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Abstract 

 

Glioblastoma multiforme (GBM) is the most aggressive and resistant to 

common therapies primary brain cancer in adults with extremely low 

percentage of survivors. Therefore, novel therapeutic approaches are greatly 

needed for these patients. Gene therapy can be a useful adjuvant to 

conventional therapies such as radiotherapy and chemotherapy. In the past 

twenty years, numerous gene delivery strategies for cancer, and glioblastoma 

in particular, have been developed with increasing number of models reaching 

clinical trials. However, the blood-brain barrier (BBB) is a major obstacle in 

accessing and treating brain tumours through systemic administration. Work 

from our laboratory has shown the great potential of a double-targeted Adeno-

associated virus/Phage (AAVP) hybrid vector under Glucose-regulated protein 

78 promoter (Grp78) (RGD4C/Grp78-AAVP) in targeted systemic cancer gene 

therapy. Here we investigated the response to combination therapy with suicide 

gene therapy using Herpes Simplex Virus thymidine kinase (HSVtk) and 

temozolomide (TMZ). Using a proliferation assay and flow cytometry 

techniques we demonstrated that RGD4C/Grp78-HSVtk vector mediated 

stronger cell death in combination with ganciclovir (GCV) and temozolomide 

than the combination therapy with RGD4C/CMV-HSVtk vector and each 

therapy alone. Moreover, we showed that temozolomide increases endogenous 

Grp78 promoter activity and boosts transgene expression mediated by 

RGD4C/Grp78-AVVP. Also, we demonstrated that RGD4C/Grp78-AAVP vector 

crosses blood-brain barrier and targets intracranial tumours in mice. Finally, we 
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showed that systemic administration of RGD4C/Grp78-HSVtk and TMZ induces 

regression of brain tumours in mice.  

Another approach of targeted therapy for human cancer involves the depletion 

of key amino acids required for tumours to proliferate e.g. arginine. Recent in 

vitro studies showed that GBMs lacking argininosuccinate synthetase (ASS) 

expression are sensitive to arginine depleting enzymes such as arginine 

deiminase (ADI). In our studies we used a pegylated form of arginine deiminase 

(ADI-PEG20), to target ASS-negative tumours. We found that ADI-PEG20 can 

inhibit the growth of ASS-negative glioblastoma tumours in mice. 

Together, our data demonstrate novel therapeutic strategies against 

glioblastoma which overcome the limitations imposed by the blood-brain 

barrier.  
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Chapter 1 

 

Introduction 

 

1.1 Glioblastoma multiforme  

Gliomas are the most common primary brain tumours in adults, with a yearly 

incidence of around 7 per 100,000 individuals worldwide (van Tellingen et al., 

2015). In patients who present with several neurological symptoms such as 

headaches, seizures, focal deficits, memory loss, or signs of raised intracranial 

pressure, standard MRI with T1-weighted spin-echo (SE) sequence, T2 fluid-

attenuated inversion recovery (FLAIR) and gadolinium infusion are the main 

techniques used to analyse the morphology of a brain tumour (Ricard et al., 

2012). The histological analysis of the tumour after biopsy or resection helps to 

distinguish between different types of glial tumours. The World Health 

Organisation (WHO) classified gliomas according to their cell type and 

malignancy grade (Figure 1.1) (Louis, 2006, Taal et al., 2015). The vast 

majority of gliomas in adult patients are called diffuse gliomas, i.e. tumours that 

diffusely infiltrate surrounding brain tissue, and together represent a broad 

diagnostic group, divided by WHO 2007 into astrocytic, oligodendroglial and 

mixed (oligoastrocytic) categories (Louis, 2006). Furthermore, a malignancy 

grade (grade II = low grade defuse glioma; grade III = malignant/anaplastic 

diffuse glioma; grade IV = glioblastoma) is based on the analysis of tumour 

differentiation, cellularity, cytonuclear atypia, mitotic activity, microvascular 
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proliferation, and necrosis (Louis, 2006, Huse and Holland, 2010, Ricard et al., 

2012). Gliomas very rarely metastasize outside the central nervous system 

(CNS), and thus tumour grade is the primary determinant of clinical outcome 

(Maher et al., 2001).  

 

 

 

Figure 1.1 Classification of glioma in types and WHO grades (adapted from Taal 
et al 2015) (Taal et al., 2015) 

 

Glioblastoma (GBM) is the most common and the most aggressive type of 

tumour in adults, associated with poor prognosis and an extremely low 

percentage of survivors (Maher et al., 2001, Huse and Holland, 2010). 

Furthermore, GBM can be subdivided into primary and secondary glioblastoma. 

Primary glioblastoma generally occurs in older patients (>50 years) as an 

aggressive, highly invasive tumour, very often without any evidence of prior 

clinical disease, and is considered as the WHO grade IV from initial diagnosis 
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(Maher et al., 2001, van Tellingen et al., 2015). In contrast, secondary GBM 

usually occurs in younger patients, arising from a low-grade astrocytoma within 

5-10 years of the initial diagnosis, regardless of prior therapy (Maher et al., 

2001, van Tellingen et al., 2015).     

 1.1.1 Molecular pathology 

Major efforts have been made to identify molecular abnormalities and predictive 

biomarkers in primary brain tumours (Figure 1.2). For example, the most 

characteristic mutation is the 1p-19qco-deletion, an unbalanced reciprocal 

translocation of 19p to 1q (Jenkins et al., 2006, Ricard et al., 2012). The 

presence of this translocation has been correlated with an oligodendroglial 

phenotype and a favourable prognosis. Another example is isocitrate 

dehydrogenase 1 (IDH1). In rare cases IDH2 mutations have been found in 

high proportions of grade II and III astrocytic and oligodendroglial tumours and 

in secondary glioblastoma. These mutations are largely absent in primary 

glioblastoma (Sanson et al., 2009, Yan et al., 2009). The mutation in the 

Tumour Protein 53 (TP53) and overexpression are also associated with 

sporadic low-grade astrocytic tumours and secondary glioblastoma (Louis, 

1994). In contrast, genetic alternations, such as chromosome 10 loss, CDKN2A 

(cyklin-dependent kinase 2A) deletion, and EGFR (epidermal growth factor 

receptor) amplification are strongly linked to high grade anaplastic gliomas and 

glioblastomas (Ricard et al., 2012). In 50-60% of cases, genomic amplification 

and activating mutations in the EGFR locus are associated with the variant III 

deletion (EGFRvIII) that is characteristic of primary glioblastoma (Huse and 

Holland, 2010). Despite the fact that secondary and primary glioblastoma share 
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similar morphological details and some molecular changes, they also have 

distinct natural history and genomic features (Ricard et al., 2012). Most 

molecular changes found in gliomas target signalling pathways involved in 

invasion, signal transduction (Ras-MAPK and PI3K-Akt-mTOR pathways), cell-

cycle control (TP53 and RB signalling pathways), angiogenesis (vascular 

endothelial growth factor (VEGF) pathway), and cell metabolism (IDH 

mutations) (Jain et al., 2007, Ricard et al., 2012). The functional consequences 

of some of the molecular changes characterised in gliomas (e.g. complete 1p-

19q co-deletion) are unknown.  

Recent studies have focused on the O6-methylguanine-DNA methyltransferase 

(MGMT) gene that is located on chromosome 10q26, encoding a DNA-repair 

protein (Esteller et al., 2000, Hegi et al., 2005). MGMT is a ubiquitously 

expressed enzyme which removes alkyl groups from the O6 position of guanine 

(Cabrini et al., 2015). O6- alkylated guanine leads to double-strand breaks and 

base mispairing, inducing apoptosis and cell death (Thon et al., 2013). 

Epigenetic silencing of MGMT through promoter methylation reduces 

resistance to alkylating agents such as temozolomide (TMZ) and predicts 

improved outcome in patients given chemotherapy (Hegi et al., 2005, Ricard et 

al., 2012). Hermisson et al demonstrated that MGMT expression levels were 

not only a major predictor of TMZ sensitivity but also of radiotherapy success 

(Hermisson et al., 2006). Therefore, the MGMT-p methylation status as a 

clinical biomarker in neuro-oncology, is taken into account either for 

stratification or to determine the trial selection (Ricard et al., 2012, Thon et al., 

2013).  
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Figure 1.2 Gene and genomic regions involved in the biology of diffuse gliomas. 
The blue, orange, pink, and purple squares indicate gene(s) involved in the TKGFR 
signalling pathway, the p53 signalling pathway, the RB signalling pathway, and the cell 
metabolome, respectively. The green and white squares indicate frequent 
chromosome imbalances in gliomas and MGMT promoter methylation. A2=WHO 
grade 2 astrocytoma. A3=WHO grade 3 astrocytoma. O2=WHO grade 2 
oligodendroglioma. M2=WHO grade 2 mixed glioma. M3=WHO grade 3 mixed glioma. 
O3=WHO grade 3 oligodendroglioma. TKGFR=tyrosine kinase growth factor receptor, 
including epidermal growth factor receptor (EGFR) and platelet-derived growth factor 
receptor α (PDGFRα); NF1=neurofibromin 1; PTEN=phosphatase and tensin 
homologue; PI3K=phosphoinositide-3-kinase; MDM2=mdm2 p53 binding protein 
homologue (mouse); amp=high-level amplification; TP53=tumour protein p53; 
CDKN2A/B=cyclin-dependent kinase inhibitor 2A/B; CDK4=cyclin-dependent kinase 4; 
RB1=retinoblastoma 1; CHR=chromosome. MGMT=O6-methylguanine-DNA 
methyltransferase; meth=methylation; IDH1=isocitrate dehydrogenase 1; 
IDH2=isocitrate dehydrogenase 2; mt=mutation. *Gain of function through high-level 
amplification or mutation. †Homozygous deletion or mutation   (adapted from Ricard 
et al 2012) (Ricard et al., 2012) 
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 1.1.2 Blood-brain barrier (BBB) 

The major problem with the systemic treatment of glioblastoma is the blood-

brain barrier (BBB). The BBB is a selective barrier formed by highly specialized 

endothelial cells (EC) that line cerebral microvessels (Figure 1.3). The 

structure and function of the BBB depend upon the interaction of EC with 

surrounding cells such as astrocytes, pericytes and extracellular matrix (ECM) 

components. Also, neurons, glia and microvessels that are organised into a 

well-structured neurovascular unit (NVU), contribute to this cellular interplay 

(Abbott et al., 2006, Obermeier et al., 2013). Unlike endothelial cells in other 

tissues, ECs of the BBB lack fenestrations and have continuous intercellular 

tight junctions that force the majority of molecular traffic to take a transcellular 

route across BBB, rather than moving in a paracellular manner (Abbott et al., 

2006, Obermeier et al., 2013). Very small or gaseous molecules (e.g. water, 

carbon dioxide, barbiturates, and ethanol) can diffuse freely through the lipid 

membranes of the BBB (Abbott et al., 2006, van Tellingen et al., 2015). The 

transcellular traffic of small hydrophilic molecules is regulated by a specific 

transport system located on the luminal and abluminal membranes. This 

provides a selective transport barrier that allows the entry of required nutrients 

whilst excluding potentially harmful compounds (Abbott et al., 2006). The tight 

junctions restrict entry of hydrophilic molecules such as peptides and proteins, 

unless they can be transferred by specific receptor-mediated transcytosis or the 

less specific adsorptive-mediated transcytosis.  

Several pathologies of the CNS such as multiple sclerosis, epilepsy, AIDS, 

dementia, stroke, Parkinson's disease, pain and brain tumours, can alter the 
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function and organisation of the BBB (Abbott et al., 2006, Wolburg et al., 2012). 

Moreover, disruption of the BBB by tumours is unrelated to tumour size, type or 

anatomic location and is therefore variable for each individual neoplasm 

(Figure 1.4). The increasing expression of Vascular Endothelial Growth Factor 

(VEGF) and angiogenesis in glioblastoma leads to the formation of abnormal 

vessels and a dysfunctional blood-brain tumour barrier (BBTB). Contrast-

enhanced MRI of glioblastoma shows disrupted "leaky" BBTB as a result of 

major alterations to normal vascular functions (van Tellingen et al., 2015). 

