thermo Scientific) prior to western blotting. Samples were 

mixed with an equal volume of 2x loading buffer and heated at 95oC for 5 mins. 

30 µl of each sample and 2 µl of Odyssey® Protein Molecular Weight Marker 

(LI-COR® Biosciences), to verify protein size, was loaded on to 10% 

CriterionTM TGXTM Precast Midi Protein Gel (Bio-Rad; catalogue ref: 5671034). 

Gels were run in Bio-Rad Mini Trans-Blot® cell containing running buffer at 

100 V/gel for approximately 90 mins until the loading dye had run to the bottom 

of the gel. The gels were then removed from the cassettes and briefly washed 

with running buffer. Protein transfer was completed in a Trans-Blot Turbo 

Transfer System (Bio-Rad) and transferred to Trans-Blot Turbo Midi 0.2 µm 

nitrocellulose transfer membranes. These membranes were then briefly 

washed in PBS and then blocked in a 1:1 mixture of Odyssey blocking buffer 

(LI-COR® Biosciences) and TBST (0.05% Tween 20 in tris buffered saline) for 

1 hr. Primary antibodies were added in a 1:1 mixture of blocking buffer and 

TBST and incubated for 24 hrs (Table 3). Primary antibodies were removed 

by 4 washes of 15 mins TBST. Secondary antibodies were added in blocking 

buffer and TBST as above and incubated for 1 hr at room temperature (Table 

3). Secondary antibodies were removed by 4 washes of 15 mins in TBST. 

Nitrocellulose membranes were read on a LI-COR® Odyssey infrared imager 

and analysed using LI-COR Image Studio software.  
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Table 3: Antibodies used in western blotting 

Antibod
y 

Primary/Seconda
ry 

Specie
s of 
origin 

Dilutio
n 

Supplier Catalogu
e ref 

RIG-I 
(D14G6) 

Primary Rabbit 1:1000 Cell 
signallin
g 

#3743 

pTBK1 
(ser172) 

Primary Rabbit 1:1000 Cell 
signallin
g 

#5483 

pIRF3 
(Ser396) 

Primary Rabbit 1:1000 Cell 
signallin
g 

#3743 

BRCA1 Primary Mouse 1ug/ml RnD 
Systems 

MAB2210
1 

Tubulin Primary Mouse 1:1000 Sigma T5168 

GAPDH Primary Rabbit 1:1000 Cell 
signallin
g 

#2118 

Goat 
anti- 
mouse 
IgG, 
Alexa 
Fluor 
680 

Secondary Goat 1:1000
0 

Invitroge
n 

A-21058 

IRDye® 
800CW 
Goat 
anti- 
Rabbit 
IgG 

Secondary Goat 1:1000
0 

LI-COR 926-
32211 
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3.7 Polymerase chain reaction 

RNA was isolated from cells using the RNeasy mini kit (Qiagen; catalogue ref: 

74106) and then converted into cDNA using Biolabs ProtoScript® II reverse 

transcriptase (catalogue ref: M0368L), the procedures were as follows: 

RNA extraction: 

1. Cells were seeded in 6-well plates at 4.5x105 cells per well. The 

medium was discarded and the cells were washed with PBS before 

adding 2mls of 0.25% trypsin to detach cells. Medium was added to 

inactivate the trypsin and the cells were isolated after centrifuging at 

1400 rpm for 5 minutes. 

2. 350 µl of Buffer RLT solution was added to the cell pellet and mixed 

using a pipet. 

3. The lysate was passed at least 5 times through a blunt 20-gauge needle 

fitted to an RNAse-free syringe. 

4. 1 volume of 70% ethanol was added to the homogenised lysate and 

mixed well by pipetting. 

5. 700 µl of the samples were added into an RNeasy spin column and 

placed in a 2 ml collection tube. The lid was closed gently and 

centrifuged for 15 seconds at >10,000 rpm. The flow-through was 

discarded. 

6. 700 µl of Buffer RW1 was added to the RNeasy spin column and the lid 

was closed gently, again centrifuged for 15 seconds at >10,000 rpm. 

The flow-through was discarded. 

7. 500 µl Buffer RPE was added to the RNeasy spin column. The lid was 

closed gently and centrifuged for 15 seconds at >10,000 rpm. The flow-

through was discarded. The flow-through was discarded. 

8. Step 7 repeated. 

9. The RNeasy spin column was placed in a new 1.5ml collection tube and 

50 µl RNAse-free water was directly added to the spin column 

membrane. The lid was closed gently and centrifuged for 1 minute at 

>10,000 rpm to elute the RNA. 
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10.  The concentration of RNA was determined by measuring the 

absorbance at 260 nm using the NanoDrop. 

cDNA conversion: 

1. 1-6 µl (up to 1 µg) of total RNA was mixed with 2 µl of d(t)23VN and 

nuclease-free water to a total volume of 8 µl. 

2. The sample was heated at 65oC for 5 minutes, spun briefly and put 

promptly on ice. 

3. 10 µl of ProtoScript II Reaction mix (2X) and 2 µl of ProtoScript II 

Enzyme Mix (10X) was added to the samples. 

4. The 20 µl of cDNA synthesis reaction was incubated at 42oC for one 

hour. 

5. The enzyme was inactivated at 80oC for 5 minutes. 

cDNA concentration was determined by NanoDrop and each sample was 

diluted to a concentration of 100 ng with nucleotide-free water to a volume of 

30 µl. Primers used for human BRCA1 was 5’-GCGTCCCCTCACAAATAAAT-

3’ (forward) and 5’-CTTGACCATTCTGCTCCGTT-3’ and mouse BRCA1 was 

5’-AGGGCCATGATTGTCAGTTC-3’ (forward) and 5’-

GATGGAAGCTCCTTCACCAC-3’ (reverse). PCR was performed using 

MyTaqTM Mix (Bioline; catalogue ref: BIO-25041) according to manufacturer’s 

instructions and the resulting PCR product was ran on a 2% agarose gel.  

3.8 Flow cytometry- fluorescence activated cell 

sorting (FACS) 

Viability dye: eBioscience fixable viability dye eFluor 780 (catalogue ref: 65-

0865-14). Antibodies: conjugated antibodies were obtained from BioLegend 

(san Diego, USA) unless otherwise stated. All FACs acquisition and analysis 

was carried out using LSR II flow cytometer and FlowJo Software (BD 

Biosciences, Oxford, UK and Ashland, USA respectively). Photomultiplier tube 

voltages were set using fully stained samples and compensation was 

performed using single-stained UltraComp eBeads (eBioscience). Gating was 
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performed using “fluorescence minus one” controls and a limited number of 

isotype controls were used (Table 4). 

3.8.1  Immunophenotyping in 3LL tumours 

Tumours were harvested and kept on ice, then blotted dry and weighed before 

mechanical dissociation with scissors and enzymatic digestion for 30 mins at 

37oC with (per sample) 40 µl 0.25% trypsin, 20 µl collagenase (Sigma C1639 

25mg/ml in PBS), 2 µl dispase (200 mg/ml) and 10 µl DNAse (20 mg/ml), 

before passing through a 70 µm cell strainer and rinsing with RPMI 

supplemented with 10% FCS and 5mM EDTA. Samples were resuspended in 

PBS with 5% FCS, blocked with anti-CD16/32 antibody (Biolegend 101319) 

for 10 mins on ice then stained immediately on ice in a staining volume of 40 

µl, diluting antibodies at the dilutions given in Table 4 in PBS with 5% FCS for 

30 mins before washing twice. For intracellular epitopes, samples were fixed 

and permeabilized after staining for extracellular epitopes, using the 

FoxP3/Transcription factor fixation/permeabilization kit (eBioscience 00-5521-

00, Thermo Fisher, Waltham, USA) in accordance with the manufacturer 

protocol; subsequent staining was performed using the permeabilization buffer 

from this kit. After fixation, samples were washed twice and fixed using 1% 

formaldehyde in PBS before acquisition on a BD LSRII flow cytometer. The 

sample was divided equally into staining panels and each sample was 

acquired entirely. Counts were normalised to tumour weight and corrected for 

the number of panels into which the sample was divided. 

Harvested spleens were crushed through a 70 µm cell strainers using the 

stoppers from a 2.5 ml syringes into 50 ml falcon tubes containing 5 mls of 

RPMI medium. After centrifugation at 400g for 5 mins, the medium was 

discarded, and the cell pellet resuspended in 5 mls of ACK lysing buffer 

(Thermo Fisher; catalogue ref: A1049201) for 2 mins. 15 mls RPMI medium 

was then added to the falcon tubes, before filtering through a second 70 µm 

cell strainer. After centrifuging at 400g for 5 mins, the cell pellet was 

resuspended in 1 ml of FACs buffer and stained/fixed in a similar process as 

described above prior to acquisition. 
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Table 4: Antibodies used in flow cytometry for immunophenotyping 

Target Clone Conjugate Cat. Number Dilution 

CD4 RM4.4 V500 560783 (BD 
bioscience) 

1:300 

CD8 53-6.7 Pe-Cy7 100722 1:300 

CD8 RPA-T8 PE-CF594 562282 (BD 
bioscience) 

1:300 

CD3 17A2 PerCp Cy5.5 100218 1:100 

CD3 17A2 BV650 100229 1:100 

CD45 30-F11 AF700 103128 1:300 

CD25 PC62 BV650 102037 1:100 

NK1.1 PK136 PE-Dazzle 
594 

108748 1:100 

NK1.1 PK136 BV421 108731 1:100 

CD69 H1.2F3 FITC 104506 1:100 

FoxP3 FJK-16s eFluor 450 48-5773-82 
(Invitrogen) 

1:100 

Ki67 16A8 PE 652404  1:100 

Grzmb GB11 AF647 515406 1:100 

CTLA4 UC10-489 PE 106306 1:100 

PD1 29F.1A12 Pe-Cy7 135216 1:100 

TIGIT A15153G PerCp Cy5.5 372718 1:100 

LAG3 C9B7W BB515 564672 (BD 
Bioscience) 

1:100 

TIM3 B8 2C12 APC 134008 1:100 

Hamster IgG HTK888 PE 400907 As antibody 
of interest 

Rat IgG2a κ RTK2758 PE 400507 As antibody 
of interest 

Rat IgG2a κ RTK2758 PE-Cy7 400521 As antibody 
of interest 

Rat IgG2a κ eBR2a Pacific Blue 48-4321-80 
(Invitrogen) 

As antibody 
of interest 

Rat IgG2a κ MOPC-21 APC 400135  

Biotin Rat 
anti-mouse 
CD16/CD32 

2.4G2 FITC 553143 (BD 
biosciences) 

1:100 
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3.8.2  PD-L1 in 3LL cells 

Cells were seeded in 12-well plates with 1x105 cells/well and incubated 

overnight at 37oC. The following day, the cells were treated with either PBS or 

0.1 MOI of MG1-FLUC. The cells were harvested 24 hrs later with trypsin and 

then washed twice with PBS prior to centrifugation at 400g for 5 mins to obtain 

a cell pellet. The cells were stained with fixable viability dye eFluor 780 

(eBioscience; catalogue ref: 65-0865-14) at a dilution of 1:10000 and PE anti-

mouse PD-L1 antibody (Biolegend; catalogue ref: 1243307) at a dilution of 

1:100, all in FACs buffer for 30 mins. After washing twice with PBS, the cells 

were fixed with 1% PFA for 20 mins before acquisition. 

3.8.3  CD107 degranulation assay 

NK cell degranulation was determined by cell surface expression of CD107. 

PBMC were isolated as described in 3.1.2. PBMC were counted and seeded 

at 1x108 cells per T25 flask in RPMI growth medium and either treated with 

PBS or 0.1 MOI MG1-GFP. After 24 hrs incubation at 37oC, the PBMCs were 

again incubated alone or against irradiated (8Gy) and non-irradiated target 

NSCLC cells at a 5:1 (PBMC:target cells) ratio in FACs tubes containing 400 

µl of RPMI growth medium at 37oC. After 1 hr, antibodies against CD3, CD56, 

CD107a and CD107b (see table 5) were added to each tube along with 10 

µg/ml Brefeldin A (Biolegend; catalogue ref: 420601). Cells were then 

incubated for a further 4 hrs at 37oC, washed with 4 mls FACs buffer, fixed in 

200 µl 1% PFA and stored at 4oC prior to acquisition.  
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Table 5: Antibodies used in flow cytometry for immunophenotyping 

Target Clone Conjugate Cat. 
Number 

Dilution 

CD3 UCHT1 FITC 300406 1:100 

CD56 MEM-188 APC 304610 1:100 

CD107a H4A3 PE 328608 1:100 

CD107b H4B4 PE 354304 1:100 
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3.9 siRNA knockdown of BRCA1 

H1299 cells were cultured and trypsinised to be resuspended at a 

concentration of 200,000 cells per ml of antibiotic free media. 2mls of cell 

suspension was transfected with a 1:1 (v:v i.e. 250ul:250ul) mixture of 20 µM 

siGENOME human BRCA1 siRNA Smartpool (Horizon inspired cell solutions; 

catalogue ref: M-003461-02-0010) and lipofectamine RNAiMax reagent 

(Thermo Fisher; catalogue ref: 13778100), both diluted in Opti-MEM medium 

(Thermo Fisher; catalogue ref: 31985062). After a minimum of 4 hrs, the 

medium was aspirated and replaced with fresh RPMI growth medium. Cells 

were harvested 72 hrs after transfection to be assessed for BRCA1 

knockdown via western blot. 

3.10  In vivo experiments 

3LL (Lewis lung carcinoma) cells were obtained from Julian Downward, 

Francis Crick Institute, London, UK. 5x105 cells were injected subcutaneously 

in the right flank of c57bl/6 mice that were 5-6 weeks old (Charles River, UK); 

treatments were started 10-11 days later, generally tumours were 50-100 mm3 

at this point. For systemic treatments, a total volume of 100 µl was injected via 

tail vein with a 27-gauge needle. In contrast, a total volume of 50 µl was used 

for intratumoural administration via insulin needles with a 28-gauge diameter. 

Tumours were measured twice weekly and tumour volume were calculated 

using the formula: length x width x height (mm) x 0.5236. Two-way analysis of 

variance (ANOVA) on area under curve (AUC) was performed using Prism 

Software (GraphPad) to compare tumour growth curves. For survival 

experiments, tumours were allowed to reach 15 mm in any dimension and then 

sacrificed. The Kaplan-Meier survival curves were compared using log-rank 

(Mantel-Cox) test using Prism Software (GraphPad). 

3.10.1 Radiation in C57bl/6 mice 

5-6-week-old female C57bl/6 mice were obtained from Charles River (UK). 

5x105 3LL cells were implanted on the right flank subcutaneously as described 
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above. Once the tumours reached 50-100 mm volume, animals were irradiated 

under light anaesthetic using 120 µl of a 1:1:10 solution of hypnorm (Janssen 

Pharmaceutical Ltd), hypnovel (Roche) and sterile water, via intraperitoneal 

(IP) injection. The resulting mixture contains 0.315 mg of fentanyl citrate, 10 

mg fluanisone, 1.8 mg methyl paradroxybenzoate, 0.2 mg proxyl 

paradroxybenzoate and 5 mg midazolam. Animals were then positioned with 

tumours exposed under an aperture in 3 mm lead shielding and irradiated to 

required doses for each experiment. Treatments, measurements and 

endpoints were as above. 

3.10.2 Detection of NAbs 

Tumour-naïve C57bl/6 mice were systemically administered with MG1-FLUC 

at a dose of 1x106 pfu. Mice were sacrificed and blood were harvested via 

intra-cardiac puncture at 48 hrs, 72 hrs, 7 and 14 days. Whole blood was 

placed into 1.5ml plasma collection tubes (Thermo Fisher) and spun at 2000g 

in a Heraeus Megafuge 2.0R centrifuge to separate the plasma which was 

then transferred to sterile Eppendorf tubes and heated at 56o for 30 mins to 

inactivate complement proteins. 0.1 MOI of MG1-FLUC was then added to 

each plasma sample and incubated at 37oC for 4 hrs. The presence of 

replication active MG1 within each plasma/MG1-FLUC mix was then assessed 

via plaque assay (section 3.2.2).  

Mice harbouring subcutaneous 3LL tumours were also systemically injected 

initially with either PBS or 1x106 pfu of MG1-GFP virus. 5 days later all mice 

were challenged intravenously with 1x106 pfu MG1-FLUC and the tumours and 

organs were harvested for IVIS imaging 48 hrs later. 

3.10.3 MG1 and anti-PD1 therapy 

5-6-week-old female c57bl/6 mice were subcutaneously implanted with 5x105 

3LL cells on the right flank. Treatment commenced on day 11 when the 

tumours were between 50-100 mm3 in volume. 6 mice per group was treated 

with either IT PBS+IP isotype (InVivoMab mouse IgG2b isotype control, clone 

MPC-11; 2bscientific; catalogue ref: BE0056), IT MG1 FLUC (1x107pfu)+IP 

Isotype, IP anti-PD1 (InVivoMab rat anti-mouse PD-1 (CD279), clone- RMP1-
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14 monoclonal antibody, IgG2a κ; 2bscientific; catalogue ref: BE0146) or IT 

MG1-FLUC+IP anti-PD1. Isotype control and anti-PD1 therapy was 

administered three times a week (alternate days apart) until mice were 

sacrificed. Measurements and endpoints were as above. 

3.10.4 MG1-shBRCA1 and Radiotherapy 

To construct and rescue the amiRNA-expressing MG1 viruses, plasmids 

containing the siBRCA sequence (5’-CACAAAGTGTGACCACATA-3’) (182)) 

and non-targeting control (NTC; sequence targeting the Firefly luciferase 

mRNA 5’- GTTGGCCACCGAAGCAGCGCAC-3’) encoded in the pre-miR30 

based short hairpin cassette flanked by MLU1 restriction sites were purchased 

from GenScript. Plasmids were digested by MLU1 and amiRNA inserts were 

ligated with MG-1 shuttle vector (MG-1 SV) using T4 ligase enzyme. Positive 

colonies were selected by PCR screening and verified by sequencing. MG-1 

SV containing the amiRNA sequences were then PCR amplified using specific 

primers (Forward 5’-AAC ACT CTT GAT CGA GGT ACC CAG TTA TAT TTG 

TTA-3’ and Reverse 5’- TGA TTG TCA CCT TGA GCT AGC ACT TTC ACG 

GCG GTG-3’). PCR products were then used in an in-fusion reaction along 

with MG1 backbone plasmid. Viruses were rescued using an infection-

transfection method as previously described (section 3.2.1).  

Mice harbouring 3LL tumours (as described above) were treated on day 11, 

when tumour volume was between 50-100mm3, with IT MG1-shBRCA1 (dose 

1x107pfu) or IT MG1-NTC (non-targeting control). On day 14, the mice then 

received 8 Gy RT (as described in section 3.10.1). Measurements and 

endpoints were as described above. 

3.11  Ex vivo tumour processing 

3LL cells were implanted subcutaneously into c57bl/6 mice and received 

planned treatments within each experiment. At the desired time points, the 

mice were sacrificed, and the tumours were harvested. The whole tumours 

were homogenised in lysis buffer (cOmpleteTM Protease inhibitor cocktail 

(Merck; catalogue ref: 11697498001) in PBS) using Precelly’s 24 homogeniser 
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(Bertin Technologies). The resulting supernatant was then assessed with 

plaque assay to determine MG1 viral titre and also tested for IFN-β via ELISA. 