Moreover, the protein claudin 1/3 of the tight junction is downregulated in blood 

vessels of brain tumours (Abbott et al., 2006). Therefore, the BBB needs to be 

taken into account in developing therapies to target glioblastoma.  
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Figure 1.3 Cellular constituents of the blood–brain barrier. Vascular endothelial 
cells sealed by tight junctions constitute the BBB. The endothelium's abluminal surface 
is covered by a basement membrane in which pericytes and their processes are 
embedded. Direct intercellular crosstalk between endothelial cells and pericytes are 
implemented by peg-socket junctions. Astrocytes extend foot processes that encircle 
the abluminal side of the vessel to an extent of nearly 100%. Although at the capillary 
level the basement membrane is regarded as a composite basement membrane, it is 
separated into endothelial and parenchymal basement membranes at the level of the 
postcapillary venule, delimiting the perivascular space (not shown). Neurons and 
microglia are considered members of the neurovascular unit (NVU) as they interact 
with core elements of the BBB and influence barrier functions. Peripheral blood cells, 
including leukocytes, also participate in this cellular interplay as they modulate BBB 
functions under pathological conditions such as inflammation. (adapted from 
Obermeier et al 2013) (Obermeier et al., 2013). 
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Figure 1.4 Glioblastomas consist of different regions characterized by various 
degrees of BBTB integrity. Heterogeneous BBTB integrity can be found throughout a 
glioblastoma, varying from completely compromised in bulky tumour areas (left panel) 
to slightly leaky in more invasive peripheral regions (middle panel) or even completely 
intact in sparsely invaded regions distant from the tumour bulk (right panel). Where the 
BBTB is compromised macromolecules (e.g. antibodies) and compounds that are 
normally efficiently restricted from the brain by efflux transporters can extravasate and 
engage glioma cells, while an intact BBTB protects isolated invaded tumour cells 
against efficient delivery of therapeutics. This protection has strong implications for 
anti-tumour treatment efficacy, especially considering the fact that these regions are 
unresectable and often give rise to recurrent tumours (adapted from van Tellingen et 
al 2015) (van Tellingen et al., 2015). 
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 1.1.3 Standard therapy for GBM patients  

Surgical resection is the initial treatment of GBM. Complete tumour resection 

cannot be achieved because of the highly infiltrative growing pattern of 

glioblastoma into neighbouring brain tissue. The surgery will allow obtaining a 

histological diagnosis, improving the condition of the patient and the prognosis. 

The microsurgical tumour removal with the aid of 5-aminolevulinic and 

intraoperative MRI can significantly improve complete resection (Taal et al., 

2015). In all GBM patients, the surgery is followed by radiotherapy and 

chemotherapy (Veliz et al 2015). The major component of clinical practice and 

also clinical trial intervention is the PCV schedule: procarbazine, lomustine 

(CCNU) and vincristine, established in the 1975 (Kappelle et al., 2001). 

Recently temozolomide (TMZ) was introduced as the first-line treatment for 

glioblastoma patients (Mrugala and Chamberlain, 2008).  

 Radiotherapy 

Radiotherapy was the first treatment proven to be effective in patients with 

GBM. The course of 60 Gy in 30-33 fractions of 1.8-2.0 Gy improves the 

median overall survival (OS) from 3-5 months to 8-10 months (Taal et al., 

2015). In patients older than 70 years, the course of 40 Gy in 15 fractions over 

3 weeks, increases the  median OV by 3 months (Ricard et al., 2012). Recent 

results of several trials demonstrate that the addition of chemotherapy and 

radiotherapy significantly extends survival of patients with newly diagnosed 

glioblastoma, with a median increase in survival of 2.5 months or a relative 

reduction in the risk of death by 37 percent (Stupp et al., 2005, Ajaz et al., 

2014). 
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 Temozolomide 

TMZ is a DNA alkylating cytostatic agent from the imidazotetrazine family which 

is stable in acidic pH (Thon et al., 2013, Messaoudi et al., 2015). It is a small 

molecule (194 kDa) that easily crosses the BBB due to its lipophilic character. 

This pro-drug undergoes spontaneous hydrolysis at a physiological pH and is 

converted to the active compound 5-(3-methyl)-1-triazen-1-yl)-imidase-4-

cargoxamide (MTIC) (Figure 1.5) (Mrugala and Chamberlain, 2008, Messaoudi 

et al., 2015). Conversion of TMZ to MTIC results in the formation of a highly 

reactive DNA-methylating agent, causing the cytotoxic effect of TMZ (Mrugala 

and Chamberlain, 2008, Messaoudi et al., 2015). The methylation occurs at 

purine bases of DNA at the O6 and N7 positions of guanine and the N3 position 

of adenine (Messaoudi et al., 2015). Apoptosis is induced by the formation of 

O6-methylguanine that initiates a sequence of DNA mismatch-repair events 

(Mrugala and Chamberlain, 2008). The standard schedule of monotherapy with 

TMZ is 150-200 mg/m2 on days 1-5 every 4 weeks (Taal et al., 2015). It has 

been demonstrated that a repetitive dosing schedule is more successful at 

depleting MGMT, enhancing TMZ cytotoxity, with respect to nonrepetitive TMZ 

schedules (Mrugala and Chamberlain, 2008). Temozolomide is generally well 

tolerated with limited side effects such as nausea and vomiting, bone marrow 

depression, lymphopenia (with a decrease in the CD4+ population) and 

hepatotoxicity (Taal et al., 2015).  

In addition, the p53-controlled DNA damage response pathway is activated by 

DNA lesions induced by TMZ, suppressing the MGMT gene. Subsequently, 
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tumours with wild-type p53 respond to therapy with TMZ better than tumours 

with mutant p53 (Mrugala and Chamberlain, 2008). 

The mechanism of GBM resistance to TMZ is mediated by MGMT and a DNA 

repair mechanism, overexpression of epidermal growth factor receptor (EGFR), 

galectin-1 and E3 ubiquitin-protein ligase (Mdm2) and the mutation of p53 as 

well as phosphatase and tensin homolog (PTEN) (Messaoudi et al., 2015).  

 

 

 

Figure 1.5 Structure and activation of temozolomide (TMZ) and production of 

active compound imidazole-4carboxamide (MTIC) (adapted from Messaoudi et 
al 2015) (Messaoudi et al., 2015) 

 

Recently, the US Food and Drug Administration (FDA) approved as a first-line 

treatment, the implantation of carmustine-containing polymers during resection 

followed by radiotherapy (Ricard et al., 2012). A phase III trial showed improved 

overall survival of patients but did not show the 2.5 year survival improvement 

that has been reported with the Stupp regimen (Ricard et al., 2012). Also, this 

therapy has severe side-effects such as inflammatory reactions and brain 

abscesses (Ricard et al., 2012). 
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1.2 Gene therapy for GBM 

The main goal of all cancer therapies is the selective targeting and killing of 

tumour cells, thereby increasing the therapeutic dose within the tumour tissue. 

Cancer gene therapy has the advantage over both radiotherapy and 

chemotherapy in that normal tissue toxicity can be avoided by targeting the 

tumour cells directly. The restricted anatomical location of glioblastoma and the 

absence of metastasis outside the CNS, make GBMs an attractive target for 

local gene therapy. A large number of vectors used to carry genetic material 

are recombinant viruses, such as adenovirus, herpes-simplex virus or 

lentiviruses, but alternative vehicles have also been developed e.g. stem cells, 

nanoparticles or liposomes (Kwiatkowska et al., 2013). Most clinical trials rely 

on the direct injection/inoculation of gene therapy vectors after surgery. 

Currently, several clinical trials worldwide are using gene therapy and are 

recruiting patients (available from: https://clinicaltrials.gov; and Journal of Gene 

therapy http://abedia.com/wiley/index.html) e.g.: 

- "Adjuvant ADV-TK Gene Therapy Improves Survival in Patients With 
Glioma" 

Phase II (Trial ID: CN-0015) 

vector: Adenovirus 

- "Genetically Modified T Cells in Treating Patients With Malignant 
Gliomas Overexpressing EGFR" 

Phase I (Trial ID: CN-0041) 

vector: Lentivirus 

- "Phase I/II Trial of a Conditionally Replication-Competent Adenovirus 
(Delta-24-RGD) Administered by Convection Enhanced Delivery in 
Patients with Recurrent Glioblastoma Multiforme". 

Phase I/II (Trial ID: NL-0026) 
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vector: Adenovirus 

- "HSV-TK/GCV gene therapy in the treatment of recurrent glioblastoma 
multiforme" 

Phase I (Trial ID: JP-0005) 

vector: Herpes Simplex Virus 

- "Gene Therapy for Glioblastoma in Adult Patients: Safety and Efficacy 
Evaluation of an In Situ Injection of Recombinant Retroviruses Producing 
Cells Carrying the Thymidine Kinase Gene of the Herpes Simplex Type 
1 Virus, to be Followed with the Administration of Ganciclovir" 

Phase I (Trial ID: FR-0009) 

vector: Retrovirus 

- "Combined Cytotoxic and Immune-Stimulatory Therapy for Glioma" 

Phase I (Trial ID: NCT01811992) 

vector: Adenovirus 

 

 1.2.1 Therapeutic approaches of gene therapy 

Viruses are the most efficient carrier vectors to deliver genes to tumour cells 

because of their ability to access the host cells and exploit their cellular 

machinery. A successful viral gene therapy depends on the development of 

efficient and targeted vectors, that are able to produce sustained transgene 

expression with limited toxicity. This requires the ablation of a virus’s natural 

tropism for mammalian cells and retargeting to alternative receptors (Waehler 

et al., 2007). At the moment, the main strategies for gene therapy using 

engineered viruses against glioblastoma include the delivery of: i) suicide 

genes; ii) cytokine genes; iii) tumour-suppressor genes and iv) conditionally-

replicating viruses (Figure 1.6) (Kwiatkowska et al., 2013). 
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Viral delivery of suicide genes 

The Herpes Simplex Virus derived enzyme Thymidine Kinase (HSVtk) is the 

most studied suicide gene approach. It encodes a non-toxic enzyme until the 

administration of a chain terminator nucleotide analog (Candolfi et al., 2009).  

Expression of HSVtk results in the phosphorylation of pro-drug nucleoside 

analogues such as ganciclovir (GCV) and converts them into nucleoside 

analogue triphosphates which can be incorporated into the DNA of actively 

proliferating cells, disrupting DNA replication and halting cell division (Natsume 

and Yoshida, 2008, Candolfi et al., 2009). The advantage of this therapy is the 

bystander effect, with spreading of cytotoxicity from the originally infected cells 

to the neighbouring cells via gap-junctions (Namba et al., 2000, Candolfi et al., 

2009, Duarte et al., 2012). Despite minimal side effects, viral delivered HSVtk 

has proven to be a safe strategy in multiple phase I and phase II clinical trials 

(Germano et al., 2003, Prados et al., 2003, Assi et al., 2012, Castro et al., 

2014). Unfortunately, phase I/II trials using adenoviral and retroviral vectors 

carrying HSVtk have shown limited success with only one single long-term 

survivor (Sandmair et al., 2000, Immonen et al., 2004). The studies from 

Rainov et al showed no benefits from gene therapy compared with standard 

therapies (Rainov, 2000). Most of these completed clinical trials had a small 

number of patients without a control group. Therefore, it is very difficult to 

provide significant anti-tumour response and prolongation of survival (Assi et 

al., 2012).  

Another example of suicide gene therapy is Purine Nucleoside Phosphorylase 

(PNP) derived from E.coli. PNP converts non-toxic adenosine ribonucleosides 
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into toxic adenine analogs that disrupt RNA processing (Tai et al., 2010, Ardiani 

et al., 2012). The in vivo studies showed a long-term response to treatment 

using a retrovirus carrying PNP which integrated in the host cell DNA  (Tai et 

al., 2010). Also, combination of herpesvirus-PNP with antibiotics, to remove 

intestinal flora, allowed using lower doses of the cytotoxic drug, enhancing 

chemoprotection and efficacy in vivo (Bharara et al., 2005).  

 

Viral delivery of Immunomodulatory genes 

The isolation of the CNS from a systemic immune response gives glioblastoma 

the possibility to evade the host immune response. Therefore, it is very 

challenging to elicit an immune response towards CNS antigens in comparison 

to peripheral antigens (Assi et al., 2012). However, better understanding of 

cytokine actions helped to develop new delivery vectors carrying a variety of 

cytokine genes such as interleukins or interferons that increase tumour 

immunogenicity and/or activate the host immune response (Natsume and 

Yoshida, 2008, Assi et al., 2012). For example, a phase I trial used cationic 

liposomes to deliver IFNβ to patients with recurrent malignant glioma. Ten 

weeks after the treatment, two patients out of five showed more than a 50% 

reduction of tumour size while others had stable disease with minimal toxicity 

(Wakabayashi et al., 2008). Chiocca et al reported a phase I trial of stereotactic 

injection of an adenoviral vector delivering IFNβ to recurrent malignant glioma. 

The therapy was safe and well tolerated. Also, histological analysis of the 

resected tumours showed dose-dependent induction of local inflammation and 

tumour necrosis (Chiocca et al., 2008)  
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Viral delivery of tumour-suppressor genes 

The tumour suppressor genes regulate diverse cellular activities including cell 

proliferation, cell-cycle checkpoints, DNA repair, and apoptosis. p53/Mdm2, 

p16/RB, and PTEN are the main genes mutated in high grade gliomas, 

therefore viral vectors were designed to restore tumour suppressor activity in 

cells carrying those mutations.  

p53 is located on chromosome 17p and encodes a 393 amino acid protein that 

plays a critical role in causing cell cycle arrest and apoptosis in response to 

DNA damage, hypoxia and growth factor withdrawal. Alteration of p53 is seen 

in approximately 30% of primary GBMs and 65% of secondary glioblastomas 

(Natsume and Yoshida, 2008, Kwiatkowska et al., 2013, Okura et al., 2014). 

The first tumour suppressor therapy using p53 in glioblastoma was tested by 

delivering this gene, under the control of CMV promoter, using non-replicating 

adenovirus serotype 5 (Ad5CMV-p53) (Lang et al., 1999, Li et al., 1999, Shono 

et al., 2002). Restoration of the functionally intact p53 gene induced robust 

apoptosis of the infected cells in vitro and reduced tumorigenesis in vivo (Lang 

et al., 1999). Unfortunately, inoculation of Ad5CMV-p53 in intracranial GBM 

bearing mice was insufficient to reduce tumour growth (Hong et al., 2000). 

However, several studies have shown that this vector may be most effective in 

combination with chemotherapy and radiotherapy since it can re-sensitize the 

cells to these treatments (Kwiatkowska et al., 2013, Okura et al., 2014). 

Recently, p53-restoration entered phase I clinical trials with Ad5CMV-p53 

(INGN 201) involving injection of the virus pre- and post-resection through an 

implanted catheter. The exogenous p53 expression was found in the nuclei of 
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glioma cells of all treated patients; however, transduced cells were only found 

within a short distance from the injection site (Lang et al., 2003).  

Another major tumour suppressor gene is p16INK4A which causes cell cycle 

arrest at the G1-S transition point by maintaining a hypo-phosphorylated status 

of the Retinoblastoma protein (Rb) (Kwiatkowska et al., 2013, Okura et al., 

2014). Overexpression of the p16 gene using recombinant adenovirus caused 

a significant reduction of glioblastoma cell invasion through decreased activity 

of matrix metalloproteinase-2 (Chintala et al., 1997).  

The last example of tumour suppressor gene regulating glioma growth and 

invasion is PTEN. It contains a central catalytic phosphatase core domain that 

negatively regulates PI3K by dephosphorylating from phosphatidylinositol-

triphosphate to phosphatidylinositol-diphosphate (Okura et al., 2014). 

Adenoviral re-expression of PTEN in glioblastoma cells caused tumour cell 

apoptosis and decreased cell proliferation in vitro (Davies et al., 1998, Lu et al., 

2004). Pre-clinical studies with adenovirus PTEN showed an anti-angiogenic 

response even in the presence of pro-angiogenic stimuli (Abe et al., 2003)  

 

Delivery of conditionally-replicating viruses 

Oncolytic viral gene therapy employs replication-component viruses to infect 

and lyse the tumour cells. Oncolytic HSV, conditionally replicating adenovirus 

(CRAd), measles virus (MV), poliovirus (PoV), Newcastle disease virus, 

parvovirus (H1-PV), and reovirus have been tested in oncolytic gene therapy 

against glioblastoma (Okura et al., 2014).  
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Both recombinants HSVG207 (with an inactivated insertion in ICP6 and 

deletion in both copies of γ34.5) or HSV1716 (deleted in both copies of γ34.5) 

reached clinical trials I and II, respectively. The studies demonstrated a good 

response to the treatment and safety to multiple dose delivery, moreover a lack 

of toxicity was noted even when patients developed antibodies against the virus 

(HSV1716) (Markert et al., 2000, Papanastassiou et al., 2002, Harrow et al., 

2004, Markert et al., 2009) 

Conditionally-replicating adenoviruses (CRAd) have been engineered to 

selectively replicate and lyse tumour cells as an alternative to oncolytic HSV. 

ONYX-015 and Ad5-Delta24 are the most extensively studied CRAds in 

glioblastoma and both target cells with dysregulated signalling pathways 

(Fueyo et al., 2003, Kroeger et al., 2010). ONYX-015 has a deletion in the E1B 

55K gene that binds and inactivates p53 in p53-deficient tumour cells 

(Geoerger et al., 2002). Moreover, the virus was safely administered into 

tumour bed cavity post resection in a phase I clinical trial (Chiocca et al., 2004).  

Ad5-Delta24-RGD is a second generation oncolytic adenovirus, which contains 

the integrin-binding RGD motif in the HI loop of the viral fibre knob. The RGD 

peptide enhances the specific targeting of tumour cells and increases oncolytic 

efficacy against brain tumours (Suzuki et al., 2001, Fueyo et al., 2003). In 2008 

Ad5-Delta24-RGD entered phase I clinical trial for recurrent malignant glioma 

(NCT00805376) (Auffinger et al., 2013). The study was completed in February 

2015. Recently, a novel CRAd has been developed, CRAd-Survivin-pk7, which 

contains a pk7 mutation in the adenovirus fibre and incorporates the Survivin 

promoter driving EA1 replication (Kroeger et al., 2010). In vivo studies showed 

inhibition of intracranial tumour growth, 67% long-term survival with evidence of 



 
P a g e  | 38 

 

enhanced adenovirus infectivity, decreased mitotic activity and enhanced 

tumour apoptosis (Ulasov et al., 2007). 
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Figure 1.6 Different strategies for gene therapy of GBM. A) Suicide genes: GBM 
cells receive the suicide gene by local injection of a carrier, together with systemic 
delivery of a prodrug (1). The suicide gene converts the prodrug into a cytotoxic 
product (2) that kills the recipient cell and non-transduced bystander tumour cells (3); 
B) Immune activation: The gene for an immunomodulatory cytokine is delivered to the 
tumour cells using several possible vehicles with tumour tropism (1), including viruses 
or stem cells. Cytokine expression increases tumour cell apoptosis (2) and activates 
immune cells such as macrophages, natural killer cells or T-cell lymphocytes (3); C) 
Oncolysis: The tumour is infected with conditionally-replicating oncolytic viruses (1) 
that lyse the tumour cells (2–3) while sparing normal ones; D) Reprogramming: 
Tumours receive the functional copy of a tumour suppressor gene (1), which 

subsequently induces cell cycle arrest or apoptosis (2) (adapted from Kwiatkowska 
et al 2013) (Kwiatkowska et al., 2013). 
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1.3 Novel therapies against glioblastoma 

Glioblastoma is the most aggressive and deadly cancer of the CNS. It is 

extremely difficult to eradicate these tumours due to their physical and 

physiological isolation within the CNS, the highly invasive nature of GBM cells 

and the presence of a diffused tumour stem-cell like population (Agarwal et al., 

2011, Chamberlain, 2011). Also, the resistance of glioblastoma to conventional 

therapies is another therapeutic challenge. Therefore, novel therapeutic 

strategies in combination with standard treatments are urgently needed for 

these patients. 

 1.3.1 Double targeted systemic gene therapy  

As mentioned before, numerous gene therapy strategies for cancer, and 

glioblastoma in particular, have been developed over the past twenty years. 

Unfortunately, the failure of most clinical trials is  due to the lack of systemic 

gene delivery vectors that can selectively and efficiently target the tumour 

tissue, while sparing the healthy neighbouring cells to provide a long-term 

expression of the transgene. So far, two main approaches have been used for 

cancer cell targeting: i) transcriptional targeting by using e.g. tumour-

microenvironment related promoters and ii) ligand targeting of vectors.  

 1.3.1.1 Tumour-microenvironment related promoters  

The transcriptional targeting in cancer gene therapy should reduce or even 

eliminate potential toxic side effects of the therapeutic gene in healthy tissues. 

Advantage can also be taken of the unique tumour microenvironment by using 

genes upregulated in response to these environments. Tumours during their 
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growth stimulate angiogenesis, which is essential for the formation of a new 

vascular network to supply vital nutrients and oxygen to the expanding cellular 

mass of the tumour. The vasculature of fast-growing, aggressive tumours is 

often disorganised and inadequate, resulting in regions of hypoxia, acidosis 

and glucose deprivation. To adapt to these conditions, promoters of some 

genes such as hypoxia response elements (HREs), endothelial-specific kinase 

insert domain receptor (KDR/flk-1) or some of the heat shock family genes e.g. 

Glucose-regulated protein 78 (Grp78), become induced (Robson and Hirst, 

2003). 

 

 Glucose-regulated protein 78 (Grp78) 

The 78 kDa glucose-regulated protein is a stress-inducible molecular 

chaperone that belongs to the heat shock protein (HSP) family, discovered in 

late 1970s together with Grp94 and Grp58 as cellular proteins induced by 

glucose starvation (Lee 2001). It contains two functional domains: a 44 kDa N-

terminal ATPase domain, and a 20 kDa C-terminal polypeptide-binding domain. 

It also contains a highly helical and variable 10 kDa C-terminal tail of unknown 

function (Li and Lee, 2006). It shares 60% amino acid homology with HSP70, 

including the ATP-binding domain. Unlike most of the HSPs, which are mainly 

localised in both the cytosol and nucleus, Grp78 is found in the endoplasmic 

reticulum (ER).  Grp78 plays an important role in the stress of oncogenesis by 

facilitating proper protein folding; preventing intermediates from aggregating 

and targeting misfolded proteins for proteosomal degradation (Lee, 2007, 

Zhang and Zhang, 2010). Also, Grp78 binds Ca2+ and serves as an ER stress 

signalling regulator (Lee, 2001). Under conditions of ER homeostasis, Grp78 
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binds to three ER transmembrane sensor proteins; protein kinase-like ER 

kinase (PERK), inositol requiring enzyme 1 (IRE1) and activating transcription 

factor 6 (ATF6), and maintains them in an inactive form (Lee, 2007). Under ER 

stress, which can be triggered in cancer cells by both intrinsic and extrinsic 

factors, Grp78 dissociates from these sensors and binds to unfolded or 

misfolded proteins, thereby leading to the activation of UPR pathways (see also 

Introduction of Chapter 5) (Bacharach and Thomasson, 2005, Lee, 2007). Also, 

the induction of Grp78 is regulated at the transcriptional level. The promoter 

contains three copies of ER stress response elements (ERSEe), which are 

located upstream of the TATA sequence. This element consists of a unique 

tripartite structure CCAAT(N9)CCACG, where N9 represents a GC-rich 

sequence of 9 bp that is conserved across species (Hong et al., 2005). ERSE 

serves as a binding site for transcription factors such as ATF6, YY1, TFII-I and 

NFY and maintains Grp78 at low basal level transcriptional levels in non-

stressed cells (Lee, 2014).  

 

Grp78 in cancer and drug resistance 

Grp78 expression is maintained at low levels in major organs such as the brain, 

lung or heart, but is highly elevated in several types of cancer including breast 

cancer, hepatocellular carcinoma, gliomas, prostate cancer, lung cancer and 

gastric cancer. Overexpression of Grp78 correlates with malignancy, 

metastasis and drug resistance (Figure 1.7) (Yu et al., 1999, Lee, 2001, Li and 

Lee, 2006, Nagelkerke et al., 2014). For example, high Grp78 staining intensity 

in prostate cancer correlates with reduced patient survival (Daneshmand et al., 

2007). Also, high Grp78 level in gastric tumours correlates with worse patient 
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prognosis and with enhanced lymph node metastasis (Zhang et al., 2006).  

Grp78 level is highly elevated in malignant glioma specimens and human 

glioblastoma cell lines, correlating with their rate of proliferation. Knockdown of 

Grp78 in glioblastoma leads to decreased tumour cell proliferation and 

increased chemotherapy-induced apoptosis (Pyrko et al., 2007). Furthermore, 

Virrey et al., have shown that Grp78 supports the growth and chemoresistance 

of tumour associated endothelial cells (TuBECs). Knockdown of Grp78 by small 

interfering RNA (siRNA) significantly sensitized TuBEC to different 

chemotherapeutic agents, whereas blood vessels cells from non-malignant 

tissues (BEC) overexpressing Grp78 acquired chemoresistance (Virrey et al., 

2008).  

 

The Grp78 promoter and targeted gene therapy 

The use of Grp78 promoter for cancer gene therapy was first proposed by Dr 

Lee's group (Little et al., 1994). This promoter was fully characterised by the 

group in different tumour systems. They demonstrated enhanced expression of 

HSVtk driven by the Grp78 promoter in the context of a retroviral system and 

complete eradication of tumours with no recurrence of tumour growth in murine 

fibrosarcoma model (Gazit et al., 1999). Similar results were obtained in a 

murine mammary adenocarcinoma cell line (TSA) in immune-competent mice 

(Chen et al., 2000). Also, Luna et al activated Grp78 promoter using 

photodynamic therapy (PDT) since the cytotoxic singlet oxygen species 

generated by PDT proved to be potent activators of this promoter (Luna et al., 

2002). Moreover, Azatian et al reported significant cell killing by HSVtk under 

the control of Grp78 promoter in gastroesophageal junctions and gastric 
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adenocarcinoma cells in vitro. In vivo; however, complete tumour eradication 

only occurred with the gastric adenocarcinoma tumours (Azatian et al., 2009). 