3.12  Statistics 

P values were calculated using a paired Student’s T test with two-tailed 

distribution. When comparing untreated vs. treated controls. When comparing 

3 or more groups, a one-way ANOVA was performed, comparing all groups to 

each other and corrected for multiple comparison using Dunnett’s or Sidak’s 

test.  If comparing 3 or more groups and there is more than one variable to 

consider (e.g., different RT doses), a two-way ANOVA was performed, 

comparing all groups to each other and again correcting for multiple 

comparison using Tukey’s or Sidak’s test. Statistical analysis of survival in the 

in vivo experiments were performed using a Log rank (Mantel Cox) test. 

Statistical significance was determined as follows: ns p>0.1234, *p<0.0332, 

**p<0.0021, ***p<0.0002 and ****p<0.0001. All statistical analysis was performed 

using Prism Software (GraphPad).
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4. Chapter 4: Investigating the in 
vitro and in vivo cytotoxic effects 
of Maraba virus in lung cancer 
models 

4.1 Introduction 

OVs selectively infects and self-replicates within tumour cells, eventually 

destroying them through lysis. By hijacking the cell’s protein synthesis, the 

virus prevents the cell from producing host products and diverts resources to 

produce viral ones. After the infected host cells lyse, they release many viral 

progenies that have the ability of infecting other cells. This chapter aims to 

investigate the direct cytotoxic effects of oncolytic MG1-maraba virus using 

murine and human NSCLC malignant cell lines. The ability of MG1 virus to 

reach the tumour, and replicate within it, after systemic delivery is also 

explored in 3LL (NSCLC) murine model.  

MG1-maraba virus has been shown to exhibit potent cytotoxicity across many 

different murine and human cancer cell lines. Two previous studies by Brun et 

al. (131) and Mahoney et al. (136) have examined MG1-oncolysis in lung 

cancer cell lines, confirming five human lung malignant cells lines (A549, 

HOP62, HOP92, NCI-H226 and NCI-H23) are susceptible to MG1-cytotoxicity, 

whereas the virulence was attenuated in human GM38 primary fibroblasts. 

Previous studies also showed that systemic delivery of MG1 was able to reach 

the tumour bed and replicate within subcutaneous CT26 colorectal and TC1 

lung tumours by utilising MG1 strains expressing GFP or firefly luciferase (131, 

183). Expanding on this work, our aim was to investigate MG1 oncolysis in a 

wider panel of human and murine NSCLC cell lines, as well as exploring 

whether MG1 virus was able to reach and replicate within a syngeneic 3LL 

murine lung cancer model after both intratumoural and systemic delivery. 

Intravenous virotherapy is not only important because of the ability to deliver 

treatment to tumours or metastases that are inaccessible via intratumoural 

injections, but also systemic virus delivery has the potential to enhance the 
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generation of a wider anti-tumour immune responses compared to its 

intratumoural counterpart. Therefore, the potential of MG1 reaching malignant 

sites via intravenous delivery would be of major benefit and warrants 

exploration. The ability of MG1 virus to be tumour selective is important to 

avoid unnecessary toxicity from normal tissue damage and therefore we set 

out to examine tumour tropism in vivo after systemic delivery of MG1, which 

has not been previously explored. One of the barriers to systemic delivery of 

OVs is the production of NAbs which can prevent viruses reaching their 

malignant target, however whether NAbs are produced after MG1 challenge 

in vivo remains unknown. Therefore, in this chapter we also explore whether 

NAbs are produced after systemic delivery of MG1 in our immunocompetent 

NSCLC murine model, which again has not been previously investigated. 

4.2 Susceptibility of NSCLC cell lines to MG1 infection 

4.2.1  MG1-GFP infection 

As previous mentioned in section 2.3.1 Maraba virus binds LDLR and has the 

capacity to infect a broad range of cancer cells (131, 184). To enhance tumour 

specificity, two specific point mutations were introduced: L123W and Q242R 

in M and G proteins respectively which enhances replication efficacy in cancer 

cells (131). To date there are only five human lung cancer cell lines in the 

literature that have been reported to be susceptible to MG1 oncolysis (184). 

Therefore, to build on this knowledge and determine whether MG1-GFP was 

able to infect a further panel of human (H1299, H1573, H1792, H1975 and 

H1437) and murine NSCLC cell lines (3LL), as well as normal human foreskin 

fibroblast (HFF), fluoresce microscopy imaging was performed at 24 and 48 

hrs after GFP-expressing virus infection at concentration doses of 0.01, 0.1 

and 1 MOI. Figure 5 A-F are representative brightfield and GFP images of 

NSCLC cells lines exposed to either PBS or 0.1 MOI MG1-GFP after 48 hrs 

from virus exposure. All NSCLC cell lines tested were found to be sensitive to 

MG1-GFP infection as evidenced by GFP expression after virus exposure. 

MG1 was found to be tumour tropic as GFP expression was not detected in 
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primary HFF, even at the highest concentration tested of 1 MOI after 48 hrs 

(Figure 5G).  

 

To quantify differences in the susceptibility of infection across the cell lines, 

flow cytometry analysis was performed. All cell lines were exposed to either 

PBS or MG1-GFP at concentrations of 0.01, 0.1 and 1 MOI for 24 and 48 hrs 

at which point cells were harvested and stained with a viability dye to 

distinguish between viable and dead cells. Figure 6A. shows a two-colour 

fluorescence dot plot of H1299 cells, 24hrs after 1 MOI MG1-GFP infection, 

demonstrating viability stain versus GFP expression as an example of how 

each cell line was gated for analysis. Figure 6B shows the mean percentage 

of GFP expression from viable cells from two independent experiments plotted 

for all NSCLC cell lines after indicated concentrations of MG1-GFP exposure 

at 24 and 48 hr time points. Once more, all NSCLC cell lines were shown to 

be vulnerable to MG1-GFP infection, while HFF remains unaffected. Figure 

6C shows a two-colour fluorescence dot plot of HFF cells, 24hrs after 1 MOI 

MG1-GFP infection confirming tumour tropism. There was generally a dose-

dependent increase in GFP expression across all human lung cancer cell 

lines, but not with 3LL murine cell line; GFP expression was highest with 0.01 

MOI infection compared to 0.1 or 1 MOI (mean % GFP expression was 76.8%, 

vs. 68.2% and 42% respectively). This correlates with the later finding that 

3LLs were the most sensitive cell line to MG1-cytotoxicity (shown in Figure 

8F), with 3LL cell viability being affected even at low concentrations of MG1-

GFP (i.e., 0.0001 MOI), hence at the higher viral concentrations of 0.1 and 1 

MOI, the number of live cells susceptible to infection, and leading to GFP 

expression, in 3LLs would have been reduced. With the same rationale, % 

GFP expression was greatest after 24 hrs and reduced after 48 hrs in all cell 

lines. The susceptibility to MG1-infection across the human NSCLC cell lines 

varied, with H1437 being most sensitive, followed by H1975, H1299, H1573 

and then H1792 (highest % GFP expression reached at 24 hr post-infection 

was 58.8% in H1437 vs. 58.6%, 49.9%, 45.6% and 31.9% or the other cell 

lines, respectively). 3LL murine cell line was more sensitive than the human 

NSCLC cell lines to MG1-GFP infection, with 76.8% GFP expression at 0.01 

MOI at the 24hr timepoint. 
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From both the fluorescence microscopy and flow cytometry analysis, it can be 

seen that all five human- (H1299, H1573, H1792, H1975 and H1437) and 3LL 

murine-lung cancer cell lines used in this study were sensitive to MG1 infection 

and the virus demonstrated tumour selectivity in vitro. These results are 

consistent to what has been demonstrated in previous MG1 studies as 

discussed earlier (131, 184). 



86 
 

(A)                                                             (B) 

           
PBS 

          
0.1MOI 

     H1299     H1573 

(C)                                                              (D) 

             
PBS 

           
0.1 MOI 

     H1792      H1975   

 

 

 

 

 

 

 

 



87 
 

(E)                                                              (F) 
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Figure 5:  Human and murine NSCLC cell lines are susceptible to MG1-
GFP infection, but primary HFF is uninfected.  

Fluorescence microscopy was performed using EVOS cell imaging systems after cell 

lines were exposed to either PBS or MG1-GFP at 48hrs (A)-(F) GFP expression 

detected after 0.1 MOI MG1-GFP in all human and murine NSCLC cell lines. (G) 

There was no evident GFP expression in HFF even after 48 hrs of infection at 1 MOI 

MG1-GFP. 
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(A) H1299- 24hrs post-infection with 1MOI MG1-GFP        
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(C) HFF- 24hrs post-infection with 1MOI MG1-GFP 

  

Figure 6: Degree of susceptibility of MG1-GFP infection is different in each cell line. 

Tumour tropism is again observed as primary HFF is uninfected. Flow cytometry analysis of all cell lines infected with PBS or MG1-GFP. (A) 

Representative fluorescence dot plots, with gating strategy, showing viability dye (APC-Cy 7) and GFP expression (FITC) on H1299 cells, 24 hrs 

after 1 MOI MG1-GFP infection; quadrants with percentage of total cells that are GFP+/-ve live and GFP+/-ve dead shown. All other cell lines 

had similar light scatter and fluorescence dot plots created (data not shown) (B) Bar charts showing percentage of total GFP+ve live cells within 

whole population within each respective cell line after 24 or 48 hrs exposure to MG1-GFP at concentrations of 0, 0.01, 0.1 and 1.0 MOI. Graphs 

show the mean +SD of two independent experiments. (C) Representative fluorescence dot plots, with gating strategy, showing viability dye (APC-

Cy 7) and GFP expression (FITC) on HFF cells, 24 hrs after 1MOI MG1-GFP infection; quadrants with percentage of total cells that are GFP+/-

ve live and GFP+/-ve dead shown. 
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4.2.2  MG1 replication 

Having established that NSCLC cell lines were indeed susceptible to MG1 

infection, the ability of MG1 to replicate within the cells was investigated. 

H1299, H1437 and H1573 cell lines were chosen to be infected with 0.1 MOI 

MG1-GFP. Cells and supernatant were harvested at 24, 48 and 72 hrs post 

infection and lysates were generated by freeze-thaw cycles, thus releasing 

MG1-GFP from the cells. Viral titre was determined using vero cells which are 

highly susceptible to MG1 infection. Viral titre was calculated for each time 

point and fold increase was determined from input MG1-GFP titre.  Figure 7A-

C shows replication of MG1-GFP in the three NSCLC cell lines tested; the 

mean of three independent experiments is plotted.  All NSCLC cell lines show 

time-dependent replication of MG1-GFP. In contrast to MG1-infection where 

H1437 was the most sensitive, followed by H1299 and then H1573 (shown in 

the previous section), H1299 generated the greatest level of MG1-GFP 

replication across all time points (160, 3000 and 22000 mean fold increase at 

24, 48 and 72 hrs respectively) compared to H1437 (0.15, 63.3 and 4133.3 

mean fold increase) and H1573 (13.3, 110 and 95.33 mean fold increase). 

Interestingly, H1437 required longer than 24hrs before producing viral progeny 

(even if the cells were highly infected by this timepoint as shown in Figure 6), 

however once replication started it produced 4133.3 mean fold increase by 72 

hrs which was more than in H1573 (95.33 mean fold increase) at the same 

time point. 
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Figure 7: NSCLC cell lines are permissive to MG1-GFP replication.  

NSCLC cell lines were infected with MG1-GFP at 0.1 MOI for 24, 48 and 72 hrs. Cells 

and supernatants were harvested, and lysates prepared by three cycles of freeze-

thaw. MG1-GFP concentration was subsequently determined by plaque assay using 

vero cells and fold increase was calculated from initial input MG1-GFP virus in A) 

H1299 cells, B) H1437 cells and C) H1573 cells. Graphs show the mean +SD of three 

independent experiments. 
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4.2.3  MG1-induced cytotoxicity 

After establishing that MG1-GFP was able to infect and replicate within 

NSCLC cell lines tested in this study, their susceptibility to MG1-induced cell 

death was investigated. Lung cancer cells and primary HFF were treated with 

PBS or MG1-GFP at MOIs ranging from 0.0001 to 0.1 and cell viability was 

assessed via MTT assay after 48 hrs incubation. The mean percentage of 

viable cells from three independent experiments is shown in Figure 8A-G and 

demonstrates that MG1-GFP had a cytotoxic effect on all lung cancer cell lines 

tested in a dose-dependent fashion. Furthermore, the virus is again shown to 

be tumour tropic as there was no detrimental effect on primary HFF even at 

the highest dose of MG1-GFP (0.1 MOI) tested. H1975 cell line appeared to 

be the most resistant to MG1-induced cell toxicity with only 39.6% cells death 

after 0.1 MOI MG1-GFP infection, followed by H1437, H1573, H1299, H1792 

and 3LL, with 49.3%, 56.5%, 72%, 76.6% and 88.6% cell death respectively, 

at the same dose of virus tested. This seems to be in contrast to previous data 

shown where H1975 and H1437 cell lines were the most sensitive to MG1-

infection, whereas H1792 and H1573 were the most resistant (as shown in 

section 4.2.1). This raises the possibility that with H1792 and H1573 cell lines, 

there could be an element of bystander cytotoxicity where the death of one 

cell propagates to other cells even if they are uninfected (as previously 

described with HSV (185, 186)). 3LL cells were the most sensitive to MG1-

induced oncolysis, as demonstrated in Figure 8F, with significant reduction in 

viable cells (31%, p=0.01) even at a low concentration of MG1-GFP 

(0.0001MOI) after 48 hrs exposure to the virus. This death correlates with 3LLs 

being the most sensitive cell line to MG1 infection as described in section 

4.2.1.2. 



95 
 

(A)                                                                     (B) 

N
o v

ir
us

0.
00

01
M

O
I

0.
00

1M
O

I

0.
01

M
O

I

0.
1M

O
I

0.0

0.5

1.0

1.5

MG1-GFP on H1299 cells at 48hrs

MG1-GFP (MOI)

C
e
ll
 V

ia
b

il
it

y

ns

****

****
****

N
o v

ir
us

0.
00

01
M

O
I

0.
00

1M
O

I

0.
01

M
O

I

0.
1M

O
I

0.0

0.5

1.0

1.5

MG1-GFP on H1573 cells at 48hrs

MG1-GFP (MOI)

C
e
ll
 V

ia
b

il
it

y

ns

**

****
****

 

(C)                                                                     (D) 

N
o v

ir
us

0.
00

01
M

O
I

0.
00

1M
O

I

0.
01

M
O

I

0.
1M

O
I

0.0

0.5

1.0

1.5

MG1-GFP on H1437 cells at 48hrs

MG1-GFP (MOI)

C
e
ll
 V

ia
b

il
it

y

ns ns

****

****

N
o v

ir
us

0.
00

01
M

O
I

0.
00

1M
O

I

0.
01

M
O

I

0.
1M

O
I

0.0

0.5

1.0

1.5

MG1-GFP on H1975 cells at 48hrs

MG1-GFP (MOI)

C
e
ll
 V

ia
b

il
it

y

ns
ns

**

****

 

(E)                                                                     (F) 

N
o v

ir
us

0.
00

01
M

O
I

0.
00

1M
O

I

0.
01

M
O

I

0.
1M

O
I

0.0

0.5

1.0

1.5

MG1-GFP on H1792 cells at 48hrs

MG1-GFP (MOI)

C
e
ll
 V

ia
b

il
it

y

ns

****

**** ****

N
o v

ir
us

0.
00

01
M

O
I

0.
00

1M
O

I

0.
01

M
O

I

0.
1M

O
I

0.0

0.5

1.0

1.5

MG1-GFP on 3LL cells at 48hrs

MG1-GFP (MOI)

C
e
ll
 V

ia
b

il
it

y *

****

**** ****

 

 



96 
 

(G)                                                                      

N
o

 v
ir

u
s

0
.0

0
0
1
M

O
I

0
.0

0
1
M

O
I

0
.0

1
M

O
I

0
.1

M
O

I

0 .0

0 .5

1 .0

1 .5

M G 1 - G F P  o n  H F F  c e l ls  a t  4 8 h r s

M G 1 -G F P  (M O I)

C
e

ll
 V

ia
b

il
it

y

ns ns
ns

ns

 

 

Figure 8:  NSCLC cells lines are susceptible to MG1-induced death, but 
primary HFF is spared.  

NSCLC cell lines were infected with MG1-GFP at concentrations of 0, 0.001, 0.001, 

0.01 and 0.1 MOI for 48 hrs. MTT assay was used to determine cell viability. Graphs 

show the mean +SD of three independent experiments (*p<0.033, **P<0.0021, 

***p<0.0002 and ****p<0.0001; MG1-GFP treated vs. uninfected control; Ordinary 

one-way ANOVA statistical analysis corrected for multi-comparison using Dunnett 

test). Dose dependent cytotoxicity was demonstrated in all lung cancer cell lines (A-

F) with MG1-GFP infection. Cell viability was not affected in HFF (G) with MG1-GFP 

infection indicating MG1 is tumour tropic. 
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4.2.4  MG1-induced cytotoxicity prevented by IFN-beta 

A common mechanism for tumour tropism for many OVs, in particular viruses 

from the rhabdovirus family, is mediated by the exquisite sensitivity of the virus 

to type I IFN and the parallel loss of IFN responsiveness within tumour cells 

(as described in section 2.2.1.2). Pol et al. reported that MG1’s onco-selective 

properties was also Type I IFN-dependent (184). 

To ascertain whether IFN-beta was protective against MG1 infection, B16-F1 

cells were pre-exposed to three different concentrations of exogenous IFN-

beta (20, 200 and 2000 pg/mL) for 24 hours prior to MG1-GFP viral infection 

at 0.1 MOI.  After a further 24 hours, an MTT assay was performed.  Figure 

4.2.4 illustrates the protective effect of IFN-beta by demonstrating that MG1-

GFP was unable to kill B16-F1 cells that have been pre-exposed to all three 

concentrations of IFN-beta (survival fraction was 0.78, 0.78 and 0.80 for 2000, 

200 and 20 pg/ml respectively in both presence and absence of MG1-virus, 

whereas without IFN-beta pre-exposure, the survival fraction was 1.0 without 

MG1-GFP infection compared to 0.35 after viral exposure. 
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Figure 9:  MG1-induced cytotoxicity prevented by IFN-beta.  

B16-F1 murine melanoma cells were either pre-exposed to three different 

concentrations of IFN-beta (20, 200 or 2000 pg/ml) or not, 24 hrs prior to MG1-GFP 

addition at 0.1 MOI. MTT assay was used to determine cell viability after a further 24 

hrs. Graph show the mean +SD of three independent experiments ((*p<0.033, 

**P<0.0021, ***p<0.0002 and ****p<0.0001; MG1-GFP treated vs. untreated; 

Ordinary one-way ANOVA statistical analysis corrected for multi-comparison using 

Dunnett test). IFN-beta pre-exposure protected B16-F1 cells from MG1-induced 

cytotoxicity at all three concentrations tested. 
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4.3 MG1 effects in 3LL murine model 

4.3.1  Intravenous vs. Intratumoural delivery of MG1 in 

vivo 

In vitro experiments have shown that MG1 is able to infect, replicate and kill 

the panel of human and murine lung cancer cell lines used in this study, while 

sparing normal primary HFF. Furthermore, 3LL murine lung cancer cells seem 

to be the most susceptible to infection and virus-induced oncolysis compared 

to the human counterpart cells tested in this report. Subsequently, the effects 

of MG1 in 3LL murine lung cancer model in vivo was explored. Brun et al. have 

shown that MG1 is able to reach the tumour bed and replicate inside 

subcutaneous CT26 colorectal tumour after systemic delivery (131). With 

regards to lung cancer, only one study has investigated MG1’s effectiveness 

in vivo; in this analysis Atherton et al. engineered MG1 virus to overexpress 

HPV proteins E6 and E7 and showed that this virus was effective as a prime-

boost vaccine in combination with adenovirus incorporating the same 

transgenes in the HPV-positive TC1 lung murine model (183). In this study, 

MG1-GFP was also shown to be recoverable in the TC1 subcutaneous tumour 

after tail vein administration. To expand on this data in another syngeneic 

murine lung cancer model, MG1 virus expressing firefly luciferase (MG1-

FLUC) was administered at a dose of 1x106 pfu either systemically or 

intratumourally into mice harbouring subcutaneous 3LL tumours (three mice 

per group). D-luciferin (substrate to luciferase enzyme) was then given 

intraperitoneally at 48 hrs prior to imaging the anaesthetised mice using the 

IVIS imaging system. The mice were then sacrificed, and the organs were 

harvested for further IVIS imaging and to perform ex vivo plaque assays. 