Finally, transgenic mice in which the LacZ transgene was driven by the rat 

Grp78 promoter, showed high gene expression in tumour cells, while remaining 

inactive in major adult organs (Dong et al., 2004). 

Recently, our group showed persistent transgene expression in vitro and 

significant tumour killing in vivo using the HSVtk driven by Grp78 promoter in 

the context of a ligand-directed Adeno-Associated Virus/Phage (AAVP) vector 

(Kia et al., 2012). 
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Figure 1.7 ER stress induction of GRP78 in the tumour microenvironment. Both 
intrinsic and extrinsic factors lead to the up-regulation of GRP78 (also referred to as 
BiP) and its cell surface expression in tumour cells. Through inhibition of apoptosis, 
GRP78 facilitates tumour progression, immune resistance, metastasis, and drug 
resistance. Autoantibody levels against GRP78 in patient serum, as well as expression 
levels of GRP78 in biopsies, may represent novel biomarkers in stratifying patients for 
tumour behaviour and responsiveness to treatment. Abbreviations: N, nucleus; ER, 

endoplasmic reticulum; C, cytoplasm (adapted from Lee 2007) (Lee, 2007) 
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 1.3.1.2 Ligand-directed targeting 

Cancer cells share common characteristics with healthy host cells from which 

they derive. Most cancer chemotherapeutics possess little selectivity for cancer 

cells. Consequently, this leads to increased toxicity against normal tissue 

complicated by the development of drug resistance. The ligand targeted gene 

therapy will allow the delivery of therapeutic agents to tumour cells while 

avoiding the healthy tissues thus minimising side effects, maximising the 

treatment and allowing flexibility in dosing limits. For example, the distinctive 

nature of tumour vasculature makes them an attractive target for gene therapy. 

They are easily accessible through the systemic circulation, express several 

different surface markers that are absent or barely detectable in normal blood 

vessels, and are less likely to accumulate mutations that give them resistance 

to therapy (Hajitou et al., 2006a). The phage display technology helped to 

identify a significant number of tumour-specific, and tumour-associated 

endothelial cell-specific receptors and their corresponding peptides (Pasqualini 

and Ruoslahti, 1996, Hajitou et al., 2006a). These motifs include RGD4C that 

targets and binds to αVβ3 and αVβ5 integrins which are absent or expressed at 

low levels in normal endothelial cells but are overexpressed on most tumour 

cells as well as tumour-associated endothelial cells during the formation of new 

capillary blood vessels (see also Introduction of Chapter 3). 

As mentioned before, a successful tumour-targeted gene therapy will depend 

on the development of a vector that can efficiently and selectively target tumour 

vasculature, while sparing the healthy neighbouring cells, providing a long-term 

expression of the therapeutic gene. 
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 1.3.1.3 Hybrid Adeno-Associated Virus/Phage (AAVP) 

Previous work suggests that bacteriophage (phage), the virus that infects 

bacteria only, has the potential to be adapted as a targeted systemic delivery 

vehicle to mammalian cells (Hajitou et al., 2006b, Hajitou et al., 2007). 

Bacteriophage has been safely administered both to adults and children over 

many years (Fortuna et al., 2008). The US Food and Drug Administration 

approved the use of phage as anti-bacterial food additives (Lang, 2006). 

Finally, phage does not require further modification of their coat proteins since 

the targeting ligands are selected in the context of the phage capsid. Despite 

these potential advantages, phage particles are considered to be poor vectors 

as they have evolved to only infect bacteria, and have no optimized strategies 

to deliver genes to mammalian cells. To overcome this limitation, in 2006 

Hajitou et al., generated a novel prokaryotic and eukaryotic hybrid vector which 

is a chimera between Adeno-associated virus (AAV) and M13 filamentous 

phage (Figure 1.8) (Hajitou et al., 2006b, Hajitou et al., 2007). Within this 

vector, a targeted phage capsid serves as a vehicle to deliver the AAV 

mammalian DNA cassette incorporated into the phage genome. The AAV 

transgene cassette contains a CMV promoter flanked by inverted terminal 

repeats (ITRs) from AAV serotype 2. As a proof of concept, the in vivo efficacy 

of the vector after systemic delivery was assessed in animal models of cancer 

by displaying on the phage capsid, the cyclic RGD4C ligand (CDCRGDCFC), to 

target αvβ3 integrin (Hajitou et al., 2006b, Hajitou et al., 2007). At the same 

time, the introduction of AAV ITRs into the bacteriophage genome resulted in 

improved transduction efficiency, and this was associated with improved fate of 

the delivered transgene, maintenance of the entire mammalian transgene 
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cassette, better persistence of episomal DNA and formation of concatemers of 

the transgene cassette (Hajitou et al., 2006b). Moreover, after intravenous 

administration, the targeted RGD4C/AAVP vector specifically and efficiently 

delivers imaging and therapeutic genes to the blood vessels of tumours in mice, 

rats and pet dogs while sparing the normal organs (Hajitou et al., 2006b, 

Hajitou et al., 2007, Hajitou et al., 2008). For example, tumour growth in mice 

bearing human Karposi's sarcoma (KS1767) or EF43-FGF4 mammary tumours 

was remarkably suppressed by a single intravenous administration of the 

RGD4C/AAVP vector carrying suicide gene HSVtk and subsequent GCV 

treatment (Hajitou et al., 2006b). Also, HSVtk and [18F]-FEAU or luciferase 

reporter gene’s can be used for live molecular imaging of cancer in vivo in 

tumour-bearing mice (Hajitou et al., 2006b, Hajitou et al., 2008).  

Furthermore, The National Cancer Institute (NCI) assessed the cancer-

targeting properties of RGD4C/AAVP carrying Tumour Necrosis Factor α 

(TNFα) in mice bearing human melanoma (Tandle et al., 2009). The 

intravenous administration of the targeted vector resulted in a significant 

reduction of the tumour volume, and induction of apoptosis in tumour blood 

vessels. Another study carried out under the direction of NCI reported complete 

tumour eradication in dogs with fibrosarcoma after repeated dosing of 

RGD4C/AAVP-TNFα vector (Paoloni et al., 2009).  
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Figure 1.8 Schematic diagram of targeted AAVP vector. AAVP particle bearing the 
targeting double-cyclic RGD4C ligand on the pIII minor coat protein. A mammalian 
transgene cassette flanked by ITRs from AAV-2 is inserted into an intergenomic region 
of an RGD4C-FUSE5 bacteriophage. (pA: polyadenylation site). 

 

 

 1.3.2 Arginine Depravation Therapy  

Besides therapies mentioned so far, another interesting and promising strategy 

is the alteration of tumour metabolism. First cancer metabolic anomaly was 

described by Dr Otto Warburg in the 1920s. He reported high glucose uptake 

and lactate production in tumours compared with normal tissues (Zhang and 

Yang, 2013). Since then many studies have demonstrated the relationship 

between altered cellular metabolism and therapeutic outcome. Depletion of key 

amino acids required for tumours to survive can therefore be one of the 

methods to treat these tumours.    
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Arginine (Arg) is a semi- or conditionally essential amino acid in adult humans. 

Besides dietary intake, arginine is obtained from endogenous synthesis, and 

through the turnover of body proteins (Morris, 2006, Rath et al., 2014). De novo 

biosynthesis of arginine from citrulline occurs via the urea cycle (Figure 1.9). 

The ability to regenerate arginine from citrulline depends on the amount/activity 

of argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL) 

(Delage et al., 2010, Kuo et al., 2010, Rath et al., 2014). ASS catalyzes the 

synthesis of argininosuccinate from L-citrulline and aspartic acid. ASL converts 

argininosuccinate into L-Arg and fumaric acid. Several studies have reported 

that different types of tumours such as melanoma or hepatocellular carcinoma 

do no express ASS, and thus become auxotrophic for arginine (Morris, 2006, 

Feun et al., 2008, Ni et al., 2008). Furthermore, Arg is involved in the synthesis 

of many other metabolites, such as nitric oxide, polyamines, urea, creatinine, 

nucleotides, proline, glutamate and agmatine (Husson et al., 2003, Delage et 

al., 2010, Kuo et al., 2010). It has also been shown that Arg and some of these 

molecules significantly influence carcinogenesis and tumour biology (Lind, 

2004).  
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Figure 1.9. Metabolic pathways relevant to Arg deprivation strategy using ADI-
PEG20. Shown in the centre are the coupled TCA and urea cycles. In the urea cycle, 
arginine is metabolized by arginase to citrulline and urea. Arginine can be metabolized 
into citrulline and nitric oxide (NO) by nitroxide synthetase (NOS). Citrulline is 
converted into argininosuccinate (AS) by argininosuccinate synthetase (ASS). AS is 
recycled back to arginine by argininosuccinate lyase. In most melanoma cells, AS is 
not active, therefore, arginine must come from an external source. Treating melanoma 
cells with arginine deiminase (ADI), which converts arginine to citrulline and ammonia, 
results in arginine deprivation, leading to cell death in melanoma cells. It was reported 
that ASS expression can be induced in some melanoma cells involving the interplay of 
c-Myc/HIF-1α/Sp4. The relationships of this metabolic wiring and the function of HIF-
1α and c-Myc are also indicated (adapted from Kuo et al 2010) (Kuo et al., 2010). 

 

 

 

 



 
P a g e  | 52 

 

 1.3.2.1 Argininosuccinate synthetase (ASS) 

The human ASS1 gene is located at 9g.34.11-9q34.12, contains 16 exons and 

a 1236 base-pair segment of open reading frame (ORF) (Qiu et al., 2015). The 

800-bp promoter region, located upstream of the ASS1 gene, contains a TATA 

box, E-box and GC-box, suggesting that ASS1 expression can be modified by 

transcription factors such as c-Myc, HIF-α and SP4 (Tsai et al., 2009, Qiu et al., 

2015). It has been shown that in some tumours e.g. lymphoma, malignant 

pleural mesothelioma or glioblastoma, ASS1 can be silenced through 

hypermethylation of its promoter and reactivated by demethylation (Szlosarek 

et al., 2006, Syed et al., 2013). ASS1 is a ubiquitous enzyme that is highly 

expressed in normal tissues but varies markedly in tumours. Cancers of the 

ovary, stomach and colon have elevated level of ASS1 expression, while it is 

reduced or undetectable in melanoma, hepatocellular carcinoma or in prostate 

cancer (Table 1.1) (Dillon et al., 2004, Bowles et al., 2008, Qiu et al., 2015). 

Helleman et al have shown that ASS1 can be a predictive marker of response 

to platinum salts in ovarian cancer. ASS1 was the only gene downregulated in 

platinum resistant patients (Helleman et al., 2006). Also, recent studies have 

shown that knockdown of ASS1 expression with shRNA promoted breast 

cancer proliferation and invasion (Qiu et al., 2014). Therefore, the ASS1-

negative tumours that are unable to synthesize Arg are susceptible to arginine 

deprivation therapy.  
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Table 1.1 Summary of ASS1 expression and its prognosis value in tumours.        
a ASS1 deficiency indicates the ratio of patients with absent/low expression of ASS1 at 
protein, mRNA and DNA levels, as determined by immunohistochemical staining, RT-
PCR or methylation-specific PCR respectively, to all the patients enrolled.  

b ASS1 deficiency was evaluated by methylation-specific PCR 

NA - not applicable (adapted from Qiu et al 2015) (Qiu et al., 2015) 
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 1.3.2.2 Arginine deiminase (ADI) and tumour cell death 

Arginine can be catabolised by three enzymes: arginase, arginine 

decarboxylase and arginine deiminase (ADI). Theoretically, all these enzymes 

are potentially useful for arginine deprivation. However, only ADI and arginase 

meet requirements of Km values, substrate specification, optimal pH and 

stability for in vivo use (Qiu et al., 2015). ADI is a bacterial enzyme which 

catabolises arginine to citrulline and ammonia (Feun et al., 2008, Kuo et al., 

2010). The anti-proliferative effect of ADI purified from Mycoplasma arginini 

was demonstrated in vitro and in vivo in different types of tumours, especially in 

melanoma and hepatocellular carcinoma (HCC) (Ni et al., 2008, Ott et al., 

2013). The anti-angiogenic activity of ADI in cultured human umbilical vein 

endothelial cells (HUVEC) was first reported by Beloussow et al., (Beloussow et 

al., 2002). Park et al., demonstrated an inhibition of angiogenesis by ADI in 

both chicken embryo’s and mouse model’s (Park et al., 2003). Unfortunately, 

ADI is not produced by humans and consequently, it is highly antigenic. Also, 

this enzyme has a short circulating half-life (~5 hours). To overcome these 

problems, ADI was linked with polyethylene glycol (PEG) of 20000 Da via a 

succinimidyl succinate linker (Feun et al., 2008, Ni et al., 2008). The preclinical 

studies in mice showed that a single injection of ADI-PEG20 (5 IU) depleted 

plasma arginine to an undetectable level (< 6 µM) for several days. While a 

single dose of native ADI (800 U/m2) resulted in lowering arginine level by 50% 

for 12 - 24 hours (Feun et al., 2008, Ni et al., 2008, Kuo et al., 2010). 

Experiments performed in mice and rabbits revealed significantly reduced 

immunogenicity by ADI-PEG20. The anti-tumour activity of ADI-PEG20 has 

been tested in different types of cancer such as prostate cancer, melanoma, 
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hepatocellular carcinoma (HCC), head and neck cancer, glioblastoma, 

lymphoma and breast cancer (Kim et al., 2009, Delage et al., 2012, Huang et 

al., 2012, Syed et al., 2013, Qiu et al., 2014). Also, combination of ADI-PEG20 

with other anti-tumour drugs such as dexamethasone (DEX) or docetaxel, could 

further improve the therapeutic efficacy against T lymphoblastic leukaemia or 

prostate cancer cells, respectively (Noh et al., 2004, Kim et al., 2009).    

As mentioned before, the anti-tumour activity of ADI-PEG20 is associated with 

ASS1 deficiency in tumours. Several studies have shown the efficacy of 

arginine deprivation therapy in inhibiting cell proliferation by arresting cell cycle 

at the G1 and/or S phases, inducing apoptosis (Komada et al., 1997, Gong et 

al., 1999, Gong et al., 2000). Recent studies have shown that ADI-PEG20 can 

induce autophagy-dependent and caspase-dependent apoptosis in lymphoma 

(Delage et al., 2012). Also, it was reported that ADI-PEG20 induces autophagy 

and caspase-independent apoptosis in prostate cancer and glioblastoma (Kim 

et al., 2009, Syed et al., 2013). Moreover, Qiu et al showed that prolonged 

arginine depravation by ADI-PEG20 induced autophagy flux and mitochondrial 

oxidative stress in ASS-negative breast cancer cells (Qiu et al., 2014).   

 1.3.2.3 Clinical studies 

Phase I/II clinical trials of ADI-PEG20 in patients with advanced HCC and 

malignant melanoma (MM) showed promising results. In phase I/II for 

metastatic HCC, patients were treated with weekly intramuscular injection (I.M.) 

of ADI-PEG20 at a dosage of 160 IU/m2. Of the 19 enrolled patients, 2 showed 

a complete response to the treatment and 7 had a partial response. The 

median survival of patients was 410 days, with 4 patients surviving more than 
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680 days (Izzo et al., 2004). In more recent phase I/II clinical trials with 

advanced MM, patients were treated with a weekly I.M. dose of 40, 80 or 160 

IU/m2. 31 previously treated patients were enrolled into the study. No objective 

response was observed. Nine patients had stable disease (SD), with 2 of these 

durable for >6 months. Four of the 9 patients with SD had uveal melanoma (Ott 

et al., 2013). In all these studies ADI-PEG20 was well tolerated and effectively 

reduced serum Arg levels without adverse effects. 

At present, several on-going clinical trials using ADI-PEG20 are recruiting 

patients (available from: https://clinicaltrials.gov): 

- "Phase I Study in Subjects With Tumours Requiring Arginine to Assess ADI-
PEG 20 With Pemetrexed and Cisplatin (ADIPemCis) (TRAP Study)" (Trial ID: 
NCT02029690) 

Conditions: advanced peritoneal mesothelioma, metastatic uveal melanoma, 
HCC and glioma  

- "Phase IB Trial of ADI-PEG 20 Plus Nab-Paclitaxel and Gemcitabine in 
Subjects With Advanced Pancreatic Cancer" (Trial ID: NCT02101580) 

Conditions: advanced pancreatic cancer 

- "Phase I Study ADI-PEG 20 Plus FOLFOX in Subjects With Advanced 
Gastrointestinal Malignancies" (Trial ID: NCT02102022) 

Conditions: Advanced Gastrointestinal (GI) Malignancies 

- "Phase II ADI-PEG 20 Acute Myeloid Leukemia" (Trial ID: NCT01910012) 

Conditions: AML Subjects Who Have Failed Prior Systemic Therapy 
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1.4 Hypothesis 

 

Hypothesis 1: Temozolomide induces the Grp78 promoter activity that is 

overexpressed in glioblastoma. Therefore administration of this 

chemotherapeutic agent in combination with the double-targeted 

RGD4C/Grp78-HSVtk vector may enhance tumour cell death after GCV 

treatment.  

 

Hypothesis 2: A consistent percentage of glioblastoma are auxotrophic for 

arginine. Therefore arginine deprivation can represent an effective therapy to 

reduce the growth of these tumours.  
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1.5 Aims of thesis 

 

The physical, and physiological isolation of glioblastoma within the CNS and 

presence of the blood-brain barrier are major obstacles in the treatment of 

GBM. Therefore, these barriers need to be taken into account in developing 

therapies to target these tumours. 

In this study, we aimed for the characterisation and optimisation of two 

therapeutic strategies that could avoid these obstacles but also take advantage 

of the same facts: 

 

Aim 1: Gene therapy in combination with chemotherapeutic drug 

 Examine the effect of combining suicide gene therapy by using 

RGD4C/Grp78-HSVtk vector and temozolomide to target glioblastoma in 

vitro. 

 Evaluate the activity of Grp78 promoter at both endogenous and 

RGD4C/Grp78 vector levels in vitro.  

 Assess the ability of a double targeted vector to target tumour cells and 

tumour blood vessels of intracranial xenografts. 

 Evaluate the therapeutic efficacy of suicide gene therapy by using 

RGD4C/Grp78-HSVtk vector plus against human glioblastoma 

established in mice. 
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Aim 2: Arginine deprivation therapy 

 Examine the therapeutic effect of pegylated arginine deiminase against 

human glioblastoma in vivo and evaluate the survival of mice bearing 

ASS-negative tumours. 

 Assess the combination of ADI-PEG20 with currently established 

chemotherapeutic drugs such as temozolomide and lomustine against 

human glioblastoma established in mice. 
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Chapter 2 

 

Materials and Methods 

 

2.1. Materials 

 2.1.1 Cell lines 

Name Tissue origin Source 

LN229 Human glioblastoma American Type Culture Collection (ATCC) 

SNB19 Human glioblastoma ATCC 

U87 Human glioblastoma ATCC 

U118 Human glioblastoma ATCC 

Table 2.1 Cell lines used during the investigation 

 

 2.1.2 Pharmacological agents 

Name Diluant Source 

Temozolomide (TMZ) 10% DMSO in PBS           Sigma (UK) 

Ganciclovir (GCV) 0.1% HCl in PBS           Sigma (UK) 

Lomustine (CCNU) 10% Ethanol           Sigma (UK) 

ADI-PEG20 Saline           Polaris (USA) 

Table 2.2 Chemical agents used during the investigation. 
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 2.1.3 Kits 

Name Source 

Steady-Glo® Luciferase Assay System  Promega  

QIAprep Spin Miniprep Kit  Qiagen  

HiSpeed Plasmid Midi Kit  Qiagen 

QIAquick Gel Extraction Kit  Qiagen 

RNeasy Mini Kit Qiagen 

EZ DNA Methylation™ Kit Genetix Ltd 

Table 2.3 Kits used during the investigation 

 

 2.1.4 Oligonucleotides 

Primers Sequence (5' - 3') 

Hu-XBP-F             TTACGAGAGAAAACTCATGGCC 

Hu-XBP-R             GGGTCCAAGTTGTCCAGAATGC 

GAPDH-F              CCTGTACGCCAACACAGTGC 

GAPDH-R             ATACTCCTGCTTGCTGATCC 

Grp78-R                TCACAGAGTCCAGCAACAGG 

pIII-F                      TAATACGACTCACTATAGGGCAAG CTGATAAACCGATACAATT 

pIII-R                      CCCTCATAGTTAGCGTAACGATCT 

Table 2.4 Primers used during investigation 

All primers were ordered from Invitrogen. The stock of 100 pmol/µl was stored 

at -20ºC and 8 pmol/µl stock was kept at 4ºC. Forward primers - F, Reverse 

ending - R.  
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 2.1.5 Antibodies 

 
Primary antibodies 

Name 

 
Conjugation 

 
Species 
raised 

 
Application 

 
Source 

Anti-fd phage 

Anti-αV integrin 

Anti-β3 integrin 

Anti- β5 integrin 

CD31 

ASS1 

ATF6 

eIF2α 

Grp78 

Human Anti-αV integrin 

GAPDH 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Rabbit 

Rabbit 

Mouse 

Rabbit 

Rat   

Mouse 

Mouse 

Rabbit 

Goat 

Rabbit 

Mouse 

CM 

IFM 

IFM 

IFM 

CM 

IHC-P 

WB 

WB 

WB 

CM 

WB 

Sigma 

Abcam 

Abcam 

Abacam 

Becton 
Dickinson (BD) 
Sigma 

Novus 
Biologicals 
Cell signalling 

Santa Cruz 

Chemicon 

Santa Cruz 

Table 2.5 Antibodies used during the investigation. 

IFM = Immunofluorescence Microscopy, CM= Confocal Microscopy, IHC-P= 
Immunohistochemistry paraffin section, WB= Western Blot 

 

 

Secondary 
antibodies 

Name 

Conjugation Species 
raised 

Application Source 

Anti-rabbit 

Anti-mouse 

Anti-rat 

Anti-rabbit 

Anti-mouse 

Anti-goat 

AlexaFlour-488 

AlexaFlour-488 

AlexaFlour-594 

IgG HRP 

IgG HRP 

IgG HRP 

Goat 

Goat 

Donkey 

Goat 

Rabbit 

Donkey 

IFM, CM 

IFM, CM 

CM 

WB 

WB 

WB 

Invitrogen  

Invitrogen  

Invitrogen 

Jackson 
ImmunoResearch 
Sigma 

Invitrogen 
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2.2. Methods 

2.2.1 Cell culture  

 2.2.1.1 Cell lines 

The cell lines used in this study are listed in Table 2.1. All the cell lines were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% Foetal Bovine Serum (FBS; Sigma), 100 units/ml Penicillin (Sigma), 

100µg/ml Streptomycin (Sigma), 2mM L-Glutamine (Sigma) and maintained at 

37°C with 5% CO2 atmosphere. Cells were passaged, when they reached 80-

90% confluence, the medium was discarded and cells were washed once with 

1xPhosphate-Buffered Saline (PBS; Sigma) before addition of 1 ml trypsin-

ethylenediaminetetra acetic acid (Trypsin-EDTA) and incubated at 37ºC until 

the cells detached. Pre-warmed complete medium was added to the cells 

suspension in order to neutralise the trypsin and an aliquot transferred to a 

fresh flask containing complete medium. Cells were tested for Mycoplasma 

contamination regularly by using sensitive bioluminescence based MycoAlert 

Mycoplasma detection kit (Lonza). 

 2.2.1.2 Freezing and thawing of the adherent cell lines 

Adherent cell lines were grown in 175 cm2 tissue culture flasks until 70-90% 

confluent. After trypsinisation and centrifugation at 1000 rpm for 5 minutes, the 

cell pellet was re-suspended in fresh cooled freezing medium comprised of 5% 

dimethyl sulfoxide (DMSO; Sigma) in FBS. The cells were aliquoted into 

cryogenic vials, then placed in a cryofreezing container lined with isopropanol 
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and placed at -80ºC. The tubes with cells were transferred to liquid nitrogen for 

long-term storage. 

To thaw cells: frozen cells were rapidly thawed at 37ºC in a water bath, and 

decanted into 50 ml centrifuge tubes containing complete medium and 

centrifuged at 1000 rpm for 5 minutes. The cell pellet was re-suspended in 15 

ml of complete medium before transfering to a 75 cm3 flask for culture at 37°C 

with 5% CO2 atmosphere. 

 2.2.1.3 Sulphorodamine B (SRB) assay 

Cell lines were seeded at a density of 1x104 cells/well of a 96-well plate in 

triplicate. The next day medium was removed from 96-well plates and cell were 

washed 2x with 1xPBS. Medium containing 10 µM GCV, with or without TMZ 

(100 µM of TMZ for LN229, SNB19, and U118 and 60 µM for U87), was added 

to cells. All subsequent time courses (from day 1 to 5) were fixed over-night at 

4ºC (fridge) by adding 50μl cold 50% trichloroacetic acid (TCA). The next day 

the plates were washed with slow running tap water, and left to dry at room 

temperature (RT). After collecting all time courses, the dry plates were stained 

for 1hr on a shaker with 150μl 0.4% SRB. The unbound SRB was washed 3x 

(or until no more dye comes off) with 1% acetic acid and the plates were 

allowed to air dry. The bounded SRB was dissolved in 200μl of 10 mM/L Tris 

pH 10.5 and left on a shaking platform. The absorbance was read at 490 nm.  
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 2.2.1.4 MitoSOX™ Red staining for Fluorescence Activated Cell 

Sorting (FACS) 

MitoSOX™ Red reagent is a live-cell dye that is rapidly and selectively targeted 

to the mitochondria. Cell lines were seeded at a density of 5x104 cells/well of a 

24-well plate in triplicate. The next day medium was removed from 24-well 

plates and cells were washed 2x with 1xPBS. Medium containing 10 µM GCV, 

with or without TMZ (100 µM of TMZ for LN229, SNB19, and U118 and 60 µM 

for U87), was added to the cells. At the indicated time points (from day 1 to 4), 

cells were trypsinised and centrifuged at 1000 rpm for 5 minutes. The pellet 

was washed with 200 µl of PBS then centrifuged at 1000 rpm for 5 minutes. 