Figure 9 illustrates that MG1 virus can be detected whether the virus is 

delivered (A) intratumourally or (B) systemically in the 3LL murine 

subcutaneous tumours. Furthermore, the virus appears tumour tropic in vivo 

as there was no presence of detectable luminescence in other organs of any 

mice, as shown in Figure 9C. It was noted that the strength of the 

luminescence signal within the tumour was not a good indicator of the 

concentration of virus within the sample; for example although IT1’s tumour 
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had a higher luminescence signal over 3000 counts, while IV1’s tumour was 

over 80 counts (Figure 10C), the subsequent plaque assays revealed the 

concentration of replication competent virus within IT1s’ tumour was lower 

than in IV1s’ (2x108 vs. 6x109 pfu/ml respectively as shown in Figure 10D and 

10E). This discrepancy could have been due to the inaccuracy of the IVIS 

imaging system to quantify luminescence according to different densities of 

sample. However as the aim of this study was to detect the presence or 

absence of MG1 virus after different routes of delivery in vivo within the tumour 

and other organs, rather than quantification of the virus present, the endpoint 

was still achieved with this methodology. Of note, the scales of luminescence 

in Figure 10C varied between each dissected mice, as the setting was set to 

optimal reading for each individual plate, with the aim to improve detection of 

virus present. As each plate was analysed independently rather than as a 

comparison between the different mice, the scales were not modified to be 

equivocal.  Finally, ex vivo plaque assays of homogenised tumours and organs 

confirmed that only tumours possessed recoverable live, replication 

competent MG1 virus, which was not detected in any normal tissues, 

examples are shown in Figure 10D and 10E. The viral replication following IV 

and IT delivery was investigated in more detail and will be discussed in section 

4.3.3.  
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(A) Intratumoural MG1-FLUC  (B) Intravenous MG1-FLUC 

           

 

(C) IVIS imaging of tumours and organs 
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(D) Representative ex vivo plaque assays for IV1 
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(E) Representative ex vivo plaque assays for IT1 
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Figure 10: Replication competent MG1 was retrieved from subcutaneous 
3LL tumours whether virus was delivered intratumourally or 
systemically 

IVIS imaging of mice harbouring syngeneic 3LL subcutaneous tumours after MG1-

FLUC virus at a dose of 1x106 pfu was delivered either (A) intratumourally or (B) 

intravenously via tail vein at 48 hrs post virus injection. (C) IVIS imaging of tumour 

and organs of each corresponding mouse. (D) Representative example of ex vivo 

plaque assay for IV1 mouse (IV2 and IV3 demonstrated same results). (E) 

Representative example of ex vivo plaque assay for IT1 mouse (IT2 and IT3 

demonstrated same results). Each well in the plaque assay represents 10-fold dilution 

of homogenised sample tested. Plaques form only when virus is present and is 

replicating. 
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To further interrogate the systemic delivery of MG1 and determine whether the 

virus can reach lung tumours in an orthotopic site, 3LL cells expressing FLUC 

(3LL-FLUC) were injected into three C57bl/6 mice via tail vein at a quantity of 

2x105 cells. Only one mouse subsequently developed a 3LL tumour in the 

lungs, which was evident by the luminescent signal seen in the chest via IVIS 

imaging (Figure 11A). MG1 virus expressing GFP (MG1-GFP) was then 

administered systemically at a dose of 1x106pfu to the mouse with established 

3LL lung tumour and after 48 hrs was sacrificed. The organs were harvested 

to be IVIS imaged and for ex vivo plaque assay analysis. Figure 11B 

demonstrates that the harvested organs revealed a 3LL tumour in the murine 

left lower lung, which was evident as a luminescent signal from the IVIS image 

(left panel) and a tumour mass seen in the photographs (right panels). Figure 

11C illustrates that replication competent MG1 virus was retrieved from the left 

lung tumour only in the ex vivo plaque assay. The viral dose recovered from 

the tumour was 1.6x106pfu, which was similar to the administration dose given 

48 hrs before (which correlates to the doses recovered from subcutaneous 

3LL tumours described in section 4.3.3 also at 48 hrs post-infection). This not 

only further consolidates that MG1 is tumour selective and can reach lung 

tumours at its orthotopic site but also importantly that the viral dose achieved 

in the tumour after systemic delivery is similar to administration dose, although 

this finding is limited to a single mouse and further repeat experiments with 

greater samples would be required add robustness to this conclusion. 
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(A)  

  

(B)  

  

(C)  

 

  Right lung     Left Lung 

Figure 11: Replication competent MG1 virus was retrieved from 3LL 
tumour at orthotopic site after systemic delivery. 

(A) IVIS imaging of mouse with established syngeneic 3LL lung tumour after 3LL-

FLUC (2x105 cells) was delivered intravenously via tail vein after 14 days. (B) IVIS 

imaging and photographs of 3LL tumour identified in the left lung and organs of each 

corresponding mouse. (C) Ex vivo plaque assay of right and left lungs demonstrating 

retrieved replication competent MG1 virus only present in the tumour (after MG1-GFP 

virus was given systemically 48 hrs prior to organ harvesting). Ex vivo plaque assays 

of all other organs were void of virus (data not shown). Each well in the plaque assay 

represents 5-fold dilution of homogenised sample tested. Plaques form only when 

virus is present and is replicating. 
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4.3.2  Neutralising antibodies to MG1 

Having established that intravenous delivery of MG1 does indeed reach both 

subcutaneous and orthotopic 3LL tumours, the ideal treatment regimen was 

investigated. One of the major limitations to systemic OV therapy is the 

development of treatment-induced NAbs which can reduce the effective virus 

titre and hinder any repetitive OV systemic delivery schedule and contribute to 

anti-viral immunity (112). Previous studies have reported NAbs arising after 

exposure to a range of OVs including vaccinia virus, measles virus, adenovirus 

and reovirus, all of which showed the presence of NAbs decreases anti-tumour 

activity (187, 188).  

To date there has been no reports investigating whether NAbs against MG1 

virus are produced in vivo. Therefore, to fill this gap in the literature as well as 

determining the optimal treatment regimen for use in 3LL murine model, 

C57bl/6 mice were injected with MG1-GFP virus systemically at 1x106 pfu and 

cardiac puncture was performed at 2, 3, 7 and 14 days to obtain blood for the 

detection of NAbs. The harvested blood was centrifuged, plasma collected, 

and heat inactivated prior to serial dilutions by a factor of 10 resulting in four 

concentrations of diluted plasma for each time point; neat, 10-1, 10-2 and 10-3. 

Each plasma dilution was incubated with 0.1 MOI of MG1-GFP virus (a 

concentration identified to be cytotoxic to vero cells as determined by MTT 

assay and results shown in Figure 12A) for 4 hrs at 37oC, prior to detection of 

virus-neutralisation using plaque assay methodology, MG1-GFP not incubated 

with plasma was used as a positive control. Figure 12B shows plaque assays 

of the positive control and the diluted mice serum at different time points. The 

positive control (top panel) shows the number of plaques observed under non-

neutralised conditions, plaques can be seen in each dilution indicating 

replication effective virus, a similar number of plaques can be seen in the day 

2 plasma samples indicating at this timepoint there was no NAbs present in 

the plasma. However, at the day 3 samples no plaques were seen in the neat 

plasma well and a reduced number of plaques was evident in the 10-1 and 10-

2 compared to positive control and day 2 samples, signifying the presence of 

NAbs in the plasma to neutralise MG1. By Day 7 there were no plaques 
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detected in the neat or 10-1 sample and the number of plaques seen in the 

10-2 and 10-3 samples were reduced compare to day 2 and 3 samples, 

indicating the number of NAbs within the plasma had substantially increased 

at this time point. Finally, at day 14, there were no plaques seen in the neat, 

10-1 and 10-2 samples and only two plaques detected in the 10-3 sample which 

was considerably less than the day 7 sample. Results in Figure 12B show that 

NAbs appear in the plasma for virus treated mice at day 3 and the quantity of 

NAbs increases over time as demonstrated by the fact that greater dilutions of 

the plasma was required at later time points before replication competent virus 

was detectable again. 

After determining that MG1-induced NAbs are produced from day 3 onwards 

and increase with time in C57bl/6 mice, it was important to determine whether 

the presence of NAbs affects systemic delivery of MG1 in 3LL murine model. 

Ilett et al. showed that, in the case of reovirus, virus-antibody complexes 

carried by human monocytes can still deliver functional replicative virus to 

tumour cells resulting in tumour cell infection and lysis (189). Therefore, an 

anti-viral immunological response may not be detrimental to OV delivery. To 

assess the effect of MG1-induced NAbs, mice harbouring subcutaneous 3LL 

tumours were systemically challenged with either PBS or MG1-GFP virus. 

After 5 days, which allows enough time for NAbs to be produced, the mice 

were all intravenously injected with MG1-FLUC and the tumours and organs 

were harvested for IVIS imaging 48 hrs later (Figure 12C shows schematic of 

experiment). Figure 12D shows the IVIS images of the tumours and organs 

from mice that either had systemic PBS followed by intravenous MG1-FLUC 

or systemic MG1-GFP followed by intravenous MG1-FLUC. The results 

demonstrate that luminescence signal was detected in mice receiving PBS 

followed by MG1-FLUC, however no luminescence signal was detected in 

mice receiving an initial dose of MG1-GFP followed by MG1-FLUC. 

These results suggest that MG1-induced NAbs which arise by day 3 after 

systemic viral injections, were able to neutralise further intravenously delivered 

MG1 doses and prevent them from reaching and replicating in the tumour. This 

implies that the optimal MG1 treatment regimen for future in vivo experiments 

would be either single dose or to deliver multiple doses of virus within a short 
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timeframe (I.e., prior to day 3) to mitigate any negative impact from NAbs on 

viral delivery to target. 
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(C) 

 

(D) 

 

Figure 12: Intravenously delivered MG1 induces NAbs which neutralises 
and prevents further MG1 doses from reaching 3LL tumours. 

(A) Graph shows mean cell viability of vero cells +SD from three independent 

experiments with increasing concentrations of MG1 (*p<0.033, **P<0.0021, 

***p<0.0002 and ****p<0.0001; MG1-GFP treated vs. uninfected control; Ordinary 

one-way ANOVA statistical analysis corrected for multi-comparison using Dunnett 

test). (B) Plaque assay of 0.1 MOI MG1-GFP as positive control and heat inactivated 

plasma-MG1-GFP samples at different timepoints. (C) Schematic of assessing 

systemic MG1 rechallenge in 3LL murine model. (D) IVIS images of harvested 

tumours and organs at 48 hrs after intravenous MG1-FLUC challenge, post PBS or 

MG1-GFP initial treatments (2 mice per group). Tu= tumour, Sp=spleen and Li=liver 
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4.3.3  MG1 replication within 3LL tumours after IT and 

IV delivery 

Having established that MG1 is able to reach 3LL tumours after systemic 

delivery, it was important to determine whether the dose of MG1 delivered was 

at an adequate level to maintain replication that was comparable to 

intratumoural delivery, as subtherapeutic doses of OV can lead to treatment 

failure. To date, there has only been one clinical study reporting IV delivery of 

OVs with an IT injection comparator arm. In this trial, there was a cohort of 

patients with colorectal cancer who were treated with either IT or IV 

enadenotucirev (an oncolytic A11/Ad3 chimeric group B adenovirus) and the 

tumour was resected 8-15 days later. Enadenotucirev activity was then 

measured using immunohistochemical staining of nuclear viral hexon and 

quantitative PCR for viral genomic DNA. The investigators detected virus in 

tumour tissues following both injection methods, but while virus was more 

commonly confirmed in IV-treated tumours, intense hexon IHC staining (>8%) 

was more common in IT-treated lesions. The authors, however, did not report 

viral titres from the tumour sites (190). 

To compare the MG1 doses within ex vivo tumours following IT vs. IV delivery, 

mice with established 3LL subcutaneous tumours were administered with 

1x107pfu MG1-FLUC either intratumourally or intravenously. Three mice per 

treatment cohort were then sacrificed and tumours harvested at 6, 24, 48 and 

72 hrs. The ex vivo tumours were then homogenised and the viral tire within 

each sample were determined by plaque assays. Figure 13 shows the graph 

of mean viral titre within the tumours in the IT and IV cohorts at different time-

points. The results show that at 6 hrs after administration, MG1 viral titre is 

unsurprisingly greater with IT delivery compared to IV delivery 

(4.97x106pfu/gram of tumour vs. 3.74x105pfu/gram of tumour respectively; 

p=0.026, multiple t tests statistical analysis with correction for multiple 

comparison using the Holm-Sidak method). However, there was no significant 

difference in viral titre between the two routes of administration at the 24, 48 

and 72 hr timepoints. This result suggests that although IT delivery is more 

efficient in delivering MG1 virus to the tumour in the early stages, the dose of 
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MG1 reaching the tumour via IV administration is still sufficient to allow for 

infection and replication to the extent that catches up with its IT delivered 

counterparts after 24 hr. 
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Figure 13: MG1-FLUC viral titre in ex vivo 3LL tumours is greater with IT 
delivery compared to IV delivery at the 6hr timepoint, but after 24hrs 
there is no significant difference in viral dose between the two routes of 
administration. 

Graph shows mean viral titre (pfu/gram of tumour) +SD within ex vivo 3LL tumours 

from three individual mice per group at each timepoint (*p<0.05; IT treated vs. IV 

treated; multiple t test statistical analysis corrected for multi-comparison using Holme-

Sidak method). 
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4.3.4  MG1 efficacy in vivo 3LL murine model 

Having determined that MG1 can infect, replicate and kill lung cancer cells in 

vitro, as well as its ability to reach 3LL murine subcutaneous or orthotopic 

tumours after systemic delivery, the next aim of the project was to explore the 

efficacy of MG1 on tumour control in vivo. MG1 therapy has been shown to 

possess potent oncolytic activity in xenograft models using human cancer cell 

lines or patient-derived tumours implanted in immunodeficient mice (133-135). 

Brun et al. also showed that MG1 virus led to complete tumour regression and 

durable cures in rodents bearing syngeneic subcutaneous CT26 colorectal 

carcinoma (131). With regards to a murine lung cancer model, MG1-GFP 

exerted antineoplastic activity, with 50% of mice bearing TC1 flank tumours 

exhibiting reduction in tumour volume. Expanding on these previous studies, 

the efficacy of MG virotherapy to treat 3LL subcutaneous tumours was 

investigated. Tumour bearing mice were challenged with either 1 or 3 doses 

of MG1-FLUC virus systemically or intratumourally. Consideration was given 

to limit the number of MG1 doses within a short time frame, as we had shown 

that NAbs are produced from 72 hrs onwards which can prevent further 

systemically delivered virus from reaching the tumour. Figure 14A illustrates 

the schematic of the in vivo experiment, which included a control group which 

received one dose of intravenous PBS. Figure 14B shows graphs of tumour 

growth for individual mice in each treatment cohort and it can be seen that 

mice receiving systemic MG1-FLUC (1x107pfu), irrespective of one or three 

doses, led to tumour growth delay compared to mice receiving IV PBS (control 

group). However, in this experiment, mice receiving IT MG1-FLUC (1x107pfu) 

did not experience any benefits in tumour control. Figure 14C, which shows 

the mean tumour growth for each treatment cohort, confirms significant growth 

retardation in mice receiving IV MG1-FLUC (p value<0.001 for 1 and 3 doses) 

but not in the IT MG1-FLUC groups, when compared to the control cohort. 

Finally, Figure 14D illustrates the overall survival graphs for each treatment 

cohort and despite the tumour growth retardation in the systemically treated 

mice, none of the groups revealed any significant survival advantage when 

compared to control mice. 
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Figure 14: Intravenously delivered MG1 leads to tumour growth 
retardation in syngeneic 3LL subcutaneous murine model but does not 
result in overall survival benefit. Intratumourally injected MG1 had no 
impact on 3LL tumour growth or survival. 

(A) Schematic of in vivo experiment. (B) Graphs showing 3LL tumour growth of 

individual mice in each treatment cohort. (C) Graphs representing the average 3LL 

tumour growth in intravenous and intratumoural MG1-FLUC groups. (****p<0.0001; 

MG1-FLUC treated vs. control; Two-way ANOVA statistical analysis corrected for 

multi-comparison using Tukey’s test). (D) Survival curves for mice treated with 

intravenous and intratumoural MG1-FLUC. (MG1-FLUC treated vs. control; Mantel-

Cox log-rank statistical analysis) 
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4.4 Discussion 

Maraba is a single-stranded, negative-sense enveloped RNA virus that has 

demonstrated broad oncotropism and cytotoxic activity across a wide range of 

human and murine cancer cell lines (131, 184). Genetically engineered 

maraba virus, MG1, has faster replication and enhanced tumour killing potency 

and has clinically been developed as a vector for oncolytic vaccination which 

is being currently investigated in phase I/II clinical trials (section 2.3.4). 

In this chapter, the direct effect of maraba virus, MG1, was investigated in a 

panel of human lung cancer cell lines, as well as in a syngeneic 3LL lung 

cancer murine model.  

The panel of human lung cancer cell lines H1792, H1299, H1573, H1437, 

H1975 and murine 3LL cell line were all susceptible to MG1 infection and 

subsequent cell death. MG1 was able to infect all cell lines tested (Figure 5 

and 6) and replicate in the 3 human lung cancer cell lines that were 

investigated, H1299, H1437 and H1573 to varying degrees, with H1299 cells 

producing greater fold increase in MG1 progeny than H1437 and H1573 

(Figure 7). The level of MG1 replication correlated with cell sensitivity to 

maraba virus-induced cytotoxicity; H1299 had a reduction of 50% (95% CI 

0.35-0.65, p<0.0001) cell viability after 0.001 MOI MG1-GFP exposure by 48 

hrs, while H1573 decreased by 28% (95% CI 0.08-0.48, p=0.0035) and H1437 

had no significant effect on cell viability at the same viral dose concentration 

and at the same timepoint. Murine 3LL cells were the most sensitive to MG1-

induced cell death with 77% (95% CI 0.52-1.0, p<0.0001) reduction in cell 

viability by 48 hrs after 0.001 MOI MG1 exposure (Figure 9). MG1 also 

demonstrated tumour selectivity as there was no significant impact to cell 

viability in primary HFF even at the higher doses of virus tested (0.01 and 0.1 

MOI), which was consistent with data from the initial study by Brun et al. (131). 

Suboptimal delivery of OVs is a potential cause of treatment failure, therefore 

intratumoural delivery has become the most common route of OV 

administration. The 2 OVs which have been approved for clinic use: H101 (an 

E1B-deleted serotype 5 adenovirus, approved in China for treatment of head 
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and neck cancer) and TVEC (a modified HSV that is FDA-approved for 

treatment of malignant melanoma) are both intratumourally delivered. 

Although IT administration allows maximal delivery of high viral titres to 

tumours, bypassing systemic neutralisation and preventing premature 

clearance, it has limited use in disseminated metastatic cancer where sites 

may not be easily accessible. Intravenous delivery of OVs therefore is 

arguably the more attractive route of administration for clinical applications, 

precluding the need for additional training and interventional procedures 

associated with IT delivery with the potential of reaching all diseased sites. 