This step was repeated twice. Next the pellet was resuspended in 200 µl of 

previously prepared MitoSox solution (working solution of 5 µM). The cells were 

incubated at 37ºC for 20 min then FACS was performed using a FL2 filter. 

 2.2.1.5 Luciferase enzymatic assay (in vitro) 

The Promega Steady-glo® luciferase assay kit was used to determine the 

expression of luciferase reporter genes. At indicated time points, the medium 

was removed and the cells were washed wit 1xPBS. 100 µl of glo-lysis buffer 

was added to the cells then plates were incubated at RT for 10 min. 50 µl was 

stored at -80ºC for protein quantification by Bradford assay, and 50 µl was 

added to 50 µl of Steady-glo® reagent in a white polystyrene 96-well plate and 

was incubated for 5 min at RT. The luciferase expression was quantified using 

a Promega Glomax microplate reader. Luciferase assay’s were performed in 

triplicate and normalised to 1 µg cellular protein, as determined by the Bradford 

assay. 
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 2.2.1.6 Generation of stable cells for Luc-GFP reporter gene 

expression, for in vivo experiments. 

LN229 and U87 cell lines were plated 5x104 per well in a 24-well plate. The 

next day (50-70% confluence) the medium was removed and fresh medium 

containing TransduxTM at a final concentration of 1x was added to each well, 

then a lentivirus vector  expressing both GFP and Luciferase under the control 

of CMV promoter at MOI 100 for LN229 and MOI 50 for U87 was added and 

swirled to mix. GFP expression was monitored by fluorescence microscopy. At 

day 9 post transduction, cells were sorted by FACS. GFP positive cells were 

expanded, frozen and kept in  liquid nitrogen. Luciferase expression in vitro was 

measured using the Steady-glo® luciferase assay kit (Promega). 

 2.2.1.7 Generation of stably transduced cells 

70% confluent model cell lines seeded in one the 6 well plates (LN229, SNB19, 

U87 and U118) were transduced with either targeted RGD4C/Grp78 or targeted 

RGD4C/CMV AAVP phage encoding Luc reporter gene or HSVtk therapeutic 

gene at 1 x 106 TU/ cell. Three-days after vector transduction, cells were 

trypsinised, diluted and moved to 6 wells plate. Two days later the medium was 

removed, cells were washed with 1xPBS and fresh medium containing 

puromycin (0.5 µg/ml) was added. Parental non-transduced cells were used as 

a control. The medium was replaced with fresh medium containing puromycin 

every 2 days. The cell lines were monitored under the microscope. Two weeks 

after transduction, when control cells died, the puromycin-resistant cells were 

pulled together and expanded. Later, they were frozen and stored at -80ºC. A 
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Luciferase assay was performed to determine luciferase reporter expression in 

the stable selected Luc cell population. 

 2.2.1.8 Integrin staining  

LN229, SNB19, U87 and U118 were seeded on poly-D-lysine coated coverslips 

in 12-well plates and grown until 60-70% confluent. Cells to be stained for αv, β3 

and β5 integrins were washed and fixed in 4% PFA for 15 minutes at room 

temperature. Cells were washed three times in PBS and permeabilised with 

0.2% Triton X-100 (in PBS, Sigma) for 5 minutes. The cells were washed three 

times in PBS and blocked for 30 minutes in 2% BSA-PBS. The cells were 

incubated with primary antibodies; rabbit anti-αv, anti-β3 or anti-β5 integrin, 

diluted 1:50, in 1% BSA-PBS for 1hr, washed three times in 1% BSA-PBS and 

incubated with secondary AlexaFluor-conjugated antibodies, diluted 1:500, with 

0.05 µg/ml DAPI for one hour. The coverslips were then washed three times (5 

minutes per wash) in PBS-1% BSA to block non-specific antibody binding, and 

three times in 1xPBS, then twice in distilled water, allowed to air-dry, then 

mounted in Mowiol mounting medium. Cells were viewed and images taken 

using a Nikon Eclipse TE2000-S fluorescence microscope 

2.2.2 AAVP work 

 2.2.2.1 AAVP production and purification 

Purification and production of AAVP protocol has been carried out as reported 

by Hajitou et al (Hajitou et al 2007). 7 ml Terrific Broth (TB) was inoculated with 

Kanamycin-resistant Escherichia coli (K91) and grown at 37°C, 250 rpm in a 

shaking incubator until cells reached a log-phase growth at optical density (OD) 
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between 1.5 and 2.0 (OD600). Next, 1 µl of AAVP was incubated with 1ml of 

K91 for 1 hour at room temperature. This was then transferred to 450 ml LB 

medium containing 40 µg/ml of Tetracycline (Sigma) and 100 µg/ml of 

Kanamycin (Sigma) and incubated for 14-16 hours at 37°C, 250 rpm.  

For phage production from miniprep culture: 50 µl of miniprep culture was used 

to inoculate 1 ml K91 at OD600 1.5-2.0 for 1 hr at RT. Next, the mixture was 

transferred to 8 ml of LB broth containing 40 µg/ml of tetracycline and 100 

µg/ml of kanamycin and incubated for 6-7 hours at 37°C, 250 rpm. Then, 

transferred to 450 ml LB medium containing 40 µg/ml of tetracycline and 100 

µg/ml of kanamycin and incubated for 14-16 hours at 37°C, 250 rpm. 

 

AAVP purification 

Cultures were centrifuged at 6000×g for 30 minutes at 4°C and the supernatant 

collected. This procedure was repeated again under the same conditions in 

order to remove bacterial debris. To precipitate the phage particles, the 

supernatant was incubated with Polyethylene-glycol/Sodium chloride 

(PEG/NaCl) (15% supernatant volume; Sigma) for 3-4 hours on ice then 

centrifuged at 10,000×g for 30 min at 4°C. The viral pellet was resuspended in 

10 ml PBS with agitation for 30 minutes at 37°C. PEG/NaCl was added to the 

PBS (15% of volume) to repeat precipitation of the phage particles and 

incubated for 30 minutes on ice, followed by centrifugation at 14,000×g for 

30minutes at 4°C. The pellet was resuspended in 600 µl of sterile PBS by 

shaking for 30 min at 37ºC, 250 rpm then incubated at 4ºC over night. The 

resulting viral stock was sterile filtered through a 0.45μm filter before titration.  
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 2.2.2.2 Titration of AAVP 

A dilution series of AAVP stock was prepared in 1xPBS in order to achieve final 

dilutions of 108 and 109.  Then 5μl of the above dilutions were used to infect 

1ml K91 OD600 (1.5-2.0) for 20 minutes at room temperature. Volumes of 200μl 

of infected cells were plated onto LB-Agar containing 40 µg/ml tetracycline and 

100 μg/ml kanamycin in duplicates. After overnight incubation at 37°C, the 

colonies were counted and titres were expressed as bacterial Transducing 

Units per μl (TU/μl).   

 2.2.2.3 Transduction of glioblastoma cells by AAVP 

Cells were seeded into 48–well culture plates and allowed to proliferate until 

70-80% confluent. Prior to transduction, cells were counted in order to calculate 

the number of vector TU/cell to add to each well. Medium was removed, cells 

were washed with 1xPBS and 100µl serum-free medium containing either 

targeted RGD4C or non-targeted AAVP phage encoding luciferase (Luc) at 

varying TU/cell was added. Incubation of cells with vectors was carried out in 

serum free medium for 4 hours, by rotating every 30 minutes in order to 

maintain homogeneous distribution of phage. Next 400µl of complete medium 

was added to the cells. Luciferase expression was quantified using a Promega 

Glomax microplate reader. Experimental conditions were staged in triplicate. 
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 2.2.2.4 Recovery of internalized phage particles from cancer cells in 

vivo 

5x1010 TU of RGD4C/AAVP or non-targeted/AVVP vector in 100 µl PBS was 

injected I.V. to mice bearing tumours (21 days post tumour implantation). 18 

hours post-vector injection, mice were anesthetised and perfused through the 

heart with 1x cold PBS. Brain and pancreas were dissected, weighed and kept 

in 1ml of buffer containing DMEM, 1% BSA and protease-inhibitor (PI) cocktail 

on ice. Tissues were then ground in 2 ml of DMEM+1% BSA+ PI buffer and 

centrifuged at 3000 rpm for 4 min. The supernatant was discarded, 1 ml of 

buffer was added, washed and centrifuged at 3000 rpm for 4 min. A second 

wash was repeated. After this, the tissues were infected with 1ml K91 OD600 

(1.5-2.0) for 1 hour at room temperature. Volumes of 200μl of infected cells 

were plated onto LB-Agar containing 40 µg/ml tetracycline and 100 μg/ml 

kanamycin in triplicates. After overnight incubation at 37°C, the colonies were 

counted. 

2.2.3 Molecular biology  

 2.2.3.1 DNA agarose gel electrophoresis  

1% agarose gels were prepared by dissolving 0.5g agarose (Sigma) in 50 ml of 

fresh 1X Tris-acetate-EDTA (TAE) buffer and heating the suspension in a 

microwave oven. The mixture was allowed to cool, and 7 μl of Ethidium 

bromide (EtBr; Sigma) was added. The gel was poured into a casting tray and 

left to set and solidify (~30 min). The gel was then placed into the 

electrophoresis chamber of assembled electrophoresis apparatus with enough 

1X TAE Buffer. The sample was prepared by mixing 5 μl of each sample with 1 
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μl of 6X Sample Loading Buffer (Fisher Scientific). To determine fragment size, 

the ExACTGene 24kb or ExACTGene 24kb DNA ladder (Fisher Scientific) were 

used. Electrophoresis was carried out at 100V for approximately 45 minutes. 

DNA was visualised under ultraviolet light using the UVP Bio Doc-It imaging 

system. The size of the DNA fragments was estimated by comparing their 

relative mobility to that of the DNA ladder. 

 2.2.3.2 Standard Polymerase Chain Reaction (PCR) 

Standard PCR was set up as follows: 1x GoTaq reaction buffer, 250µM dNTPs, 

1.25 units GoTaqTM DNA Polymerase (Promega), 20 pmol of each primer, 10% 

v/v of DMSO, 1mM MgCl2 in a final volume of 50µl. PCR reactions were carried 

out in the Biorad PCR machine. PCR conditions for GoTaqTM DNA Polymerase 

were as follows: denaturing at 94ºC for 5 minutes (1 cycle) followed by further 

denaturing at 94ºC for 30 seconds, annealing at 55 ºC-60ºC for 1 minute and 

elongation at 72ºC (35 cycles; elongation time was determined on the basis of 

the processivity of the polymerase being 1 minute per kb DNA). A final 

elongation step was performed at 72ºC for 5 minutes (1 cycle). PCR products 

were analysed by agarose gel electrophoresis. 

 2.2.3.3 Restriction endonuclease digestions 

Restriction digests were performed in the recommended buffers and supplied 

by the manufacturer’s instruction. Three units of restriction enzyme from New 

England Biolabs (NEB) per 1µg of DNA in 1x reaction buffer (NEB), 1% Bovine 

Serum Albumin (BSA; NEB) and appropriate amount of H2O. The mixture was 

incubated for 2-3 hours at the supplier recommended temperature. When 
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necessary, restriction enzymes were heat-inactivated for 20 minutes at 65°C. 

Digested DNA was analysed by agarose gel electrophoresis.  

 2.2.3.4 Dephosphorylation of DNA fragments 

For DNA dephosphorylation, 1 unit of Alkaline Phosphatase (AP) (Roche) was 

added to the reaction product at the end of incubation. The reaction mixture 

was incubated at 37°C for 1 hour, than inactivated by heating at 65°C for 30 

minutes. The dephosphorylation process was necessary to prevent the self-

ligation of cloning vectors. 

 2.2.3.5 DNA ligation 

The ligation reaction was performed in a final volume of 20 µl, containing 

vector/ insert at the ratio of 1:5, 1x ligase buffer and 30 units of T4 DNA ligase 

(Fermentas). A condition of vector without insert was also included in order to 

estimate the background generated by vector alone. Ligation reactions were 

performed in a thermal cycler set to 22°C for 4 hours, followed by overnight 

incubation at 18°C. The mixture was next transformed into E.coli competent 

cells (2.2.3.6). The next day, colonies were picked and grown in 5ml LB 

containing appropriate antibiotics. After overnight incubation at 37°C and 250 

rounds per minute (rpm), plasmids were extracted and analysed by restriction 

digestion. 

 2.2.3.6 Transformation of competent bacteria by heat shock method  

The tube of frozen NEB 5-alpha competent E.coli were removed from the -80°C 

freezer and thawed on ice. The plasmid DNA was added to 50 μl of thawed 

competent cells. After 30 minute incubation on ice, cells were heated shock at 
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exactly 42°C for 30 seconds then immediately placed on ice for 2 minutes. 

Next, 250 μl of super optimal broth (SOC) medium (NEB) was added to the 

reaction and cells were incubated in a shaking incubator at 37°C 250 rpm for 1 

hr. Finally, the cells were spread on LB-agar plates containing appropriate 

antibiotics, and incubated at 37°C overnight. 

 2.2.3.7 DNA sequence analysis 

DNA sequence analysis of the Grp78 promoter or pIII were carried out by DNA 

Core Laboratory in the Automated sequencing facility of Imperial College 

London using Grp78-R primer or pIII-R primer, respectively (2.1.4). 

 2.2.3.8 Genomic DNA extraction from frozen tissue 

5 or 10 microns of the frozen tissue sections were placed in a 1.5ml Eppendorf 

tube. Then 500µl of buffer containing 1x TNE/0.5% SDS and proteinase K 

(100µ/ml) was added. The samples were incubated at 50ºC until all tissue was 

dissolved. Fresh proteinase K (approx 5µl) was added every other day to speed 

up the digestion (around 5 days). When all the tissue was dissolved, 500µl of 

phenol was added. The samples were gently rotated by hand for 15minutes, 

and then centrifuged for 20minutes at 12000 rpm. The top aqueous layer was 

collected (contains the DNA) and transferred to a fresh eppendorf. 2µl of 

RNAse A (Invitrogen) was added to each sample and incubated at RT for one 

hour. Next 500µl of phenol was added and gently mixed as above for 15 

minutes. Samples were centrifuged for 20 minutes at 12000 rpm. The top 

aqueous layer was collected (containing the DNA) in a clean tube and 2.2 

volumes of 100% Ethanol (600µl x2) was added. Samples were incubated at -
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20 ºC overnight and then centrifuged for 20minutes 12000 rpm. The DNA pellet 

was dissolved in 100µl of dH2O. 

 2.2.3.9 Methylation-specific (MSP) PCR 

Bisulphite conversion of genomic DNA was carried out using the Zymo EZ DNA 

methylation kit (Genetix Ltd). This process converts unmethylated cytosine 

residues to uracil, whereas methylated cytosine residues remain unchanged. 

MSP was then carried out to determine the methylation status of tumours. 5 µl 

of bisulphite-modified DNA was used as templates for PCR reactions with 

primers specific for methylated or unmethylated sequences. CpGenome 

Universal Methylated DNA and CpGenome Universal Unmethylated DNA were 

used as positive and negative controls, respectively. PCR conditions were as 

follows: 8 cycles of 95ºC for 2 min, 51.7ºC for 30 s and 72ºC for 30 s were 

followed by 32 cycles of 95ºC for 30 s, 51.7ºC for 30 s and 72ºC for 30 s, then a 

final extension at 72ºC for 5 min. PCR products were electrophoresed through 

2% agarose gels and visualized using a transilluminator. 

2.2.4 RNA methods 

 2.2.4.1 Reverse Transcription 

1µg of total RNA, extracted from LN229, SNB19, U87 or U118 cells using an 

RNeasy Mini Kit (Qiagen), was reverse-transcribed for cDNA synthesis using a 

“Super Script III First-Strand Synthesis SuperMix” (Invitrogen). According to the 

manufacturer’s instructions, 1µg of total RNA was mixed with 1μl Annealing 

Buffer and 50 ng random hexamers in a total volume of 8μl (made up with 

RNase-free water) and incubated for 5 minutes at 65ºC. The reaction was 
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placed back on ice and added to 10μl of First-Strand Reaction Mix and 2μl of 

SuperScript III Enzyme Mix. The reverse-transcription reaction was incubated 

for 7 minutes at 25ºC, followed by 50 minutes at 50ºC and terminated at 85ºC 

for 5 minutes. cDNA was stored at –20°C until used.  

 2.2.4.2 Semi-quantitative RT-PCR 

Semi-quantitative RT-PCR was carried out by following the standard PCR 

condition (2.2.3.2) and using 500 ng of synthesised cDNA to determine both 

unspliced and spliced isoforms of XBP1. The 5’ to 3’ sequences of primers 

used to detect unspliced and spliced XBP1 mRNA are indicated in 2.3 (Samali 

et al., 2010). Size of PCR products are: unspliced XBP1= 289 bp, spliced 

XBP1= 263 bp. The PCR products were checked on a 3% agarose gel. As an 

internal standard control, a PCR using both primers for GAPDH (2.1.4) was 

performed on each cDNA sample and the products were checked on a 2% 

agarose gel (Wang et al., 2005). 

2.2.5 Protein methods 

 2.2.5.1 Protein extraction from cell lines 

The medium was removed and cells were washed twice with cold 1x PBS, then 

RIPA lysis buffer (Thermo Scientific) supplemented with protease-inhibitor 

cocktail (Roche) was added directly to the cells. A total of 150 µl of lysis buffer 

was used for cells grown on a 24-well plate. Using a pipette tip, the bottoms of 

the wells were scraped to remove all cell residues. The entire lysate was 

collected and instantly placed on ice prior to centrifugation at 13,000 rpm for 10 

minutes at 4ºC. Supernatant was collected and stored at -80ºC.  
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 2.2.5.2 Quantification of protein 

Protein concentration was quantified by using the Bradford method (Bradford, 

1976). A volume of 315μl Bradford reagent was mixed with 34μl dH2O and 

added to 1μl of lysate. Then, 100 μl of samples were added to a clear 96-well 

plate in triplicate and the absorbance was measured at 595nm using a 

Promega Glomax microplate reader. The protein concentration of samples was 

derived from a standard BSA curve. 

 2.2.5.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gels were prepared as follows for the BioRad mini-protean gel 

apparatus: The 8% resolving gel consisted of 2.4 ml lower buffer (1.5 M Tris-

HCl, 0.4% SDS pH 8.8) and 2.6 ml of 30% acrylamide, 4.9 ml water, 32 μl of 

15% ammonium persulphate (APS) and 5 μl of TEMED. The mixture was 

mixed and poured immediately between the glass plates. The resolving gel was 

poured to about ¾ the height of the gel and overlaid with 1ml of water. Once 

polymerised, the water was removed and the stacking gel (0.75 ml of 30% 

acrylamide, 1.87 ml of upper buffer (0.5 M Tris-HCl, 0.4% SDS pH 6.8), 4.87 ml 

water and 7.5 μl TEMED, 75 μl 15% APS) was poured on top of the stacking 

gel. The comb was immediately inserted and the stacking gel was allowed to 

polymerise. A total of 50-70 μg of sample proteins were mixed with sample 

buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 20% Glycerol, 0.01% bromophenol 

blue and 100 mM DTT) and heated at 95ºC for 5 minutes then loaded onto the 

gel. For all gels 8 μl of full-range rainbow molecular weight marker (GE 

Healthcare) was loaded. Gels were run in 1x running buffer (192 mM glycine, 

25 mM Tris-base, 1% SDS) at 80 volts until the bromophenol blue present in 
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the samples buffer reached the resolving gel, then the voltage was increased to 

140 volts until the samples reached the bottom of the resolving gel. 

 2.2.5.4 Western Blot Analysis 

Following separation by SDS-PAGE electrophoresis, proteins were transferred 

in 1x transfer buffer (25 mM Tris, 192 mM glycine, 0.02% SDS, 20% (v/v) 

methanol) onto immobullin-P PVDF transfer membrane using the BioRad 

Protean II mini trans-blot electrophoresis apparatus. PVDF membranes were 

first pre-soaked in 100% pure methanol for 1 minute then soaked in transfer 

buffer for a few minutes prior to transferring at 400mA for 1 hour. Once 

transferred, non-specific protein binding sites on the membrane were blocked 

by incubating with blocking buffer (1x TBS-T and 5% (w/v) milk [Marvel]) for 1 

hour at room temperature. Subsequently the membrane was incubated with 

primary antibody overnight at 4ºC according to manufacturer’s instruction. Apart 

from anti phospho-eIF2α which was diluted in 1x TBS-T and 5% (w/v) BSA, the 

rest of primary antibodies were diluted in 1x TBS-T and 5% (w/v) milk.  After 

incubation with primary antibody, membranes were washed for 3x 5 minutes in 

1x TBS-T. Next, membranes were incubated with a horseradish peroxidase 

(HRP)-conjugated secondary antibody for 1 hour. Membranes were washed 3x 

10 minutes in 1x TBS-T and secondary antibodies were detected with Super 

Signal West Pico chemiluminescence (ECL) (Thermo Scientific) according to 

the manufacturer’s instruction and exposed to X-ray films ((Biomax MS, 

Kodak). The density of each band was quantified using ImageJ software and 

results were normalized against the density of the corresponding GAPDH band 

for each condition. 
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2.2.6 In vivo work 

 2.2.6.1 Surgery 

Cells (80-90% confluent) were trypsinised, counted, washed twice with PBS by 

centrifugation and resuspended in 6 µl of serum-free DMEM medium. To 

establish intracranial tumours in mice, a total of 2.5x105 U87/Luc glioblastoma 

cells or 3.5x105 LN229/Luc glioblastoma were injected. The cells during the 

surgery were kept on ice. 

Mice were anesthetized by 2% isoflurane and 98% oxygen inhalation; they then 

received a single dose of vetergesic. Eye ointment was applied to maintain 

adequate moisture during the procedure. Using a sterile scalpel, a 1cm long 

sagittal incision was performed. The skull surface was exposed and cleaned 

using a cotton swab soaked in a 3% hydrogen peroxide solution. Bregma 

serving as the 0 point. The coordinates for injection of tumour cells were 

established by stereotactics: 2 mm to the right of the bregma and 1 mm to the 

coronal suture.  The drill was used to puncture the skull. The syringe was 

loaded with the desired amount of cell suspension and placed in the created 

hole (3.5 mm deep). The needle was left in place for one minute. 6 µl of cell 

suspension was injected over a 6 min period (waiting one min after injection). 

The needle was removed. The scalp was sutured.  

Mice were monitored post-operatively until they became ambulant and retained 

normal activity. Typically, recovery time was around 15 minutes. 

 2.2.6.2 Bioluminescence imaging (BLI)  

To monitor the luciferase expression, mice were anesthetized (2% isoflurane 

and 98% oxygen inhalation) and administered with 150 mg/kg of D-luciferin 
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(Gold Biotechnology) dissolved in 1xPBS by subcutaneous injection into the 

neck area.  Five minutes post D-luciferin injection, photonic emission was 

imaged using the in vivo Imaging System (IVIS 100). 

 2.2.6.3 In vivo therapy 

 HSVtk and TMZ 

To assess the therapeutic efficacy of combination therapy with HSVtk suicide 

gene and chemotherapy TMZ in vivo, tumour-bearing mice were randomly 

sorted and RGD4C targeted or non-targeted AAVP vector’s carrying the 

therapeutic gene HSVtk was delivered intravenously through the tail vein 

(5x105 in 100 µl PBS). Four days after vector injection, mice received 

intraperitoneal injections of the prodrug GCV (75 mg/kg/day) and/or 

temozolomide (30 mg/kg/day) for 6 days. Tumour viability was monitored by 

Bioluminescence imaging. 

 ADI-PEG20 

To assess the therapeutic efficacy of arginine depravation therapy ADI-PEG in 

vivo, tumour-bearing mice were randomly sorted and 5 IU of ADI-PEG was 

injected intramuscularly (10 µl) once per week until the end of experiment. 

Combination therapy with TMZ or CCNU: 30 mg/kg/day of TMZ or 30 

mg/kg/day of CCNU was injected intraperitoneally for 6 days, three week after 

the first injection of ADI-PEG20.  

 2.2.6.4 Perfusion 

The animal was anesthetised with an I.P. injection of Euthatal (50 µl) and 

placed on a tray. A 5-6 cm lateral incision through the integument and 
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abdominal wall just beneath the rib cage was performed. The liver was carefully 

separated from the diaphragm. A small incision into the diaphragm was made 

using the curved, blunt scissors. The diaphragm incision was continued along 

the entire length of the rib cage to expose the pleural cavity. A perfusion needle 

connected to the syringe was passed through the posterior vein of the left 

ventricle. Also, an incision into the animal's right atrium was made using iris 

scissors to create as large an outlet as possible without damaging the 

descending aorta. Animals were perfused with cold 1xPBS. The brain was 

collected and snap-frozen on dry ice then stored at -80ºC. For fixed samples: 

after perfusion with cold PBS, 20 ml of formalin was slowly injected. The brain 

was collected and kept in formalin. 