MG1 virus is one of few OVs that is able to reach tumours after systemic 

delivery in murine models and demonstrate potent oncolytic activity (131, 142). 

Our data supports this finding as intravenously delivered MG1 was able to 

reach 3LL syngeneic tumours whether it was subcutaneous or at the orthotopic 

site and furthermore, MG1 was tumour tropic as the virus was not detectable 

in any other organs via IVIS imaging or ex vivo plaque assays (Figure 9 and 

10). 

However, one of the major challenges of delivering the virus via the 

bloodstream is the rapid clearance through induced antibody titres, which can 

prevent the virus reaching the tumour. Even if the virus manages to reach the 

malignant site, it then needs to have maintained a sufficient level of replication 

and activity to be able to infect and kill cancer cells. Therefore, in this chapter 

we set out to determine firstly whether NAbs are induced after systemic 

delivery of MG1 virus in vivo and if so whether the viral titre within the tumours 

is significantly different between the 2 routes of administration. The results 

showed that MG1-induced NAbs were detectable within the serum of mice 

which received IV injection of the virus from day 3 onwards. The quantity of 

NAbs seems to increase with time as evidenced by the greater number of 

dilutions required to dilute out the antibodies in the plasma taken at later 

timepoints (7 and 14 days) before neutralisation becomes ineffective 

compared with plasma at day 3 (Figure 12B). Furthermore, it was shown that 

a second dose of MG1 virus given systemically after an initial dose 

administered 5 days earlier in immunocompetent mice bearing 3LL 

subcutaneous tumours, was prevented from reaching the malignant site 
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(Figure 12D). This is likely due to the anti-viral immune response which has 

been primed by the initial exposure to the virus and hence the subsequent 

dose of virus is neutralised and cleared before it can reach the tumour. This 

has implications when designing the optimal regimen for MG1-therapy as 

multiple doses may reveal limiting returns in efficacy. 

As stated previously, another concern with IV delivery of OV is whether the 

dose of virus that eventually reaches the tumour is sufficient to maintain 

replication and efficacy. Le Boeuf et al. observed that IV injection of MG1 at a 

dose of 1x108 pfu did not lead to productive viral replication in tumours of mice 

bearing S180 sarcomas, whereas IT administration of the same dose did 

(133). Contrary to this publication, we found that both IT and IV delivery of 

MG1 (given even at a lower dose of 1x107pfu compared to the previous 

authors) led to replication competent virus within the 3LL subcutaneous 

tumours as evidenced by ex vivo plaque assays (Figure 9). The ability of MG1 

to reach and replicate within tumours after systemic delivery seems therefore 

to be tumour-type specific. Furthermore the viral titre, although unsurprisingly 

at 6 hrs after administration was greater with IT delivery compared to IV, at 24, 

48 and 72 hrs was not significantly different between the 2 groups (Figure 13). 

This gave rationale for both routes of administration to be tested in an efficacy 

experiment with MG1 virus in the 3LL murine model. 

From this experiment we observed that intravenously delivered MG1 led to 

significant tumour growth retardation in immunocompetent mice harbouring 

subcutaneous 3LL tumours, whereas there was no significant effect with 

intratumoural administration of the virus. However, disappointingly the tumour 

growth delay did not translate to overall survival benefit with IV MG1 treatment. 

In support of the previous data which showed that NAbs were induced by 

systemic MG1 from 72 hrs onwards, there was also no significant difference 

observed in tumour growth retardation or survival between single dose or 3 

doses of intravenously delivered MG1. Therefore, the presence of MG1-

induced NAbs could have neutralised and cleared the virus from additional 

intravenous doses, rendering them ineffective. However, one of the limitations 

to this experiment is the presence of only one control group (mice bearing 3LL 

tumours treated with one dose of IV PBS) and ideally there would have been 



122 
 

4 control groups; mice treated with either one dose of IV or IT PBS and mice 

treated with either three doses of IV or IT PBS. One may argue that the mice 

treated with IT MG1 is not a fair comparison to mice receiving IV PBS as the 

routes of administration could itself lead to discrepancy in the results. 

However, our data in fact showed that IT delivery of MG1 was equally as 

ineffective as IV PBS and only IV MG1 treatment displayed any tumour control 

efficacy. Therefore, we still believe the conclusions from this experiment holds 

true although, if time had allowed, we would repeat this experiment with all 

necessary controls. 

As we have shown that the viral titres within the tumours are equivalent after 

IT and IV delivery from 24 hrs onwards, the difference in tumour growth control 

between the 2 routes of administration is unlikely due to direct oncolytic effect. 

MG1, as with other OVs, have a second mode of action, which is its intrinsic 

ability to induce anti-tumour immunity. For example, murine B16 melanoma 

responded to MG1 independently of its replication cycle (116). Also, IV 

injection has been shown to enhance the generation of anti-tumour immune 

responses compared to intralesional delivery (135) which could explain the 

benefit in tumour control with systemic MG1 compared to IT delivery. In the 

next chapter, we will therefore explore the immunogenic properties of MG1 

virus. 
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5. Chapter 5: Immunological 
effects of MG1 virus 

 

5.1 Introduction 

OVs have a dual mechanism of action; aside from direct oncolytic activity, OVs 

can also induce both innate and adaptive anti-tumour immune responses. 

Gujar et al. (111) in fact stated that many of the “undesirable” anti-viral immune 

responses actually resulted in activation of the immune system against the 

tumour, transforming them from immune “cold” to immune “hot”. MG1 has also 

been shown to induce these beneficial anti-tumour immune sequalae as both 

parental and replication-incompetent minimally UV-inactivated MG1 was able 

to clear lung metastases in murine B16 melanoma murine model (116). In this 

study, the authors reported local increase of DCs and NKs following systemic 

delivery of MG1. Tumour growth control was dependent on NK cell activity as 

selective depletion of this immune subset abolished any therapeutic efficacy. 

MG1 can also initiate an adaptive anti-tumour immune response as 

demonstrated in murine triple-negative breast tumour model (135); the authors 

reported neoadjuvant MG1 was able to protect animals against distant 

postoperative tumour rechallenge whether the virus was administered 

intratumourally or systemically. Moreover, systemic delivery appeared more 

efficient than intralesional injection leading to 40% disease-free mice 

compared to 20% following tumour rechallenge. In this chapter we aim to 

explore the immunogenic properties of MG1 virus in NSCLC, which might 

explain the difference in tumour growth control seen in 3LL murine model 

between IT and IV delivery seen in the previous chapter. 

5.2 MG1 induces immunogenic cell death 

OVs have the potential to induce “immunogenic cell death” (ICD) that is 

sufficient to induce an adaptive immune response. ICD is also somtimes 
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defined as a type of apoptotic cell death that is characterised by the release of 

danger signals such as DAMPs, which in turn activate the innate immune 

system by interacting with pattern recognition receptors (PRRs) (191). The 

main hallmarks of ICD that can be measured in culture and have been more 

described so far include ATP release, ecto-expression of calreticulin (CRT), 

which is an “eat-me” signal, and late apoptotic release of high mobility group 

box 1 protein (HMGB1), which is an activation signal for immune cells. 

Collectively these act as strong immune stimulants and ICD is regarded as a 

keystone of anti-tumour immune stimulation (99, 192). Therefore, we set out 

to identify the main hallmarks of ICD induced after MG1 infection in NSCLC 

cell lines. 

Firstly, the panel of human NSCLC cell lines (H1792, H1299, H1975, H1437 

and H1573) and 3LL murine cell line was infected with a range of MG1-GFP 

doses (between 0-1 MOI) or PBS (control). At the 24 and 48 hr timepoint after 

infection, the supernatants from these cells were collected and spun to remove 

debris prior to being analysed for presence of ATP via CellTiter-Glo® 

Luminescent assay. The luminescent signal is proportional to the amount of 

ATP present. Figure 15 shows the luminescent signal increases in a dose 

dependant fashion after MG1 infection at the 24 hr timepoint for both human 

(A) and murine (B) cell lines. By the 48 hr timepoint, the luminescent signal 

decreases with increasing doses of MG1 virus across most cell lines (except 

in H1573 and H1437), likely due to the fact that by this later time the number 

of viable cells, not killed by the virus, and able to release ATP would be 

markedly reduced. These results demonstrate that MG1 infection induces ATP 

release in the NSCLC cell lines tested and to different quantities; highest peak 

luminescent signal detected with H1792 cells after 0.0001 MOI at 48 hrs 

(mean=303217 RLU) and lowest peak luminescent signal with H1975 after 1 

MOI at 24 hrs (mean=8445 RLU).
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Figure 15: MG1 infection induces ATP release from human and murine NSCLC cell lines. 

Graphs to show luminescence (RLU), which correlates with ATP quantity, after different doses of MG1 exposure or PBS (no virus) in (A) human- 

and (B) 3LL murine- lung cancer cell lines at 24 and 48 hrs. Mean +SD of three independent experiments plotted.
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Next, to assess for release of HMGB1, three human lung cancer cell lines 

(H1299, H1792 and H1975) and 3LL were infected with 0.1 MOI MG1-GFP or 

PBS (control). The supernatants were then collected after 24 and 48 hrs and 

spun to remove debris before analysing for the presence of HMGB1 via ELISA. 

Graphs shown in Figure 16, demonstrate that MG1 infection leads to 

statistically significant release of HMGB1 for all cell lines after 48 hrs. At the 

24 hr timepoint, increased concentrations of HMGB1 were detected for 3LL 

and H1299, but not for H1792 or H1975 cells. 3LL and H1299 cell lines also 

produced the highest concentration of HMGB1 after 48 hrs exposure to the 

virus (mean concentration= 28.9ng/ml and 19.1ng/ml respectively), while 

H1975 and H1792 cells released the least (mean concentration= 10.4ng/ml 

and 12.2ng/ml) at the same timepoint. These data are consistent with 3LL and 

H1299 cell lines being more sensitive to MG1 infection and MG1-induced 

cytotoxicity, whereas both H1975 and H1792 are less sensitive (see Figure 6 

and Figure 9).   

Finally, to assess for ecto-expression of calreticulin in human NSCLC cells, 

H1299 and H1975 cells were selected to be infected with MG1-FLUC at 

concentrations 0.01, 0.1 and 1 MOI or with PBS (control). The cells were then 

collected after 48 hrs of infection, not permeabilized and stained with CRT-

specific antibody for flow cytometry analysis. There were no differences seen 

in surface CRT when gating on live cells (data not shown), but as it is not 

known at what point during the live-to-dead transition surface CRT really 

matters the level of CRT was also measured on the gated dead cells by flow 

cytometry. As CRT is an “eat-me” signal harboured by dying cells participating 

in their recognition by phagocytes, it would have been ideal to repeat this 

experiment with an apoptotic marker such as Annexin V which would identify 

dying cells for analysis. The results on gated dead cells however are shown in 

Figure 17 illustrating a dose dependent increase in CRT after MG1 infection in 

both cell lines. Unsurprisingly the more MG1-infection sensitive H1299 cell line 

expressed CRT even with the lowest virus concentration tested (0.01 MOI) 

whereas the more MG1-infection resistant H1975 only had CRT detectable 

with higher doses of 0.1 and 1 MOI. 
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Collectively these results demonstrate that MG1 can induce the hallmarks of 

ICD in human and murine lung cancer cells.
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Figure 16: MG1 infection induces HMGB1 release from human and 
murine NSCLC cell lines. 

Graphs showing concentration of HMGB1 within supernatants after exposure to 0.1 

MOI of MG1-GFP or PBS (control) in H1299, H1792, H1975 and 3LL cells at 24 and 

48 hr timepoints, measured using HMGB1 ELISA. Mean +SD of three independent 

experiments plotted. (*p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001; 0.1 MOI 

MG1-treated vs. control for each timepoint; ordinary one-way ANOVA statistical 

analysis with Sidak’s multiple comparison test.
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Figure 17: MG1 infection results in expression of calreticulin in H1299 
and H1975 human lung cancer cell lines. 

Graphs showing frequency of calreticulin expression within gated dead cell 

populations of H1299 and H1975 after infection with different concentrations of MG1-

FLUC or PBS (control) at 48 hrs. Mean +SD of three independent experiments 

plotted. (*p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001; MG1-treated vs. 

control for each dose of virus; ordinary one-way ANOVA statistical analysis with 

Dunnett multiple comparison test.
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5.3 MG1 induces Type I IFN production 

Having shown that MG1 can induce the main hallmarks of ICD, there are other 

indicators of ICD that have been recently described, such as activation of 

annexin I, type I IFN, IL-1β, exposure of F-actin and heat shock proteins 

(HSP70, HSP90) (193, 194). Of these, type I IFN is one of the main players 

on the dynamic crosstalk between OV therapy and the immune system; on the 

one hand the virus relies on frequent dysfunctional IFN signalling in cancer 

cells to make them more susceptible to OV infection, replication and oncolysis. 

However, on the other hand, type I IFN (IFN-α and IFN-β) also have an 

important role in the anti-tumour response by stimulating immune cells within 

the TME, such as DC, NK and CD8+ T cells (195). In turn activated NK and 

other immune cells produce type II IFN (IFN-γ), which inhibits angiogenesis, 

induces apoptosis and acts as an immune stimulant by activating MHC class 

II in DCs, as well as promoting the phagocytic activity of macrophages and 

CD8 T cell responses (196). Importantly the ability to induce type I IFN in 

tumours and the intensity to which this signalling pathway is activated, varies 

dramatically among OVs (110). The fine balance between OVs being able to 

induce type I IFNs which could lead to beneficial anti-tumour immune 

response, but not allowing this anti-viral signal to limit replication and oncolysis 

has been demonstrated with NDV by Elankumaran et al. The authors in this 

study showed that the virus was able to progress and replicate in tumour cells 

defective in IFN-α expression, however infected tumour cells were still able to 

secrete IFN-β. Furthermore some tumour cells were also capable of 

responding with IFN-α expression after NDV infection and maintain 

permissiveness for viral replication as there were defects in downstream 

signalling of antiviral effectors (197).  

MG1 has been shown to target type I IFN defective tumours (131), but whether 

the virus is capable of inducing IFN-β, as in the case of NDV, for potentially 

beneficial anti-tumour response has not been previously explored. To 

investigate this question, 2 human (H1792 and H1299) and 3LL murine lung 

cancer cells were infected with 0.1 MOI MG1-GFP for western blot analysis 

after 24 hrs of virus exposure. A reovirus infected 4434 melanoma cell line, 
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known to stimulate the IFN signalling pathway, was used as a positive control. 

Figure 18A illustrates how RNA viruses are detected through RNA sensing 

proteins, such as RIG-I and MDA-5. Upon recognition of viral RNA, they are 

recruited by the adaptor IPS-1 (also known as MAVS, CARDIF or VISA) to the 

outer membrane of the mitochondria leading to the activation of several 

transcription factors including IRF3, IRF7 and NFκB (198). IRF3 and IRF7 

leads to the expression of type I IFNs, while NFκB regulates the production of 

inflammatory cytokines. 

The western blots shown in Figure 18B reveal that after MG1-infection, there 

was indeed an increase in expression of pTBK1 and pIRF3, the upstream 

proteins leading to type I IFN response, which is more evident in H1792 and 

H1299 cell lines compared to 3LL. Despite equal loading of protein in the 3LL 

western blot, the MG1-treated cells always resulted in a narrower tubulin band 

in comparison to untreated samples. This may be due to the inherent high 

sensitivity of 3LL cells to MG1-cytotoxicity (as shown in section 4.2.3) causing 

tubulin degradation in these samples. Reovirus infected 4434 melanoma cells, 

known to stimulate type I IFN signalling through RIG-I, were used as positive 

control. Using densitometry (graphs shown in Figure 18C) to normalise the 

intensity of the bands to tubulin, reveals that in all three cell lines there were 

an increase in expression of pTBK1 and pIRF3 after viral infection. 

Furthermore, the relative fold increase in pTBK1 and pIRF3 was greatest in 

MG1-infected 3LL compared with H1792 and H1299 cells; for pTBK1, there 

was a 150.6-fold increase in 3LL after viral infection compared to 34.5 and 

13.5-fold increase in H1792 and H1299 respectively. As for pIRF3, there was 

a 1173-fold increase in expression in MG1-infected 3LL compared to 66-fold 

in both other cell lines. This was again consistent with 3LL being the most 

sensitive cell line in terms of MG1-infection and oncolysis (section 4.2). In all 

3 cell lines, there was no RIG-I detected with or without MG1 virus, suggesting 

that another RNA sensing protein could be involved in this signalling cascade, 

e.g., MDA-5.  

To further determine whether MG1 induces type I IFN expression, which can 

lead to a beneficial anti-tumour immune response, the supernatants from 3LL 

cells infected with 0.1 MOI MG1-GFP were collected after 24 hrs of viral 
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exposure. The samples were then spun and the presence of murine IFN-β was 

assessed via ELISA. Figure 18D shows that significant quantities of IFN- β 

was released after MG1 infection compared to uninfected samples (70.97 

pg/ml vs. 0 pg/ml respectively). 

Collectively these results show that MG1 leads to stimulation of the type I 

signalling pathway in the selected lung cancer cell lines tested and IFN-β was 

released to significant levels from 3LL after virus infection. 
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Figure 18:  MG1 stimulates expression of pTBK1 and pIRF3 in human 
and murine NSCLC cell lines and leads to secretion of IFN-β in 3LL 
murine cells 

(A) Type I IFN signalling pathway for RNA viruses. Red boxes highlight the proteins 

of interest tested for in subsequent western blots. (B) Western blot analysis of 

upstream proteins involved in Type I IFN signalling after 0.1 MOI MG1-GFP infection 

in H1792, H1299 and 3LL cells; RIG-I, pTBK1 and pIRF3. Reovirus infected 4434 

melanoma cells used as positive control for western blot antibodies (C) Densitometric 

presentation of western blots. Data are mean +SD of three independent experiments. 

(*p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001; MG1-treated vs. control; 

Two-way ANOVA statistical analysis with Sidak’s multiple comparison test. (D) Graph 

showing concentration of IFN-β detected via ELISA after 0.1 MOI MG1-GFP exposure 

in 3LL cells at 24 hrs. Data are mean +SD of three independent experiments. 

(***p=0.0003 two-tailed P-value; MG1-treated vs. control; Paired Student T-test 

statistical analysis) 
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5.4 MG1 effects on tumour immune microenvironment 

in 3LL tumours 

Having established that MG1 infection causes ICD and stimulates the type I 

IFN signalling pathway in human and murine NSCLC cell lines, with IFN-β 

release detected in 3LL cells, the resulting immunological changes were 

explored in the 3LL murine lung cancer model. As previously described in 

section 2.3.3, systemic MG1 led to increase in splenic population of DC and 

NK cells in mice harbouring B16 tumours within 24 hrs following injection 

(116). These effector NKs were also more activated with secretion of IFN-γ 

and granzyme B. Furthermore, selective depletion of NKs abolished the 

beneficial tumour growth control in this melanoma model. MG1-induced 

immunological changes have been explored as part of a prime-boost strategy 

with Ad-E6E7 in lung TC1 tumours, showing MG1-E6E7 significantly boosted 

specific immune responses against multiple epitopes encompassing all 4 

antigens of the tetravalent transgene (16E6, 16E7, 18E6 and 18E7). There 

have not, to our knowledge, been any other studies investigating immune 

changes in murine lung cancer models resulting from MG1 infection alone and 

neither has the comparison between systemic or intratumoural delivery to TME 

been explored. To answer these questions, mice bearing 3LL syngeneic 

subcutaneous flank tumours were either treated with PBS or MG1-FLUC 

(1x107pfu), either with intravenous or intratumoural administration. 3 mice per 

group were sacrificed and their tumours and spleens were processed for flow 

cytometry analysis at day 3 and day 10 post treatment (Figure 19A shows 

schematic of experiment). Cells were stained and phenotyped into live 

CD45+/CD3+/CD4+ T cells, live CD45+/CD3+/CD8+ T cells and live 

CD45+/CD3-/NK1.1+ NK cells. The CD3+/CD4+ T cells were further 

characterised into CD3+/CD4+/CD25+/FoxP3+ T regulatory cells and 

CD3+CD4+/FoxP3- T effector cells (Figure 19B shows the gating strategy for 

flow cytometry analysis). These subsets of immune cells were further stained 

with antibodies against: Granzyme B (GrzmB), CD69 and Ki67 as activation 

markers, as well as PD1, T cell immunoreceptor with IG and ITIM domains 



139 
 

(TIGIT), LAG3 and T-cell immunoglobulin and mucin-domain containing-3 (TIM3) 

for monitoring changes in expression of checkpoint proteins. 

5.4.1  MG1 infection induces early immune changes 

within spleen 

Figure 19C shows that both IV and IT delivery of MG1 led to an increasing 

trend in the percentage of NK cells (out of the total CD45+ cell population) 

within the spleen at the 3 days timepoint compared to PBS controls, although 

this was not statistically significant (6.1% vs. 4.7% for MG1-treated vs. PBS 

for IV delivery and 5.7% vs. 4.3% for IT delivery). Although the increase was 

not statistically significant, the splenic NKs were more stimulated with 

enhanced activity as shown by an increase in Ki67 and GrzmB markers (for 

Ki67 there was a 48.0%, p<0.0001, increase on NK cells after IV MG1 vs. IV 

PBS and 32.7%, p<0.0001, increase for IT MG1 vs. IT PBS; as for GrzmB 

there was an increase of 40.1%, p<0.0001, after IV MG1 vs. IV PBS and 

24.6%, p=0.0005, increase for IT MG1 vs. IT PBS). The early activation marker 

CD69 was also increased after IV MG1 (by 4.2%, p=0.0139) compared to IV 

PBS, but this was not statistically raised after IT MG1 (increase by 1.7%, 

p=0.2746). With all activation markers on splenic NK cells, the rise was 

significantly greater with IV administration of MG1 compared to the IT route. 

Interestingly TIGIT, which is an immune receptor present on T and NK cells 

for negative regulation, was also increased on the splenic NK population after 

IV and IT MG1 challenge (19.0%, p=0.0056, and 14.3%, p=0.0236, 

respectively compared to PBS controls). 

MG1 did not change the percentage of CD8+ T cells within the splenic 

environment (~9-10% of live CD45+ cell population) at the 3 days timepoint, 

as shown in Figure 19D. However, the splenic T cells were again more 

activated especially after systemic delivery of MG1 compared with PBS 

controls (increases of 10.4%, p=0.0068, 5.6%, p<0.0001, and 0.9%, p=0.0280, 

in Ki67, GrzmB and CD69 markers respectively). There was an increasing 

trend in activation markers on CD8 T cells after IT delivery, although these 

were not statistically significant (increase of 4.8%, 1.3% and 0.1% in Ki67, 

GrzmB and CD69 respectively). There was also a non-statistically significant 
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increasing trend in PD1 on CD8+ T cells after MG1 infection compared to PBS 

controls (2.7% and 2.5% for IV and IT delivery respectively). 
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Figure 19: MG1 induces early immune changes within the spleens of 
mice bearing 3LL syngeneic subcutaneous tumours 

(A) Schematic of in vivo experiment analysing MG1-induced immune consequences 

in 3LL murine model. (B) Gating strategy shown by representative two-colour 

fluorescence dot plots identifying initially live CD45+ cells before differentiating cells 

into CD3+CD4+, CD3+CD8+ and CD3-NK1.1+ cells. CD3+CD4+ T cells further 

differentiated into CD25+FoxP3+ T regulatory cells and FoxP3- T effector cells. (C) 

Graphs showing percentage of NK cells out of total live CD45+ cells within the spleen 

as well as percentage expression of Ki67, GrzmB, CD69 and TIGIT on splenic NK 

cells at 3 days timepoint. (D) Graphs showing percentage of CD8+ T cells out of total 

live CD45+ cells within the spleen as well as percentage expression of Ki67, GrzmB, 

CD69 and PD1 on splenic CD8+ T cells at 3 days timepoint. Mean +SD of three mice 

within each group. (*p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001; One-way 

ANOVA statistical analysis with Holm-Sidak multiple comparison test.
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5.4.2  MG1 infection induces early immune changes 

within tumour 

Figure 20A shows there were small increases in the NK cell population within 

the 3LL tumours after IT and IV delivery of MG1 at the 3 days timepoint (0.8%; 

p=0.02 for IT delivery and 0.3%; p=0.35 for IV delivery). Although the change 

in proportion of NK cells were small, the activation markers were again 

enhanced compared to PBS controls; Ki67 significantly increased by 36.1% 

(p<0.0001) and 31.8% (p=0.0001); while GrzmB increased by 39.9% 

(p=0.0352) and 34.0% (p=0.0582) with IV MG1 vs. IT MG1 respectively. 

MG1 treatment via both routes of administration failed to initiate any significant 

CD8 T cell infiltration into the 3LL tumours; (mean percentage of CD8+ T cells 

of total CD45+ population was 8% vs. 6.1% with IV MG1 vs. IV PBS and was 

5.1% vs. 3.7% with IT MG1 vs. IT PBS), as shown in Figure 20B. There were 

also no significant changes in the activation status of these CD8+ T cells, 

although there seemed to be an increasing trend with MG1 treatment, whether 

IV or IT; mean increase in Ki67 on CD8+ T cells was 24.0% with IV and 12% 

with IT MG1, compared to PBS controls; GrzmB was increased by 4.5% with 

IV and 16.7% with IT MG1 again compared to PBS controls. 
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Figure 20: MG1 induces early NK cells infiltration and activation within 
the 3LL tumours, there were no effect on tumoural CD8+ T cells 

(A) Graphs showing percentage of NK cells out of total live CD45+ cells within the 

tumours as well as percentage expression of Ki67 and GrzmB on tumoural NK cells 

at 3 days timepoint. (D) Graphs showing percentage of CD8+ T cells out of total live 

CD45+ cells within the tumours as well as percentage expression of Ki67 and GrzmB 

on tumoural CD8+ T cells at 3 days timepoint. Mean +SD of three mice within each 

group. (*p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001; One-way ANOVA 

statistical analysis with Holm-Sidak multiple comparison test.
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5.4.3  MG1 does not engage an adaptive response in 

3LL murine model 

The initial immune changes seen after 3 days from MG1 administration, 

whether IV or IT, with NK cell infiltration and activation within the spleen and 

tumours in 3LL murine model (as described in the previous sections) seems 

to disappear by day 10 as shown in Figure 21. Graphs showing the percentage 

splenic NK cells and CD8+ T cells (out of total CD45+ population) and their 

activation markers shows no significant changes after exposure to MG1 

(whether via IV or IT route) compared to their counterpart PBS controls (Figure 

21A); percentage of splenic NK cells was 5.4% after IT or IV MG1 and 5.9% 

with IT or IV PBS; GrzmB expression was also not significantly changed on 

these NKs with 0.2% and 0.5% decreases after IT and IV MG1 respectively 

compared to their counterpart PBS controls; similarly with percentage of CD8+ 

T cells the difference was not significant with 5% and 0.5% increases after IT 

and IV MG1 respectively compared to their PBS controls; as for GrzmB marker 

on CD8+ T cells, the increase was by 0.01% after IT and IV MG1 compared to 

IV and IV PBS. 

Figure 21B shows graphs of percentage NK cells and CD8+ T cells out of total 

CD45+ cells and their GrzmB activation markers within 3LL tumours at the 10 

days timepoint after IV and IT MG1, and again there were no significant 

differences compared to their PBS controls; the difference in percentage of NK 

cell after IT MG1 was +1.4% and after IV MG1 was -1.2% compared to IT and 

IV PBS; GrzmB activation marker had a difference of -0.7% after IV or IT MG1 

compared to PBS controls; difference in percentage of CD8+ T cells within 

tumours were -4.0% and +6.5% after IT and IV MG1 respectively; finally 

GrzmB on CD8 T cells altered by +17.4% and -3.7% after IT and IV viral 

administration respectively compared to IT and IV PBS. 

In summary, MG1 infection initiates an early innate immune response within 

the spleen and tumours at the early timepoint of 3 days (as evidenced by the 

increase in NK cell infiltration and activation). These changes seem to be 

greater with systemic compared to intratumoural delivery of the virus. There is 

also a suggestion that an adaptive immune response is forming with CD8+ T 
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cells being more activated within the splenic environment but not in the 

tumours at this early timepoint after MG1 infection. However, these immune 

changes do not last and there is no significant change in the immune 

landscape within the spleen and tumours by day 10 after viral exposure when 

compared to PBS controls.
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Figure 21: MG1 does not induce adaptive immune response within the 
3LL murine model 

(A) Graphs showing percentage of NK- and CD8+ T- cells out of total live CD45+ cells 

within the spleen as well as percentage expression of GrzmB on these cells. (D) 

Graphs showing percentage of NK- and CD8+ T- cells out of total live CD45+ cells 

within the tumours as well as percentage expression of GrzmB on these cells. Mean 

+SD of three mice within each group. (ns, p=0.1234; One-way ANOVA statistical 

analysis with Holm-Sidak multiple comparison test.



154 
 

5.5 Human NK cell degranulation against NSCLC cells 

after MG1 infection 

Having observed that MG1 infection led to an innate immune response (with 

NK cell infiltration and activation) within the spleen and tumours of 3LL bearing 

mice, we set out to determine whether MG1 would lead to a similar response 

in a human model. Studies have shown that preoperative oncolytic reovirus 

and vaccinia virus led to markedly increased NK cell activity in patients with 

metastatic colorectal cancer undergoing liver metastases resection (199, 200). 

However, clinical trials of MG1 are still ongoing so there has been no data to 

date exploring the human immune response to MG1 virus. Jennings et al. used 

a novel in vitro pre-clinical assay to show that HSVGM-CSF induced NK cell 

degranulation in blood samples, donated by both healthy donors and from 

patients with melanoma, upon co-culturing with melanoma cell targets (201). 

Therefore, this technique was adopted to investigate the activation of human 

innate anti-tumour immunity after MG1 infection against NSCLC. 

PBMCs taken from healthy donors were either pulsed with 0.1 MOI MG1-

FLUC or PBS overnight and examined for NK cell activation via flow cytometry 

after co-culturing with H1299, H1792 and H1975 NSCLC cells. Figure 22 

shows the pooled fold changes in %CD107 degranulation on NK cells 

compared to MG1-pulsed PBMCs alone with no NSCLC target from 4 donors. 

NK cells degranulate against all 3 co-cultured NSCLC cell lines; for H1299, 

H1792 and H1975 there is a 3.5-, 3.2- and 1.4-fold increase, respectively, in 

%CD107 degranulation compared to PBMCs with no target. However, after 

pulsing the PBMCs with 0.1 MOI of MG1-FLUC, NK cell degranulation is 

enhanced against all 3 lung cancer targets; 8.5-, 5.3- and 3.8- fold increase in 

%CD107 degranulation compared to PBMCs with no target, when co-cultured 

with H1299, H1792 and H1975 cells respectively. 
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Figure 22: MG1 induces greater NK cell degranulation against NSCLC 
targets 

Healthy donor PBMC (pulsed with PBS or MG1-FLUC) were cultured with H1299, 

H1792 and H1975 NSCLC targets, and CD107 degranulation was determined by flow 

cytometry. Mean fold change in %CD107 degranulation compared to infected PBMCs 

without NSCLC targets +SD were plotted (n=4 donors) (*p<0.0332, **p<0.0021; 

Paired Student T-test statistical analysis.
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5.6 Discussion 

OVs represent a promising class of novel cytotoxic and immunogenic cancer 

therapy. Oncolytic MG1 virus has proven efficacy in numerous preclinical 

cancer models including NSCLC as shown in this thesis thus far. In addition 

to its potent oncolytic activity, MG1 therapeutic efficacy also relies on its 

intrinsic ability to induce anti-tumour immunity as evidenced by replication-

incompetent minimally UV-inactivated MG1’s ability to clear lung metastases 

in a murine B16 melanoma model (116). In this chapter, the virus’s ability to 

infect NSCLC cells and induce immunostimulatory consequences was 

explored.  

ICD plays a major role in inciting anti-tumour immunity by releasing DAMP 

signals such as increased surface expression of calreticulin, release of ATP 

and HMGB1, which can all promote DC maturation and IL-1β production. The 

ability to induce ICD has been shown in OVs such as adenovirus, semliki forest 

virus, coxsackie virus, measles virus and vaccinia virus (202-204); however 

ICD markers ascribed to treatment with oncolytic rhabdoviruses like MG1 have 

not been reported (184). In this chapter, we were able to show that MG1-

infected human NSCLC and 3LL cell lines were able to induce hallmarks of 

ICD (section 5.2). Furthermore, the more sensitive cell lines to MG1 infection 

and cytotoxicity (such as H1299 and 3LL), had greater releases of ATP and 

HMGB1. 

Type I IFN is another key player in promoting anti-tumour immunity as it can 

stimulate DC maturation, enrich granzyme and perforin expression in cytotoxic 

T-lymphocytes and enhance memory T-cell survival, all of which are essential 

in cancer immunosurveillance (205). OV therapy has an interesting dilemma 

with type I IFN, because on the one hand the success of this treatment strongly 

depends on the presence of a dysfunctional IFN signalling, often present in 

cancer cells, for susceptibility to viral infection and replication. However, on 

the other hand, the OV-induced type I IFN response can stimulate beneficial 

anti-tumour immunity. NDV has been shown to infect IFN-α deficient tumour 

cells, but still have the ability to promote IFN-β secretion (197). Furthermore, 
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even in tumour cells capable of responding with IFN-α expression after NDV 

infection, the virus still maintained permissiveness for replication as there were 

defects in downstream signalling of antiviral effectors. In this chapter, we 

showed that MG1 was also able to infect NSCLC cell lines and stimulate the 

type I IFN signalling pathway, via western blotting; pIRF3 and pTBK1, the 

upstream proteins to type I IFN, were increased in expression after virus 

infection. In addition, IFN-β was detected in significant concentrations in MG1-

infected 3LL cells, but none in uninfected controls. Future experiments would 

also include examining the IFN-β production from human NSCLC cell lines to 

ascertain if MG1 infection induces the production of type I IFN and establishing 

if IFN-β plays a role in MG1 sensitivity in cell lines. One limitation of the western 

blotting experiments was the inability to detect any upregulation of RIG-I, a 

box helicase that detects viral RNA to signal IFN-α/β production in infected 

cells, although RIG-I could still be activated without upregulation of the protein. 

The sister rhabdovirus VSV has been demonstrated to trigger RIG-I specific 

innate immune signalling during infection (206, 207), therefore it was 

postulated MG1 would also follow a similar detection mechanism. One 

explanation for this could be that MG1 is recognised by other RNA sensing 

proteins such as melanoma differentiation-associated gene 5 (MDA5), toll-like 

receptor 7 or 8, which can also stimulate the type I IFN pathway. Further 

experiments will be required to characterise the mechanism of MG1 detection 

definitively. 

MG1’s ability to induce ICD and IFN-β production in infected NSCLC cells 

seems to be consistent with the changes in the spleen and tumours of mice 

bearing 3LL subcutaneous malignancies after infection with MG1 either 

systemically or intratumourally (section 5.4). Viral infection resulted in an 

increase in percentage of NK cell population in the spleens and tumours after 

72 hrs of administration. Furthermore, these NKs were proliferating and more 

activated, as indicated by increases in the Ki67 and GrzmB markers. These 

findings were consistent with a publication by Zhang et al. exploring MG1’s 

activity in murine B16 model (116); the authors observed that within 24 hrs 

following systemic delivery of MG1, mice showed splenomegaly which 

resulted from a local increase in dendritic cells and NK cells, although in our 
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experiment we did not observe splenomegaly despite the increase in NK cell 

population, albeit examined at a later timepoint of 72hrs compared to Zhang 

el al’s experiments. The level of splenic NK cell activation seems similar 

between the two systems, as Zhang et al. observed around a 20-fold increase 

in percentage of CD69+ expression, compared to PBS treatment, after 3 days 

post MG1 systemic administration, as opposed to 32-fold increase in our 

experiment. We also noted a much higher level of GrzmB expression in these 

splenic NK cells, 3 days after intravenous MG1 treatment, of 17-fold increase 

compared to PBS therapy, as opposed to the 3-fold increase in Zhang et als’ 

publication at the same time point. These innate changes in our experiment 

were obtained with one lower dose of MG1 IV injection (1x107 pfu) compared 

to 3 doses of 1x108 pfu used in the murine B16 model, which suggests that 

multi-dosing is not necessarily required to achieve similar immunological 

consequences with oncolytic viruses, which has been a hotly contested 

subject. Zhang et al. also observed that the NK cell activation lasted up to 5 

days post-MG1 administration and, to add to this finding, in our experiment we 

noted that the MG1-induced NK cell infiltration and activation was lost by day 

10 post viral administration, and these effects were completely lost in the ex 

vivo spleen and tumour samples by this time point. The NKs were critical for 

reducing the number of lung metastases in the B16 murine model, although 

the authors did not show survival benefit, as selective depletion of this immune 

subset abolished any beneficial tumour growth control. Further experiments 

with NK cell ablation would be required to determine whether NKs are similarly 

critical in the anti-tumour effects in our 3LL murine model.  

MG1 infection in 3LL murine model had less impact on the adaptive immune 

system with only splenic CD8+ T cells showing increase in activity on day 3 

post viral administration which was not present in tumoural CD8+ T cells, or at 

either site in day 10 specimens. The initial MG1-induced innate immune 

response might explain the findings observed in section 4.3.4, whereby 

systemic MG1 therapy led to significant tumour growth retardation but no cures 

in mice bearing 3LL syngeneic tumours, as there was a failure to stimulate an 

adaptive immune effect. To validate this theory, a further experiment, as 

mentioned above, with NK cell depletion would be needed to assess whether 
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the therapeutic tumour control is lost after intravenous MG1 delivery. Also, 

future work would be required to analysis the dendritic cell population and its 

phenotype within the 3LL murine model to determine whether MG1 has failed 

to stimulate maturation of DCs which may account for the lack of engagement 

of the adaptive immune system. Unsurprisingly, the level of splenic NK cell 

activation at the 72 hr timepoint is greater with systemic rather than 

intratumoural MG1 delivery, which is in keeping with the observation that 

tumour growth retardation was seen with systemic virus therapy but not IT 

(section 4.3.4).  

Finally, this chapter also showed that MG1 infected PBMCs from healthy 

donors stimulated NK cell activation to NSCLC targets, suggesting that the 

viral effect on initiating an innate anti-tumour immune effect was also present 

in a human in vitro system. To further investigate this finding, isolation of NK 

cells from PBMCs could be performed, in order to determine if Type I IFN from 

APCs play a role in NK cell activation as seen with reovirus (208). 

Furthermore, NSCLC cell lysis could be measured to determine whether 

NSCLC are susceptible to NK killing following degranulation. 

Despite the oncolytic and immune stimulatory effects of MG1 described in this 

thesis so far, the therapeutic effect in 3LL murine lung cancer model is still 

limited to tumour growth control without long term cure. Hence in the next 

chapter, the possibility of improved outcomes with rationale combination 

strategies involving MG1 will be explored. 
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6. Chapter 6: MG1 combination 
strategies 

6.1 Introduction 

OVs, in theory, are the ultimate cancer-targeted agent because they can 

selectively infect and amplify themselves within the tumour milieu increasing 

therapeutic dose over time. In addition, aside from direct tumour lysis, they 

can be used to modulate the TME with TIL recruitment, priming of immune 

responses mediated by CD8+ T cells and innate immune cells, as well as 

promoting immunogenic cell death which releases PAMPs/DAMPs that attract 

immune cells to the tumour. Most of these attributes have also been observed 

with MG1 virus as shown in this thesis so far. Moreover, OVs can also be 

genetically manipulated to express transgene payloads to expand the 

immune-inflammatory and priming capabilities of virus infection. However, 

despite these tumour-selective mechanisms of action, their efficacy has been 

limited when administered as monotherapies (209) and, like with many other 

oncology treatments, the greatest therapeutic gains are likely to be harboured 

through combination strategies (112). Oncolytic MG1 virus is no exception and 

is being tested in clinical trials as part of a combinatory prime-boost 

vaccination with adenovirus incorporating specific tumour associated antigens 

(184). 

Having established that MG1 has some tumour growth control in the 3LL 

murine lung cancer model, this chapter will focus on novel approaches to 

attempt to enhance the therapeutic capabilities of MG1 virus. 

6.2 MG1 virus and anti-PD1 immunotherapy 

ICIs have revolutionised cancer treatment in the last decade and have now 

been incorporated into standard of care in the first and second line setting for 

patients with metastatic NSCLC. ICIs block the negative regulators of T-cell 

function leading to T-cell activation and currently the US FDA has approved 6 
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ICIs for clinical use: ipilimumab, nivolumab, pembrolizumab, atezolizumab, 

avelumab and durvalumab. However, despite their inarguable success, the 

percentage of patients with cancer estimated to respond to ICIs is still relatively 

low (~12.5%) (210). The ability of OVs to convert immune “cold” tumours, 

which lack lymphocyte infiltration and are less responsive to ICIs, into a more 

immune cell-rich environment, has resulted in promoting active research into 

combining OVs and ICIs treatments in cancer therapy. We have recently 

published a review article on this topic (172). 

As previously discussed, Bourgeois-Daigneault et al. demonstrated, in a triple 

negative breast cancer murine model, that neo-adjuvant treatment with MG1 

led to reduction in size and number of subsequent lung metastases and 

improved survival. In addition, MG1 infection led to tumour cell PD-L1 levels 

increasing. Furthermore, subsequent postoperative combination anti-CTLA-4 

and anti-PD1 immune checkpoint blockade (after neoadjuvant MG1) resulted 

in significantly improved survival compared to both untreated mice and those 

undergoing either immune checkpoint or MG1 single arm therapy (135). This 

led to the rational exploration to determine whether a similar synergistic 

combination effect would be seen in therapy of the 3LL murine lung cancer 

model. 

Figure 23A shows that, in contrast to the previously described triple negative 

breast cancer model, there was in fact an overall decrease in PD-L1 

expression on live 3LL cells observed after 24 hrs of 0.01 MOI MG1-FLUC 

exposure in vitro, detected using flow cytometry (mean PD-L1 expression was 

7.29% with PBS and 2.23% with MG1-FLUC, p=0.0009). Consistent with this 

in vitro finding, there was no overall survival advantage seen with combination 

intratumoural MG1-FLUC and intraperitoneal anti-PD1 therapy compared to 

either single treatments alone or IT PBS as shown in Figure 23C and 23D; 

mean OS was 28 days for IT PBS and IT MG1-FLUC, 26.5 days for IP anti-

PD1 and 25 days for combination therapy. This lack of therapy seen with IT 

MG1-FLUC is again consistent with previous experiment shown in Figure 15. 
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(D) 

 

Figure 23: MG1 infection does not sensitize 3LL tumours to immune 
checkpoint blockade 

(A) Cell surface programmed death ligand 1 (PD-L1) expression on 3LL cells after 24 

hrs of incubation with 0.1 MOI MG1-FLUC. Mean PD-L1 expression + SD (n=3) 

(*p<0.0332; Paired Student T-test statistical analysis). (B) Schematic of in vivo 

experiment exploring combination MG1-FLUC and anti-PD1 therapy. (C) Kaplan-

Meier survival analysis of 3LL tumour bearing mice after IT PBS, IT MG1-FLUC, IP 

anti-PD1 or combination therapy (D) Graph to show median OS (days) from each 

treatment group.
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6.3 MG1 and external beam radiotherapy 

Having established that MG1 infection stimulates type I IFN signalling in 

NSCLC cells (section 5.3) which may be contributing to the anti-tumour 

immune response observed in 3LL murine lung model (as described in section 

5.4), it seemed reasonable to investigate a combination strategy that attempts 

to boost this immunogenic effect. RT has and remains an important 

component of cancer treatment with approximately 50% of all cancer patients 

receiving radiation therapy during their course of illness (211). The efficacy of 

ionizing radiation is not only based on direct cytotoxicity to cancer cells through 

the induction of lethal DNA damage, but there is now increasing recognition 

that RT can also enhance T cell priming and T cell dependent tumour 

regression through the stimulation of type I IFN production (212, 213). 

Therefore, the potential synergistic effect of MG1 and RT to boost type I IFN 

signalling and thereby enhancing anti-tumour immune response was 

investigated. 

6.3.1  Viability of MG1 with RT combination 

Successful combination therapies often incorporate treatments with non-

overlapping toxicities and where each component does not compromise the 

efficacy of the other. Therefore first, the direct effect of RT on the viability and 

replication competency of MG1-GFP virus was assessed in vitro. MG1-GFP 

was treated with increasing doses of RT (0-32 Gy in single fractions) prior to 

assessing the viral titre with plaque assays. 

Figure 24B shows that the mean virus concentration for the unirradiated MG1-

GFP was 3.1x107 pfu/ml (95% CI 2.1-4.1 x107pfu/ml) compared to 3x107pfu/ml 

(95% CI 2.1-3.9 x107pfu/ml) after 32 Gy of radiation (the highest dose tested). 

Furthermore, there was no significant difference in the macroscopic 

appearance of the plaques between the non-irradiated virus and any of the 

escalating radiation doses (Figure 24A). Therefore, the results suggest that 

RT does not negatively impact MG1’s replicative ability if used in combination. 
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(A) 

 
 
(B) 
 

 
 
 
Figure 24: MG1-GFP is not affected by clinically relevant doses of 
EBRT.  

(A) Photographs of viral plaque assays showing MG1-GFP titration post-treatment 

with increasing doses of irradiation; (B) Line graph showing quantification of viral titres 

(n=3; mean viral concentration + 95% CI plotted. 
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6.3.2  MG1 and RT combination cytotoxic effects 

Having confirmed that RT does not negatively impact the replication 

competency of MG1, the cell viability of human and murine NSCLC cells was 

assessed using MTT assays, after either single treatments alone or in 

combination. Figure 25 demonstrates that NSCLC cells treated with either (A) 

4 Gy or (B) 8 Gy RT followed by 0.1 MOI MG1-GFP 24 hrs later, did not result 

in any additional cytotoxic effect compared with either of the monotherapies 

alone at the 72 hr timepoint; for H1299 the mean cell viability after combination 

treatment with 0.1 MOI MG1-GFP and 4 Gy or 8 Gy RT was 28% and 29% 

respectively, and 30% with virus alone; for H1573 it was 49% for combination 

virus and both 4 Gy or 8 Gy RT treatment and 40% with virus alone; for H1473 

it was 53% and 47% for combination virus and 4 Gy or 8 Gy RT respectively 

and 45% for virus alone; for H1975 it was 63% and 56% with combination virus 

and 4 Gy or 8 Gy RT respectively and 65% with virus alone; for H1792 it was 

24% for combination virus and both 4 Gy or 8 Gy RT and 26% with virus alone; 

and finally for 3LL it was 14% and 15% with combination virus and 4 Gy and 

8 Gy RT respectively and 14% with virus alone.  

In all these NSCLC cell lines therefore, the combination of 0.1 MOI MG1-GFP 

with 4 Gy or 8 Gy RT was not significantly different (p value >0.1234) 

compared to the cytotoxic effect of virus alone. 
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Figure 25:  Combination MG1-GFP at concentration of 0.1 MOI with 4 or 
8 Gy RT does not result in increased cytotoxicity in NSCLC cell lines 
compared to virus alone.  

Graphs showing cell viability after combination of 0.1 MOI MG1-GFP infection given 

24 hrs after either (A) 4 Gy or (B) 8 Gy RT or after each monotherapy alone. Mean 

cell viability across three independent experiments (n=4 in each experiment) + SD 

plotted (ns p>0.1234, *p<0.0332, **p<0.0021, ***p<0.0002 and ****p<0.0001; One-

way ANOVA statistical analysis with Tukey multiple comparison test. 
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6.3.3  IFN-β production after MG1 and RT combination 

in 3LL 

Although MG1 and RT combination, at the doses tested, failed to enhance 

cytotoxic effect in NSCLC cells in vitro compared to single treatments alone 

(section 6.3.2), the result may not be translated when tested in vivo; the 

hypothesis for synergism of these two agents relies on boosting of type I IFN 

signalling in the TME leading to stimulation of anti-tumour immune responses, 

and hence a combination benefit may only be revealed in immune-competent 

models tested in vivo. The success of this concept has been shown with other 

OVs that have been engineered to express IFNs; for example, Li et al. showed 

that an oncolytic measles virus encoding IFN-β was more efficient at 

controlling tumour growth compared to the parental virus in mesothelioma 

tumour models (214). Willmon et al. also tested an IFN-β-engineered VSV 

variant in mesothelioma and found the virus controlled tumour growth and 

better induced anti-tumour immunity compared to wild-type VSV (215). A later 

study by Patel et al. demonstrated that the virus improved anti-tumour 

immunity by decreasing tumour-infiltrating Tregs while increasing CTLs (216). 

Notably, VSV-IFNβ is currently undergoing clinical testing for solid tumours 

(ClinicalTrials.gov ID: NCT02923466). As stated previously, RT also enhances 

anti-tumour immunity by augmenting the innate immune sensing of tumours in 

a type I IFN-dependent manner, hence providing a rationale for combination 

with MG1 therapy. 

To explore this hypothesis, IFN-β production by 3LL murine cells in vitro was 

determined via ELISA after exposure to MG1-GFP infection, RT or both 

treatments. Figure 26A shows that combination therapy of 0.1 MOI MG1-GFP 

and 8 Gy RT resulted in significantly greater release of IFN-β, detected 24 hrs 

after treatments, compared to either exposure to PBS or monotherapies alone 

in 3LL cells; mean concentration of IFN-β after combination treatment was 

90.2pg/ml vs. 0pg/ml (p<0.0001), 80.0pg/ml (p=0.033) and 0pg/ml (p<0.0001), 

for PBS, 0.1 MOI MG1-GFP and 8Gy RT treated respectively. 

To address this increase in IFN-β production with RT-MG1 combination in vivo, 

3LL tumours were treated with either IV PBS, IV MG1-GFP (dose of 1x107pfu), 
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8 Gy RT or combination MG1-GFP and RT (3 mice per group). Tumours were 

harvested, homogenised and IFN- β production was determined by ELISA. 

Figure 26B shows the mean concentration of IFN-β per gram of tumour 

detected 72 hrs. Although combination virus and RT released greater amounts 

of IFN-β (2890.2pg/ml/g) compared to either MG1-GFP (759.2pg/ml/g) or 8Gy 

RT (1932.7pg/ml/g) or PBS (914.5pg/ml/g), this was not statistically significant 

(p value=0.316, 0.840 and 0.374 respectively), potentially due to the high 

variability within the treatment groups resulting from the small sample size 

(n=3). A further experiment with greater number of tumours would be required 

to elucidate a more robust conclusion.
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Figure 26: Combination of MG1 and RT resulted in increased IFN-β 
production in 3LL cells in vitro but not ex vivo compared to PBS treated 
or either monotherapies alone. 

(A) Graph showing mean concentration of IFN-β release in 3LL cells in vitro after 

treatment with PBS (control), 0.1MOI MG1-GFP, 8Gy RT or combination of virus and 

RT, as detected by ELISA after 24 hrs. Mean + SD across three independent 

experiments plotted; *p=0.033 and ****p<0.0001; One-way ANOVA statistical 

analysis with Tukey multiple comparison test. (B) Graph showing mean concentration 

of IFN-β release from process 3LL tumours ex vivo after treatment with IV PBS 

(control), 1x107pfu MG1-GFP, 8 Gy RT or combination of virus and RT, as detected 

by ELISA after 72 hrs. Mean + SD (n=3); ns p>0.1234; One-way ANOVA statistical 

analysis with Tukey multiple comparison test.
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6.3.4  Immune response after MG1 and RT 

Having previously observed that MG1 can stimulate NK cell degranulation 

against human NSCLC targets in vitro (section 5.5) and furthermore shown 

that systemically delivered MG1 initiated an innate, but not an adaptive 

immune response in the spleens and tumours of mice bearing 3LL 

subcutaneous malignancies (section 5.4), we set out to determine whether the 

addition of RT to virus could enhance anti-tumour immune reaction.  

The appeal of combining OVs with RT continues to grow as the relationship 

between these two therapies is better understood. Others have shown 

successful synergistic anti-tumour effects in numerous preclinical models with 

combination of these two therapies, through either radiation-mediated 

enhancement of viral oncolysis or virus-mediated sensitisation of cells to 

radiation therapy. For example, oHSV (NV1066) combined with irradiation 

significantly reduced tumour volume compared to either treatment alone for 

non-small cell lung cancer (158) and malignant mesothelioma (159); radiation 

exposure was found to increase cellular expression of GADD34 (a DNA-

damage- and growth arrest- inducible gene that helps protect cells against 

radiation insults), which is structurally homologous to the HSV-1 γ34.5 protein. 

This radiation-induced enhancement of GADD34 aided HSV replication and 

oncolysis. Another example is oncolytic vaccinia virus (GLV-1h68) which again 

showed synergistic cytotoxic effects in sarcoma cells when combined with RT, 

this time mediated through induction of intrinsic apoptosis (161). However, the 

potential benefit of enhancing anti-tumour immune response with RT and OV 

combination via stimulation of type I IFN signalling has not been explored. 

The effect on human NK cell degranulation after irradiated NSCLC targets in 

addition to pulsing PBMCs with MG1 virus were explored in vitro. Isolated 

PBMCs from 4 healthy donors were treated with 0.1 MOI MG1-FLUC for 24hrs, 

prior to co-culturing with H1299, H1792 and H1975 cells that had either been 

untreated or treated with 8 Gy RT. Figure 27A shows that the addition of RT 

did not result in any significant increase in NK cell degranulation across the 3 

human lung cancer targets; for H1299, H1792 and H1975 the mean fold 

increase in CD107 degranulation compared to PBMCs with no NSCLC target 
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was 8.5, 5.3 and 3.8 for unirradiated cells and 7.6, 4.7 and 4.0 for irradiated 

cells, respectively. Therefore, the addition of RT to MG1 infection did not seem 

to enhance NK cell degranulation to human NSCLC targets.  

The effect on the TME with combination virus and radiation therapy was also 

investigated in mice bearing 3LL subcutaneous tumours. These malignant 

lesions were harvested 10 days after either systemic MG1-FLUC (1x107pfu), 

8 Gy RT or both treatments were given and processed for flow cytometry 

analysis. Consistent with the finding that ex vivo IFN-β from 3LL tumours was 

not significantly increased after combination therapy (section 6.3.3) compared 

to either monotherapies alone, Figure 27 shows that there was also no 

significant differences in (B) tumoural NK- and (C) CD8+ T- cell numbers or 

activation status between any of the treatment arms; the percentage of 

tumoural NK cells within the total live CD45+ population was 2.8%, 1.9%, 2.1% 

and 2.3% for IV PBS, IV MG1-FLUC, RT and combination therapy 

respectively. Unsurprisingly, at the day 10 time point, the activation status of 

these NK cells, as represented by percentage GrzmB expression, also 

revealed no difference between the different arms: 1.7%, 1.2%, 1.8% and 

1.7% for IV PBS, IV MG1-FLUC, RT and combination therapy respectively. 

These findings are consistent with the results shown in section 5.4, where 

MG1-induced NK cell infiltration and activation within the spleens and tumours 

were observed at the early time point of day 3 and these changes were 

essentially absent by day 10.  Therefore, ideally in future work to assess the 

dynamics of NK cells after combination RT and MG1, tumours would be 

analysed between day 1-3 after treatments. Similar findings were seen with 

tumoral CD8+ T cells; percentage of CD8+/live CD45+ cells were 4.5%, 

10.7%, 4.3% and 9.3% and GrzmB expression were 6.2%, 3.1%, 16.2% and 

11.3% for IV PBS, IV MG1-FLUC, RT and combination therapy respectively. 

All differences were not statistically significant (p>0.1234).
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Figure 27: Combination RT and MG1 does not enhance NK cell 
degranulation against human NSCLC targets in vitro or stimulate an 
adaptive immune response against 3LL tumours ex vivo 

(A) Healthy donor PBMC (pulsed with 0.1 MOI MG1-FLUC) were cultured with 

unirradiated or 8 Gy irradiated H1299, H1792 and H1975 NSCLC targets, and CD107 

degranulation was determined by flow cytometry. Mean fold change in %CD107 

degranulation compared to infected PBMCs without NSCLC targets +SD were plotted 

(n=4 donors) (ns p>0.1234); Paired student T-test statistical analysis. (B)Tumoural 

NK- (C) CD8+T-cell percentage within CD45+ population and GrzmB expression in 

ex vivo 3LL tumours which were treated 10 days prior with either IV PBS, IV MG1-

FLUC (1x107pfu), 8 Gy RT or combination therapy. Mean + SD plotted (n=4 mice) (ns 

p>0.1234); Two-way ANOVA statistical analysis with Tukey multiple comparison test.
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6.3.5  MG1 and RT combination therapy in 3LL tumours 

in vivo 

In this chapter so far, we have shown that the addition of RT to MG1 virus led 

to an enhancement of IFN-β production by 3LL cells in vitro, which did not 

translate in harvested tumours ex vivo and there was no significant 

combination benefit in the stimulation of anti-tumour innate (shown with human 

NK cell degranulation assay) or adaptive (as shown from ex vivo harvested 

3LL tumours) immune responses compared with single agents alone. 

However, especially with in vivo TME analysis experiments where the 

timepoints chosen may have been incorrect, to conclude these findings, the 

survival advantage of RT in combination with systemic MG1 virus was 

investigated in the 3LL murine syngeneic murine model. Figure 28 shows the 

Kaplan Meier survival curves for mice bearing 3LL tumours treated with either 

(A) 8 Gy in a single fraction or (B) 24 Gy in 3 fractions (given on alternate days) 

RT, in addition to systemic MG1-FLUC (1x107pfu) or either treatment alone or 

IV PBS (control group). Consistent with previous data shown in section 4.3.4, 

there was no significant survival advantage with systemic MG1 virus alone 

compared to IV PBS (mOS was 28 and 33 days for IV MG1 in experiments 

shown in 6.3.5 (A) and (B) respectively and mOS was 29.5 days with IV PBS 

in both experiments). However, it was observed that irradiation alone, whether 

given at 8 Gy or 24 Gy, significantly improved median OS in mice bearing 3LL 

tumours compared to the control arms (mOS was 42 and 48.5 days for 8 and 

24 Gy RT respectively and 29.5 days for control groups in both experiments, 

p= 0.009 and p= 0.004 respectively). However, combination MG1 to RT did 

not improve survival outcome when compared to RT alone (mOS was 28 and 

42 days for 8Gy and 24Gy RT-virus combination respectively, compared to 

mOS of 42 and 48.5 days for 8Gy and 24 Gy RT monotherapy as described 

previously). One explanation for not observing any advantage with 

combination therapy is due to toxicity, as 3 out of 12 mice in the RT-MG1 group 

across the 2 experiments had to be sacrificed early due to excessive weight 

loss hence affecting mean overall survival for that cohort. 
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(A) 
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(C) 

 

Figure 28: Combination RT and MG1 does not improve survival in mice 
bearing 3LL subcutaneous tumours compared to monotherapies alone 

(A) Schematic of in vivo experiments with systemically delivery MG1 in combination 

with either 8Gy single fraction or 24Gy over 3 fractions of RT. Kaplan Meier survival 

curves for exploring (B) 8 Gy in single fraction and (C) 24 Gy in three fractions of RT 

with or without combination systemic MG1-FLUC (1x107pfu), IV MG1-FLUC alone 

and IV PBS in mice bearing 3LL subcutaneous tumours. (ns p>0.1234, *p<0.0332, 

**p<0.0021); Log-rank (Mantel-Cox) statistical analysis for significance.
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6.4 Modified MG1 virus and external beam 

radiotherapy 

Although MG1-FLUC/GFP and RT did not prove to be a fruitful combination 

treatment in NSCLC thus far, an attractive feature of maraba virus is the 

relative ease with which it can be genetically modified to express transgenes, 

which can substantially increase its functionality. For example, maraba virus 

has been altered to encode TAA transgenes such as ovalbumin protein (OVA) 

(144) and the human form of the melanoma-associated antigen dopachrome 

tautomerase (hDCT) (145) which can successfully induce anti-tumour 

immunity and lead to therapeutic benefit in preclinical ovarian and melanoma 

murine models, respectively, as part of a heterologous prime-boost system. 

Furthermore, MG1-expressing tumour antigen MAGEA3 is currently being 

used clinically in a heterologous prime-boost regimen with a MAGEA3-

expressing adenovirus vector in combination with the anti-PD1 antibodies 

pembrolizumab (149) and atezolizumab (NCT03618953) and without ICI 

(NCT02285816). 

In order to increase the combinatorial effects of oncolytic virotherapy and 

radiotherapy, other OVs have been modified to include promoters that are 

activated by exposure to radiation or genes that sensitize cells to radiation-

induced cell death. For example, survivin mRNA markedly increases in 

response to RT and when this promoter was used to drive adenovirus E1 

expression, combination with RT in vivo significantly delayed glioma tumour 

growth at 6 days post-infection compared to either single treatments alone or 

a combination of RT and wild-type adenovirus (217). Another attempt to 

improve radiosensitivity of infected cells is with the tumour-specific 

adenovirus, AdΔ24 (E1A-deleted), expressing the p53 tumour suppressor 

gene. The lack of p53 expression is common in malignancies and studies have 

shown that by re-introducing functional p53 into p53-negative cells, it not only 

increases the effectiveness of adenovirus-mediated cell lysis (218), but also 

increases sensitivity to radiation-induced cell death (163). Therefore, AdΔ24-

p53 led to synergistic cytotoxicity when combined with RT in human glioma 
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cell lines in vitro and in immunocompromised subcutaneous glioma models in 

vivo compared to either single treatments alone (164), 

Another potential strategy for enhancing radiosensitivity of tumour cells is to 

target cellular DNA double-strand break (DSBs) repair, as DSBs represent the 

most biologically significant lesions induced by ionizing radiation; therefore it 

can be expected that impaired DSBs repair would lead to radiation sensitivity. 

The main pathways that are predominantly involved in DSBs repair are 

homologous recombination and classical nonhomologous end-joining 

(cNHEJ). The protein BRCA1 encoded by the tumour suppressor gene BRCA1 

regulates all DSBs repair pathways and hence would be a good target for 

disruption to induce radiosensitisation. And indeed, the radiation sensitivity of 

cells with BRCA1 mutation has been tested in a variety of experimental 

models; for example, BRCA1-/- mouse embryonic fibroblasts (MEFs) are 

highly sensitive to RT (219, 220) and radiation sensitivity was also observed 

in human breast cancer cell line, HCC1937, which has truncated BRCA1 

expression. Furthermore, retrovirally expressed wild-type BRCA1 decreased 

the RT sensitivity and increased the efficiency of DSBs repair of the BRCA1-

/- HCC1937 cell line and reduced its susceptibility to DSB generation (221). In 

another interesting study by Karanam et al. the authors found that tumour-

treating fields (TTFields), an FDA-approved treatment for recurrent and newly 

diagnosed glioblastomas, which utilises low-intensity, intermediate frequency, 

alternating electric fields to disrupt mitosis and kill tumour cells, also 

downregulates many of the BRCA1 pathway genes in NSCLC cell lines. 

Furthermore, the authors observed that the reduction in BRCA1 expression 

led to a decrease in DNA DSB repair capacity and, when TTFields was 

administered following ionising radiation, all of the NSCLC cell lines displayed 

synergistic enhancement in sensitivity to RT (222). Therefore, in summary the 

evidence from cell and animal models provide strong evidence supporting a 

role of BRCA1 mutation in radiosensitivity. 

Therefore, in this section the potential combination effect of modified MG1 

expressing shBRCA1, to reduce DSB repair capacity, followed by RT in 

NSCLC cell lines will be explored. 
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6.4.1  BRCA1 status in NSCLC cell lines 

Prior to exploring the combination effect of MG1-shBRCA1 and RT 

combination, the baseline BRCA1 status was determined in the panel of 

human NSCLC and 3LL cell lines. Figure 29 shows (A) western blot to assess 

presence of BRCA1 protein and (B) densitometry graphs normalising the 

intensity of the bands against tubulin, in these lung cancer cell lines. BRCA1 

status was also assessed in SUM149 parental and SUM149 revertant cells, 

which are human triple negative breast cancer cells, in which the parental line 

possesses an exon-11 skipping hypomorphic BRCA1 mutation, that leads to 

lower expression of functional BRCA1 protein compared to the revertant line, 

which has a secondary mutation that restores the open reading frame in the 

parental BRCA1 gene (223). SUM149 revertant and parental cells were used 

as positive and negative controls respectively for BRCA1 protein in the 

western blots. It is observed in Figure 29A that SUM149 Revertant, H1792, 

H1299, H1975 and 3LL cell lines all express higher quantities of BRCA1 

protein, which is confirmed in the densitometry graphs shown in Figure 29B, 

compared to SUM149 Parental, H1437 and H1573 cell lines. Figure 29C 

illustrates the presence of BRCA1 DNA, detected via PCR, in SUM149 

revertant, H1792, H1299 and H1975 cell lines but not in SUM149 parental 

cells. 
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Figure 29: Functional BRCA1 protein and DNA detected in H1792, H1299, 
H1975 and 3LL lung cancer cell lines. 

(A) Western blot analysis of BRCA1 protein in human (H1437, H1573, H1792, H1299 

and H1975) and murine (3LL) NSCLC cell lines. SUM 149 Revertant and Parental 

cells (TNBC cell lines) were utilised as positive and negative controls respectively. 

(B) Densitometric presentation of western blots. (C) PCR of BRCA1 DNA in human 

(H1792, H1299 and H1975) and murine (3LL) NSCLC cell lines.  SUM 149 Revertant 

and Parental cells were utilised as positive and negative controls respectively.
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6.4.2  BRCA1 deficiency and radiosensitivity 

Having established the BRCA1 status of the panel of human and murine 

NSCLC cell lines used within this thesis, we set out to demonstrate whether 

disrupting BRCA1 expression in BRCA1 wild-type cells would lead to 

radiosensitivity. As described previously, there is a wealth of data supporting 

this hypothesis in pre-clinical cellular and animal models (see section 6.4 

introduction). Figure 30A confirms that SUM149 Revertant cells, which 

possess a secondary mutation that rescues functional BRCA1 expression, are 

more radioresistant than their Parental counterparts that are BRCA1 mutated, 

as shown using Cell Titre-Glo® viability assay; it can be seen that, although 

there were no differences in cell viability between the two cell lines in untreated 

and after 2Gy RT, treatment with higher doses of RT resulted in more cell 

death in SUM149 Parental cells compared with SUM149 Revertant cells. For 

SUM149 Parental cells the mean cell viability after 8 days from treatment were 

100%, 111%, 96%, 85%, 58% and 46% after 0, 2, 4, 6, 8 and 10Gy RT, 

respectively. This was in comparison to the mean cell viability in SUM149 

Revertant cells, which were 100%, 123%, 127%, 130%, 105% and 80% after 

0Gy-, 2Gy-, 4Gy-, 6Gy-, 8Gy- and 10Gy RT, respectively.   

A similar result was seen after BRCA1 knock down in the H1299 lung cancer 

cell line using siRNA; Figure 30B shows successful silencing of the BRCA1 

gene and the absence of BRCA1 protein 72 hrs after siBRCA1 transfection, 

compared with mock transfection, in H1299 cells. These siBRCA1 transfected 

H1299 cells were more radiosensitive compared to mock transfected H1299 

counterparts as shown in Figure 30C; mean cell viability for mock transfected 

H1299 cells were 100%, 92% and 64% after 0, 4 and 8Gy RT, respectively. 

This is compared to mean cell viability in siBRCA1 transfected H1299 cells of 

100%, 64% and 41% after 0, 4 and 8 Gy RT, respectively. 

These results are consistent with previous publications that show BRCA1-

deficient cells are more radiosensitive than BRCA1-profient counterparts. 

Furthermore, it confirms the proof of concept that by silencing BRCA1 

expression in BRCA1 wild-type NSCLC cells, it would lead to increased 

radiation-induced cytotoxicity.
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Figure 30: BRCA1-deficient cells are more radiosensitive than BRCA1-
proficent counterparts. 

(A) Cell Titre Glo® viability assay for SUM149 Parental and Revertant cell lines 8 

days after treatment with 2, 4, 6, 8, 10 Gy RT and non-irradiated cells. Graphs show 

the mean +SD of three independent experiments (ns p>0.1234 and ****p<0.0001; 

Two-way ANOVA statistical analysis corrected for multi-comparison using Sidak test). 

(B) Western blot analysis for BRCA1 protein in H1299 cells 72 hrs after mock 

transfection or siBRCA1 transfection. (C) Cell Titre Glo® viability assay for mock- and 

siBRCA1-transfected cell lines 5 days after treatment with 4, 8Gy RT and non-

irradiated cells. Graphs show the mean +SD of three independent experiments (ns 

p>0.1234 and ****p<0.0001; Two-way ANOVA statistical analysis corrected for multi-

comparison using Sidak test).
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6.4.3  MG1-shBRCA1 and Radiotherapy in NSCLC 

Having shown that siRNA knockdown of BRCA1 can lead to radiosensitivity in 

human H1299 lung cancer cell line in vitro, we were therefore interested in 

whether disrupting BRCA1 protein expression in vivo would lead to beneficial 

survival advantage in combination with RT. Thus, MG1 vector expressing 

shRNA against human and murine BRCA1 was generated and knockdown of 

BRCA1 in H1792, H1299 and 3LL cells after 0.1 MOI MG1-shBRCA1 was 

investigated (Figure 31A).  From the preliminary western blots, it is uncertain 

as to whether the generated MG1-shBRCA1 at the dose tested resulted in 

successful BRCA1 knockdown as for H1792; although the band for BRCA1 is 

absent, it was also absent after infection with a MG1-expressing a non-

targeting control (NTC) shRNA (MG1-shNTC). As for H1299 cells there was a 

lighter BRCA1 band after MG-shBRCA1 infection compared to uninfected or 

MG1-shNTC virus infection. Whereas for 3LL, the results were inconclusive as 

there was artefact obscuring the band after MG1-shBRCA1 infection. Further 

repeats of these western blots are required for determining the success of the 

MG1-shBRCA1 virus.  

Notwithstanding this inconclusive result the combination of MG-shBRCA1 with 

RT was tested in the 3LL murine syngeneic murine model. Figure 31B shows 

the Kaplan Meier survival curves for mice bearing 3LL tumours treated with 

MG-shNTC and MG-shBRCA-1 alone or in combination with 8 Gy RT.  

Treatment of mice bearing 3LL subcutaneous tumours with MG1-shBRCA1 

and 8 Gy RT, did not lead to improved survival compared to single agents 

alone, PBS or MG1-shSLG +/-RT (Figure 31B and 31C). Consistent with 

previous experiments (Figure 15), intratumourally delivered virus alone did not 

lead to any significant survival advantage over PBS (mOS 24 vs 22.5 days 

compared to this experiments mOS 29 vs 29 days, PSB vs MG1). However, 

in contrast to the previous experiment, the anti-tumour effect of 8 Gy RT was 

abolished compared to Figure 28 (mOS 29.5 vs 42 compared to this 

experiment 29 vs 29, PBS vs 8 Gy). After reviewing the experiments, there 

appeared to be differences in the average 3LL tumour volumes at the start of 

RT treatment; although in both experiments the mice received RT at D11, the 
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average tumour volume in the 8 Gy RT monotherapy group was 41.63mm3 in 

Figure 28’s experiment, compared to 79.66mm3 in this experiment. This may 

account for the difference in RT efficacy between the two experiments and is 

consistent with the knowledge that smaller tumours responds better to RT.
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Figure 31: MG1-shBRCA1 knockdown of BRCA1 protein expression 
inconclusive and did not improve MG1 therapy in combination with RT 
in 3LL murine lung cancer model 

(A) Western blot analysis of BRCA1 expressed in H1792, H1299 and 3LL cells 24 hrs 

after either exposure to PBS (untreated), 0.1 MOI MG1-shSLG or 0.1 MOI MG1-

shBRCA1. (B) Schematic of in vivo experiment of combination modified MG1 virus 

and RT. (C) Kaplan-Meier survival of mice that harboured 3LL subcutaneous tumours 

and treated on day 11 with either IT PBS, IT MG1-shSLG or IT MG1-shBRCA1. Mice 

in the radiation alone and combination groups were also treated with 8Gy RT on day 

14; n=6 mice per group. (C) Median overall survival (days) for each treatment group 

compared to IT PBS. Log-rank Mantel-Cox statistical analysis; ns P>0.1234
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6.5 Discussion 

OVs are biological machines that can directly infect, self-amplify, kill cancer 

cells and mediate anti-tumour activity. MG1 virus has been shown in this thesis 

to possess these characteristics including the ability to promote ICD, which 

leads to release of DAMPs, thereby attracting and activating innate immune 

cells within the TME. Despite these properties, the therapeutic effect of MG1 

as a single agent was limited in the 3LL murine lung cancer model tested (see 

section 4.3.4), Therefore in this chapter, the potential of combination 

treatments with MG1 in an attempt to enhance its beneficial anti-tumour effects 

was explored. 

The strategy that arguably is the most likely to have immediate clinical 

relevance is to combine MG1 with current standard of care therapies such as 

immune checkpoint blockade and radiotherapy. Given that OVs can often 

convert a “cold” tumour immune environment “hot”, with increases in tumoural 

PD-L1 expression, they have proven to be a successful synergistic partner 

with immune checkpoint inhibitors in many pre-clinical models (172). 

Consistent with other OVs, MG1 infection also leads to increase in tumoural 

PD-L1 expression in a triple negative breast cancer murine model and 

successfully enhanced therapeutic response when given in the neoadjuvant 

setting followed by postoperative combination anti-CTLA-4 and anti-PD-1 

immune checkpoint blockade (135). In addition, in section 5.4.1, we observed 

that both IT and IV delivery of MG1 resulted in an increasing trend in PD-1 

expression on CD8+ T cells within the spleen in mice bearing 3LL 

subcutaneous tumours; therefore MG1 in combination with anti-PD1 became 

a rationale strategy to explore for enhanced therapy. However, 

disappointingly, we did not observe any increase in PD-L1 expression on 3LL 

murine lung cancer cells after MG1 infection in vitro and unsurprisingly this 

translated into no overall survival difference with combination MG1 and anti-

PD1 therapy compared to single agents alone in mice harbouring 

subcutaneous 3LL tumours. Aside from the lack of induction of PD-L1 

expression on tumoural cells, albeit this was not confirmed in vivo, 3LL Lewis 

lung carcinomas are also known to be weakly immunogenic, with the ability to 



193 
 

exclude T cells from the tumour immune microenvironment (224). Despite 

MG1 infection of 3LL tumours leading to innate immune activation, mainly NK 

cell tumour infiltration and activation, as shown in section 5.4.2, there was still 

a deficiency of CD8+ T cell recruitment observed within the tumour, which 

again likely contributes to the lack of combination therapy with anti-PD1 and 

MG1 virus. 

Another attempt to enhance MG1 virotherapy in 3LL murine tumours was 

aimed at enhancing anti-tumour immune response by boosting type I IFN 

production with RT. As previously discussed (section 5.3), type I IFNs play a 

crucial role in the crosstalk between tumour cells and the immune system and 

result in the recruitment of NK and CD8+ T cells to the tumour immune 

microenvironment. MG1 infection has not only demonstrated the ability to 

induce ICD in NSCLC cells, but it also stimulates IFN-β production (section 

5.2 and 5.3). In this chapter we have shown that, although the addition of RT 

to virus can increase IFN-β release in 3LL cells in vitro, this did not translate 

in ex vivo 3LL tumours harvested from mice treated after combination therapy 

at 72 hrs. Furthermore, MG1-RT treatment failed to stimulate any adaptive 

anti-tumour immune response detectable at 10 days post-administration, and 

thus there was no overall survival advantage seen in mice treated with dual 

therapy compared to single agents alone. An explanation for this somewhat 

disappointing finding may be due to the highly lytic nature of MG1 as shown in 

vitro whereby all NSCLC cell lines tested in this thesis were sensitive to viral 

cytotoxicity even at low doses of 0.01 MOI and, furthermore, 3LL cells were 

killed at even lower doses of 0.0001 MOI. Highly lytic viruses may be more 

immunogenic against the virus, and prime antiviral adaptive immune 

responses, which leads to rapid clearance of virus from the host before the 

anti-tumour adaptive response has time to mature; we showed that anti-viral 

NAbs began to develop after 72 hrs from systemic MG1 administration in the 

murine 3LL model (section 4.3.2). This may explain why there was a lack of 

IFN-β secretion detected in ex vivo 3LL tumours after MG1 virus monotherapy 

(Figure 26B) and also why there was an absence of adaptive anti-tumour 

immune response seen after MG1 virotherapy alone, as seen in section 5.4.3. 

Another possibility for the lack of anti-tumour immunity is due to the 3LL model 
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being poorly immunogenic; Lechner et al. investigated the immune-related 

gene expressions in Lewis Lung carcinoma (LLC) specimens, measured by 

qRT-PCR and, in the final immune profile, found that LLCs had generalised 

down-regulation of pan-leukocyte (CD45), T-cell (CD3, CD4) and myeloid cell 

(CD11c, CD11b) genes. Additionally, LLCs had decreased expression of T-

cell activation genes (CD25, CD62L) and DC activation and co-stimulatory 

genes (CD80, CD86, OX40L, GITRL, CD40, CD137L). Murine LLC cells in 

vivo also showed lack of MHC class I molecule H2-D expression with IHC 

staining. Furthermore, the authors showed that the success of two 

immunotherapy regimens (CCL16 with low dose chemotherapy with or without 

a DC tumour vaccine) correlated directly with tumour immunogenicity, with 

LLC responding poorly to immunotherapy treatment (225). A study by Yaacov 

et al. has looked at using a sub-clone of 3LL, 3LL-D122 with a NDV, where 

they demonstrate some efficacy, although no long term cures (226). To date, 

there have been no other publications demonstrating long term cures with OVs 

in this model. The addition of RT then had limited enhancement of this immune 

response, as RT alone often fails effectively to initiate adaptive immunity as 

highlighted in the rarity of abscopal events seen clinically. The timing and/or 

dosage of OV and RT in this combination treatment are also crucial for total 

eradication of tumours as shown by Simbawa et al. in their spatiotemporal 

dynamic mathematical modelling of radiovirotherapy for cancer treatments 

(227). Therefore, the optimal dose and timing for MG1 and RT may not have 

been found yet from our experiments. 

In a final attempt to enhance MG1 therapy, we also explored modified MG1 

expressing shBRCA1 to use in combination with RT to sensitise NSCLC cells 

to irradiation. There is a wealth of pre-clinical data that shows BRCA1 deficient 

cells are more radiosensitive (as discussed in section 6.4) and we were also 

able to demonstrate that SUM149 parental cells (which are BRCA1 mutated), 

as well as siBRCA1-transfected H1299 cells, were more sensitive to RT than 

SUM149 revertant and mock transfected H1299 cells, respectively. However, 

the clinical data to support this theory is inconclusive and often conflicting.  For 

example in a study of a small number of patients, there was a lower rate of 

subsequent ipsilateral breast tumours in BRCA1/2 carriers who were treated 



195 
 

by lumpectomy and breast RT compared with noncarriers treated in a similar 

fashion at a median follow-up time of 63 months (228). However, in another 

matched retrospective case-control study from the Institut Curie, which studied 

ipsilateral tumour recurrence, contralateral tumour development and overall 

survival in breast cancer patients that had undergone breast conserving 

surgery and RT, they demonstrated that there was no difference in ipsilateral 

breast tumour recurrence or OS between BRCA1/2 mutation carriers versus 

sporadic controls at a median follow-up of 161 months (229). Although results 

are somewhat mixed, this could be due to the higher inherent risk of tumour 

relapse in the ipsilateral breast in BRCA1/2 mutated patients despite adjuvant 

RT being more effective than in their BRCA wild-type paired counterparts. 

Therefore, there was still a good rationale to explore MG1-shBRCA1 which 

would selectively target and silence BRCA1 protein expression in NSCLC 

cells, thereby sensitising them to combination radiotherapy. However, we did 

not detect any overall survival in mice bearing 3LL subcutaneous tumours, 

with combination MG1-shBRA1 and RT compared to single treatments alone. 

A possible explanation for this result could be that MG1 is again highly lytic 

and, as a result, kills tumour cells before shBRCA1 had time to act for RT 

sensitisation. Therefore, further western blots to illicit whether MG1-shBRCA1 

does indeed silence BRCA1 expression in 3LL tumours in vivo at the time point 

tested in our experiments are still required to demonstrate the virus is capable 

of achieving what it was designed to do. There was, however, difficulty in 

demonstrating MG1-shBRCA1 silencing BRCA1 protein expression in NSCLC 

cell lines in vitro via western blots (section 6.4.3 (A)). Future work will look to 

address this problem by cloning shBRCA-1 into a replication deficient 

Rhabdovirus backbone. 

In summary, we were unable to find an effective combination partner to 

enhance the therapeutic effect of MG1 virotherapy. The failure of these 

strategies may be down to the particular nature of the model chosen, and also 

the timing and dosing of each combination component is likely to be crucial for 

the effectiveness in anti-tumour control. 
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7. Chapter 7: Discussion 

7.1 Conclusions 

The results presented within this study demonstrate that MG1 virus can 

selectively infect, replicate and kill NSCLC cell lines while sparing normal cells 

like HFF. One of the major limitations for adopting OVs clinically has been the 

difficulty to administer effective viral doses to tumour sites not readily 

accessible by intratumoural injections. MG1, however, has the ability to 

maintain tumour tropism in vivo after systemic delivery and can reach 3LL 

tumours whether they are situated subcutaneously or at the orthotopic site. 

Crucially, there was also no significant difference in the maximum viral dose 

detected in the tumour at 24, 48 and 72 hrs after virus administration between 

systemic and intratumoural delivery, which makes MG1 a good potential OV 

for treating patients with metastatic disease. 

MG1 has not only been shown to possess powerful oncolytic activity, lysing 

NSCLC cells at low viral concentrations, it can also induce ICD, which has not 

been previously described for this virus. This immune-promoting 

characteristic, together with the ability to stimulate type I IFN production, led 

to innate immune changes (mainly NK cell recruitment and activation) within 

the tumours and spleens of mice bearing 3LL subcutaneous malignancies, 

after IT or IV administration of MG1. Furthermore, systemic delivery of MG1 

resulted in greater splenic, and possibly tumoural, NK cell activation compared 

to intratumoural administration. This could explain why tumour growth 

retardation was observed after IV MG1 virus, but not IT MG1 virus, in the 3LL 

murine model; however a further NK cell depletion experiment would be 

required in order to definitively prove this theory. The innate immune 

stimulating properties after MG1 virus infection was again demonstrated in 

human NK cell degranulation assays with NSCLC cell line targets; exposing 

PBMCs, obtained from healthy donors, to MG1 significantly enhanced NK cell 

degranulation against NSCLC targets, compared to virally-unexposed 

PBMCs.  
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Despite the beneficial innate immune stimulating characteristics of MG1, it 

failed to engage the adaptive CD8+ T cell response against 3LL tumours, 

which may have contributed to the lack of overall survival advantage seen in 

the 3LL murine model after virus treatment compared to PBS controls. A 

possible explanation for this is the highly lytic nature of MG1, which results in 

rapid anti-viral immune responses that clear the virus prior to the maturation 

of the adaptive anti-tumoural immune response. In this study we showed that 

neutralising antibodies to MG1 were detected in mice harbouring 3LL tumours 

as early as 72hrs after virus administration. However, we also noted MG1 

doses of greater than 1x105 pfu in ex vivo harvested 3LL tumours whether the 

virus was delivered intravenously or intratumourally despite the presence of 

Nabs. Therefore, the more likely reason for the lack of anti-tumour adaptive 

immunogenicity is the poorly immunogenic nature of the 3LL model. Lewis 

lung carcinoma has been shown to be infiltrated with mainly 

immunosuppressive MDSCs and tumour-associated macrophages (TAMs), 

with very few CD8+ or CD4+ T cells. As explained previously, Lechner et al. 

have also shown LLCs have reduced expression of pan-leukocyte and T cell 

co-stimulatory genes resulting in poor responses to immunotherapy (225). 

Therefore, it may be unsurprising that MG1 virotherapy was insufficient to 

cause engagement of anti-tumour adaptive immunity. Future work would look 

at MG1 therapy in tumours with higher immunogenicity. 

Finally, in an attempt to enhance the therapeutic effect of MG1 virus, 

combination therapy was explored with anti-PD1 and RT, as well as modifying 

MG1 to express shBRCA1 in order to infect and sensitize NSCLC cells to 

irradiation. Although MG1 infection has been shown to increase PD-L1 

expression in a TNBC model and subsequently improve the therapeutic 

outcome in mice receiving MG1 neoadjuvantly followed by combination anti-

CTLA-4 and anti-PD1 therapy post-surgery (135), compared to either 

monotherapy alone, this effect seemed to be tumour model specific as there 

was no increase in PD-L1 expression in 3LL cells in vitro, nor did the 

combination virus and anti-PD1 therapy lead to any improved survival in the 

3LL murine lung  cancer model in vivo, compared to other treatment arms. If 

this combination treatment was explored in another lung cancer model with a 
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“hotter” immune TME, it may have led to a more positive outcome, as within 

our lab we also noted that MG1 increased PD-L1 expression in 4434 

melanoma cells which also led to synergistic therapeutic benefits with anti-

PD1 therapy in mice harbouring subcutaneous 4434 tumours. 

Combination RT and MG1 did lead to increased IFN-β production in vitro as 

hypothesised, but unfortunately this did not translate when tested in vivo, 

which may explain the failure in stimulating the adaptive immune system 

against the tumour better than single treatments alone, when explored in the 

3LL murine lung cancer model. This dual therapy subsequently did not result 

in any survival advantage in the mice bearing 3LL tumours compared to 

monotherapies alone. It was observed from ex vivo 3LL tumours that MG1 

therapy did not lead to significantly greater amounts of IFN-β production 

compared to PBS controls, which was contrary to what was seen in vitro, again 

raising the possibility that the virus could have been cleared by anti-viral 

immunity before stimulating the type I IFN pathway. Another possibility could 

be due to timing of ex vivo IFN- β analysis, as with in vitro data IFN- β was 

shown to be present even at 24 hours; therefore the tumours being examined 

at 72hrs might have been too late to accurately detect combination effect on 

the type I IFN pathway. Therefore, future work to repeat this experiment at an 

early time point would be warranted. 

Finally, modified MG1 expressing shBRCA1 was investigated in combination 

with RT as BRCA mutated cell lines have been shown in our study and others 

to be more radiosensitive. Furthermore, siBRCA1 knockdown of H1299 

human cell line did increase radiation-induced cytotoxicity. However, we were 

unable to confidently determine whether our modified MG1-shBRCA did 

indeed knockdown BRCA1 protein expression in a panel of human and murine 

NSCLC cell lines in vitro, as there were mixed results on western blot with 

H1792 and 3LL cells, failing to demonstrate conclusive BRCA1 knockdown, 

unlike for the H1299 cell line after infection with 0.1 MOI MG1-shBRCA1. A 

plausible explanation for this could be that H1792 and 3LL were more sensitive 

to MG1 cytotoxicity, as shown in Figure 8, compared to H1299, hence these 

cells could have been killed before BRCA1 could be knocked down. 

Unsurprisingly therefore, MG1-shBRCA1 in combination with RT did not result 
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in better overall survival than single treatments alone in the 3LL murine model. 

However, further western blot analysis of ex vivo 3LL tumours would be 

required to determine whether MG1-shBRCA1 does indeed lead to knock 

down BRCA1 expression in vivo. If this is not the case, then the design of 

MG1-shBRCA1 may need to be reviewed or the modified MG1-shBRCA1 

could be tested in other more resistant BRCA1-wild type cell lines. 

In summary, MG1 does appear to be a powerful multifunctional tool that can 

be delivered systemically in the treatment of NSCLC with the ability to directly 

lyse tumour cells and stimulate an innate immune response in vivo via ICD 

and type I IFN production. However, although MG1 virotherapy has been 

shown to improve survival in mice bearing other tumour types such as S180 

sarcoma (133) and CT26 colorectal adenocarcinoma (131), we did not detect 

any survival benefit in the 3LL lung cancer murine model. The true potential to 

enhance MG1’s therapeutic ability likely lies in effective combination therapy, 

and although this did not materialise with the addition of anti-PD1 or RT in the 

lung cancer model we tested, there are other treatment partners that have 

good scientific rationale for exploration. 

7.2 Improving experimental studies 

In vivo studies, especially when analysing the change in immune landscape 

after MG1 therapy, could be improved by repeating the experiments with 

increased timepoints’ number of mice per group (8-10), in order to enhance 

the confidence of not only the survival results, but the immunological readouts 

via flow cytometry. Moreover, panels that looked at DC phenotype would be 

informative, especially when compared to models with known efficacy. 

Increased numbers of ex vivo tumours harvested in a repeat experiment to 

determine the differences in IFN-β production after RT, MG1 or combination 

treatments would also potentially lead to tighter standard deviations and 

increased confidence in the results. 

The radiotherapy administered to mice in these experiments was technically 

basic, where the whole mouse was essentially placed underneath a 

radiotherapy source, using lead shielding to isolate the subcutaneous tumours 
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for treatment while protecting the rest of the animal and using a dosimeter to 

measure the dose of RT given. Despite careful positioning of lead shielding in 

each experiment, some normal tissue including tumour-draining lymph nodes 

would inevitably end up in the RT field. Marciscano et al. illustrated in a MC38 

colon cancer murine model that RT to the tumour significantly increased 

tumour infiltration of CD8+ effector T cells (Teffs) and Tregs, while RT to the 

tumour and elective draining lymph node irradiation (ENI), resulted in a smaller 

increase in Teffs but not Tregs (230). There was also difference in survival 

outcome between the mice who only had tumour irradiation compared to those 

who in addition had ENI, highlighting the importance of conformal RT to avoid 

inconsistent results. Therefore repeated in vivo experiments with the small 

animal radiation research platform (SARRP) would achieve more conformal 

RT administration and avoid lymph node irradiation, which would enhance the 

confidence of the conclusions made regarding survival and immune changes 

in mice harbouring 3LL tumours after RT or combination MG1-RT treatments. 

7.3 Future studies 

As mentioned previously, in order to definitively conclude that the innate 

immune changes seen in the spleen and tumour after systemic MG1 

administration are contributing to the tumour growth retardation seen in mice 

bearing 3LL subcutaneous tumours, a repeat experiment with NK cell 

depletion would be required to see if this therapeutic benefit is ablated. 

It would be interesting to test MG1 in combination with anti-PD1 in a more 

immunogenic lung cancer model, as it has been shown in other more 

immunogenic tumours such as 4T1 (TNBC) (135) and 4434 (melanoma) 

(unpublished data from our lab), that MG1 infection can sensitise these 

tumours to anti-PD1 therapy. One such model could be the 3LL clone, 3LL 

C75, which is a more highly immunogenic variant of the parent 3LL. 

As mentioned previously, our modified MG1-shBRCA1 would need to be 

explored in other BRCA-WT cell lines that are more resistant to MG1 

cytotoxicity or using a replication deficient MG1 (MG1Gless) to conclude 

whether a virus with less direct cytotoxicity is able to knock down BRCA1 
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expression. Ex vivo 3LL tumours could also be analysed after MG1-shBRCA1 

infection to determine via western blot or IHC whether the expression of 

BRCA1 is reduced compared to MG1-shNTC. If not, then the design of MG1-

shBRCA1 would need to be reviewed, especially if the virus fails to knock 

down BRCA1 expression in other more resistant BRCA1-WT cell lines. 

However, if the virus is deemed to be successful, then further combination 

therapy with PARPi and MG1-shBRCA1 could be tested in the 3LL murine 

model, as the clinical data for synergistic benefit of RT and BRCA mutated 

tumours are often inconclusive and conflicting, as discussed in section 6.5. 

Finally, another potential combination partner for MG1 virus to treat NSCLC is 

with other immune checkpoint inhibitors, especially anti-TIGIT antibody. The 

immune checkpoint TIGIT has been often shown to be highly expressed on 

NK cells (231) for negative regulation of the innate immune response. From 

our data and other studies (116, 137), it has been shown that MG1 stimulates 

a strong anti-tumour innate response, in particular with NK cell recruitment and 

activation, and in Figure 19C we also show that there was increased TIGIT 

expression on splenic NK cells after MG1 infection. Therefore, combination 

anti-TIGIT antibody with MG1 virotherapy may lead to increase NK cell 

activation and improved survival in the 3LL murine lung cancer model 

compared to monotherapies. 
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8. Chapter 8: Appendix 

8.1 IASLC TMN staging for NSCLC 

Table 6: T, N, and M descriptors for the 8th edition IASLC lung cancer 
staging. 

T: Primary tumour 

Tx Primary tumour cannot be assessed, 
or tumour proven by presence of 
malignant cells in sputum or 
bronchial washings but not 
visualized by imaging or 
bronchoscopy 

T0 No evidence of primary tumour 

Tis Carcinoma in situ 

T1 Tumour ≤3cm in greatest dimension 
surrounded by lung or visceral pleura 
without bronchoscopic evidence of 
invasion more proximal than the 
lobar bronchus (ie. Not in the main 
bronchus)* 

    T1a(mi) Minimally invasive adenocarcinoma¶ 

    T1a Tumour ≤1cm in greatest dimension* 

    T1b Tumour >1cm but ≤2cm in greatest 
dimension* 

    T1c Tumour >2cm but ≤2cm in greatest 
dimension* 

T2 Tumour >3 cm but ≤5 cm or tumour 
with any of the following features’ 

▪ Involves main bronchus 
regardless of distance from the 
carina but without involvement of 
the carina 

▪ Invades visceral pleura 

▪ Associated with atelectasis or 
obstructive pneumonitis that 
extends to the hilar region, 
involving part or all of the lung 

    T2a Tumour >3cm but ≤4cm in greatest 
dimension 

    T2b Tumour >4cm but ≤5cm in greatest 
dimension 

T3 Tumour >5cm but ≤7cm in greatest 
dimension or associated with 
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separate nodule(s) in the same lobe 
as the primary tumour or directly 
invades any of the following 
structures: chest wall (including the 
parietal pleura and superior sulcus 
tumours), phrenic nerve, parietal 
pericardium 

T4 Tumour >7cm in greatest dimension 
or associated with separate tumour 
nodule(s) in a different ipsilateral 
lobe than that of the primary tumour 
or invades any of the following 
structures: diaphragm, mediastinum, 
heart, great vessels, trachea, 
recurrent laryngeal nerve, 
oesophagus, vertebral body and 
carina 

N: Regional lymph node involvement 

Nx Regional lymph node cannot be 
assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in ipsilateral peribronchial 
and/or ipsilateral hilar lymph nodes 
and intrapulmonary nodes, including 
involvement by direct extension 

N2 Metastasis in ipsilateral mediastinal 
and/or subcarinal node(s) 

N3 Metastasis in contralateral 
mediastinal, contralateral hilar, 
ipsilateral, or contralateral scalene or 
supraclavicular lymph node(s) 

M: Distant metastasis 

M0 No distant metastasis 

M1 Distant metastasis present 

    M1a Separate tumour nodule(s) in a 
contralateral lobe; tumour with 
pleural or pericardial nodule(s) or 
malignant pleural or pericardial 
effusion◊ 

    M1b Single extrathoracic metastases § 

    M1c Multiple extrathoracic metastases in 
one or more organs 

 

TNM: tumour, node, metastasis; Tis: carcinoma in situ; T1a(mi): minimally invasive adenocarcinoma. 

* The uncommon superficial spreading tumour of any size with its invasive component limited to the bronchial wall, 

which may extend proximal to the main bronchus, is also classified as T1a. 

¶ Solitary adenocarcinoma, ≤3 cm with a predominately lepidic pattern and ≤5 mm invasion in any one focus. 

Δ T2 tumours with these features are classified as T2a if ≤4 cm in greatest dimension or if size cannot be 

determined, and T2b if >4 cm but ≤5 cm in greatest dimension. 

◊ Most pleural (pericardial) effusions with lung cancer are due to tumour. In a few patients, however, multiple 

microscopic examinations of pleural (pericardial) fluid are negative for tumour and the fluid is nonbloody and not an 
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exudate. When these elements and clinical judgment dictate that the effusion is not related to the tumour, the 

effusion should be excluded as a staging descriptor. 

§ This includes involvement of a single distant (nonregional) lymph node. 

 

 

Table 7: IASLC 8th edition lung cancer stage groupings. 

Stage groupings 

Occult carcinoma TX N0 M0 

Stage IA1 T1a(mi) N0 M0 

T1a N0 M0 

Stage IA2 T1b N0 M0 

Stage IA3 T1c N0 M0 

Stage IB T2a N0 M0 

Stage IIA T2b N0 M0 

Stage IIB T1a to c N1 M0 

T2a N1 M0 

T2b N1 M0 

T3 N0 M0 

Stage IIIA T1a to c N2 M0 

T2a to b N2 M0 

T3 N1 M0 

T4 N0 M0 

T4 N1 M0 

Stage IIIB T1a to c N3 M0 

T2a to b N3 M0 

T3 N2 M0 

T4 N2 M0 

Stage IIIC T3 N3 M0 

T4 N3 M0 

Stage IVA Any T Any N M1a 

Any T Any N M1b 

Stage IVB Any T Any N M1c 
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