2.2.7 Histology 

 2.2.7.1 Phage staining in vivo 

5x1010 TU of RGD4C/AAVP or non-targeted/AVVP vector was injected I.V. to 

mice bearing tumours (21 days post tumour implantation). 18 hours post-vector 

injection mice were anesthetised and perfused with 4% paraformaldehyde in 

PBS (PFA, pH7.4). The brain and pancreas were dissected, fixed for 4 hours in 

2% PFA then equilibrated for 48 hrs in 20% sucrose in PBS. After 48 hrs the 

brain tumour, healthy brain and pancreas were embedded in Tissue-Tec 

(VWR), frozen and stored at -80ºC.  

8 µm cryostat section were washed with 1xPBS and 0.3% Triton X-100 (PBS-T) 

then blocked wit 5% goat serum in 0.1% PBS-T containing 1% BSA for 60 min 

at RT. Slides were incubated over the weekend at 4ºC with both rabbit anti-fd 

phage antibody (1:500) and rat anti-mouse CD31 (1:50) diluted in 0.1% PBS-T 
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with 1% goat serum. Sections were then washed 3x in PBS and stained for 1 hr 

at RT with the secondary antibodies AlexaFluor 488 goat anti-rabbit (1:500) and 

AlexaFluor 594 donkey anti-rat (1:500) containing DAPI (1:3000). Samples 

were washed 3x with PBS, fixed for 30 sec with 4% PFA, washed 3x with PBS 

and then mounted. 

 2.2.7.2 CD31 or αV integrin staining 

8 µm cryostat section’s were washed with 1xPBS and 0.3% Triton X-100 (PBS-

T) then blocked with 10% BSA in 0.1% PBS-T for 60 min at RT. Slides were 

incubated over the weekend at 4ºC with both rabbit anti-human integrin αV 

(1:200) and rat anti-mouse CD31 (1:50) antibodies diluted in 0.1% PBS-T with 

1% BSA. Next, sections were washed 3x in PBS and stained for 1 hr at RT with 

the secondary antibodies AlexaFluor 488 goat anti-rabbit (1:500) and 

AlexaFluor 594 donkey anti-rat (1:500) containing DAPI (1:3000). Samples 

were washed 3x with PBS, fixed for 30 seconds with 4% PFA, washed 3x with 

PBS and then mounted. 

 2.2.7.3 ASS1 staining of paraffin sections 

The paraffin sections were heat cured for 30 min at 60ºC to remove any 

residual water and soften the wax. The wax was removed with Xylene, 2 

washes for 5 minute and  rehydrated in a series of alcohol concentrations -  

100%  2 X 5 min, 90% 5 min, 70% 5 min and distilled water  for 5 min. For pre-

treatment epitope retrieval: citrate buffer pH 6.0 was added and the sections 

were autoclaved for 26 minutes and left to cool down. Sections were then 

rinsed for 5 min with distilled water and 2x for 5 min with 1xPBS. Next, peroxide 

blocking (1% H2O2 in PBS) was performed for 30 min at RT. Samples were 
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rinsed 2x with PBS for 5 min and blocked at RT for 60 minutes with 10% BSA in 

PBS and with 0.05% Triton X100. The antibody ASS1 (Sigma 2C10 clone 

ASS1) diluted 1:1000 in 2% BSA solution was added and samples were 

incubated overnight at 4ºC. The next day samples were washed 3x for 5 min 

with PBS. Secondary biotinylated anti-mouse antibody in horse serum were 

diluted 1:100 in a 1% BSA solution and incubated for 60 min at RT. Sections 

were then rinsed 3x with PBS. ABC reagent was prepared 30 min before use 

then incubated with the samples for 30 min at RT. The samples were rinsed 3x 

with PBS and incubated with DAB (1% of frozen stock in 400ml PBS) under the 

fume hood for 5 minutes. The samples were then rinsed for 2 min in distilled 

water, 2 min in tap water, counterstained for 40/60 sec in Mayers haematoxylin 

and rinsed in running tap water 5 min. Finally the samples were incubated for 5 

min in 70% alcohol, 5 min in 90% alcohol, 2x 5 min in 100% alcohol, 3x 5 min in 

Xylene and DPX mounted. The samples were left to dry for 24 hours under the 

fume hood. 

 
 2.2.7.4 Hematoxylin and Eosin (H&E) staining 

Sections of snap-frozen tumours were air dried for a few minutes to remove 

moisture, then immersed in filtered 0.1% haematoxylin for 10 minutes. Next, the 

sections were washed in running tap water for 5 minutes. Sections were 

immersed in 1% eosin for 2 minutes and dipped in water until the eosin stopped 

streaking. Stained tumour sections were then dehydrated by 70%, 95% and 

100% ethanol for 10 minutes, 30 and 60 seconds, respectively. The slides were 

cleared by immersing them several times in xylene and mounted in DPX 

mounting media before adding the coverslips. 
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 2.2.8 LC-MS/MS method 

70 µl of blood was collected before the surgery, three days after surgery and 

three days after the treatment with ADI-PE20 until the end of experiment. The 

blood was collected to eppendorf tubes and incubated at 37ºC for 30 min. The 

bloodclot was removed by centrifugation at 4ºC for 15 min 9000 rpm. Serum 

was collected to the fresh eppendorf tubes and stored at -80ºC. 

Mouse serum samples were thawed, 5µl was collected to the new eppendorf 

and 15 µl of methanol containing 0.1% (v/v) formic acid was added to remove 

proteins. The samples were vortex mixed and stored at -20ºC for 20 min. Then 

centrifuged at 10000 g for 10 min, and 5 µl was taken for derivatisation. 

Procedure: 5 µl of each standard, Quality Control (QC) or sample was added 

into the well of a tall (1 ml) 96-well plate (10 µl for the double blank). 5 µl of 

Internal Standard (IStd) mix was added to each well (except the double blank) 

and 70 µl of borate buffer was added to each well. The plate was capped and 

gently vortexed (centrifuged for 2 min at 2000 g). 20 µl of AccQTag reagent 

was added to each well, the plate was capped and gently vortexed, left at RT 

for 1 min then placed on heat block at 55º for 10 min. The plate was mixed 

again and diluted 1:99 (v/v) by adding 10 µl derivatised sample to 990 µl water. 

The samples were run overnight.  

 2.2.9. Statistical analysis  

GraphPad Prism software (version 5.0) was used to perform statistical 

analyses. Data were presented as mean±standard error of the mean (s.e.m). P 

values were generated by one-way or two-way ANOVA, considered significant 

when p <0.05 and denoted as follows: *p < 0.05, **p <0.01 and ***p < 0.001. 
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Log-rank (Mantel-Cox) Test was used to analyse the survival study. 
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Chapter 3 

 

Characterisation of human glioblastoma cells in vitro 

 

 

3.1 Introduction 

Cell culture is an important tool and a model for basic research and industrial 

applications. It is commonly used in drug screening and development, and in 

the large scale manufacturing of biological compounds. Use of identified cell 

lines is critical for maintaining high standards in research. To investigate the 

response to combination therapy with gene therapy and temozolomide, we 

used human glioblastoma cell lines supplied by ATCC and classified as grade 

IV astrocytoma. They represent the most aggressive glioma in adults. In our 

study we used an AVVP vector carrying the cyclic RGD4C ligand, which targets 

αv integrin receptors that are highly expressed on tumour vascular endothelium 

and tumour cells, but barely detectable on normal blood vessels.  

Integrins are a family of cell surface receptors composed of α and β chain 

heterodimers that mediate adhesion to the extracellular matrix (ECM) and 

activate intracellular signalling pathways (Guo and Giancotti, 2004, Aoudjit and 

Vuori, 2012, Martin et al., 2012). There are 24 variations of αβ heterodimers 

formed by the combination of 18 α and 8 β subunits that are bound non-

covalently (Chamberlain et al., 2012, Martin et al., 2012). After ligand binding, 
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integrin’s cluster and together with signalling and adaptor proteins form focal 

adhesion complexes (Geiger and Yamada, 2011). These complexes regulate 

signalling pathways including NF-κβ, PI3K, Src or Ras-MAPK, through the 

activation of focal adhesion kinases (FAKs) (Hynes, 2002, Chamberlain et al., 

2012, Martin et al., 2012). These signalling pathways control functions involved 

in proliferation, motility, cytoskeleton organization and survival (Chamberlain et 

al., 2012). Integrin’s are expressed in cells that are involved in angiogenesis 

including many tumours (Table 3.1) (Chamberlain et al., 2012). Glioblastoma 

exhibits prolific angiogenesis. It has been reported that αvβ3, αvβ5 and α5β1 

integrin’s are highly up regulated on endothelium cells during tumour 

angiogenesis and rapidly accessible in tumour blood vessels (Magnussen et 

al., 2005, Avraamides et al., 2008, Desgrosellier and Cheresh, 2010). 

 

Table 3.1 Integrins in tumour cells (adapted from Chamberlain et al 2012) 
(Chamberlain et al., 2012). 



 
P a g e  | 87 

 

These integrins promote migration, adhesion and lumen formation 

(Chamberlain et al., 2012, Martin et al., 2012). It was also reported that 

expression of α5β1 integrins increases proliferation, clonogenic survival, 

migration and invasion of different glioma cell lines (Bartik et al., 2008, Martin et 

al., 2009, Cosset et al., 2012). Brain tumours contain pluripotent stem cells that 

are highly tumorigenic and therapeutically resistant (Martin et al., 2012). Recent 

in vivo studies have shown elevated level of α6β1 integrin’s on GBM stem cells. 

The involvement of integrin’s in the development and progression of glioma and 

also their accessibility to circulating ligands, make them an attractive target for 

therapy. For example, Cilengitide, an RGD-based integrin antagonist, showed 

promising results in patients with a methylated MGMT gene promoter in phase 

II clinical trials (Stupp et al., 2010).  

DNA methylation is the most widely studied epigenetic modification in 

mammals, influencing normal cell physiology (Kulis and Esteller, 2010, Alel et 

al., 2012). It plays an important role in X chromosome inactivation, genomic 

imprinting, embryonic development, silencing of repetitive elements and germ 

cell-specific genes, differentiation, and maintenance of pluripotency (De 

Carvalho et al., 2012). It has been demonstrated that epigenetic disruptions 

play a role in the early stages of tumour development and even in cancer 

predisposition (Feinberg and Vogelstein, 1983, Portela and Esteller, 2010, Kulis 

and Esteller, 2010). The majority of DNA methylation occurs at CpG 

dinucleotides that are concentrated in regions called CpG islands, located at 

the promoter region of about 60% of human genes (Alel et al., 2012). It is 

mediated by DNA methyltransferases (DNMTs) that catalyse the transfer of the 

methyl group from S-adenosyl methionine onto cytosine (Kulis and Esteller, 
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2010, Alel et al., 2012). Only DNMT1, DNMT3a and DNMT3b play a role in the 

cytosine methylation pattern. They can be classified as de novo enzymes 

(DNMT3a and DNMT3b) or as a maintenance enzyme (DNMT1) (Kulis and 

Esteller, 2010). As described in Chapter 1, the sensitivity of glioblastoma to 

chemotherapy and radiation can be influenced by epigenetic modifications of 

some genes. Approximately 50% of glioma tumours overexpress 

methylguanine methyltransferase (MGMT). This enzyme antagonises the 

genotoxic effects of alkylating agents e.g. temozolomide (Alel et al., 2012, Viel 

et al., 2013a). Clinical studies in GBM have shown a strong connection 

between MGMT promoter methylation with a better response to alkylating 

agents, as well as long-term survival (Kitange et al., 2009, Alel et al., 2012, Viel 

et al., 2013b). 

The purpose of the present study mainly served to establish in vitro models for 

therapy against GBM. We evaluated 1) the expression of αV integrin receptors 

2) the transduction of glioma cells by AAVP vector 3) the expression of 

endogenous Grp78 and 4) the methylation status of human glioblastoma cell 

lines. 
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3.2 Results 

 3.2.1 Expression of αV integrin receptor in human GBM cell lines. 

As mentioned previously, the targeted RGD4C/AAVP vector displays a double-

cyclic RGD4C peptide on the minor pIII coat protein, which can bind to αVβ3 and 

αVβ5 integrin’s. These integrin’s, αVβ3 in particular, are highly expressed on 

tumour cells and tumour vasculature (Hajitou et al., 2006b, Hajitou et al., 2008).  

In order to establish the suitability of LN229, SNB19, U87 and U118 human 

glioblastoma cell lines as models for targeted gene therapy with RGD4C/AAVP, 

integrin expression was first confirmed by fluorescence microscopy. Cells were 

seeded on cover slips, fixed and immunostained using anti -αV, β3 or β5 

antibodies and the AlexaFluor-488 secondary antibody. As shown in Figure 

3.1, all human glioma cell lines tested were positive for the expression of αV, β3 

and β5 integrin’s, with the expression of each integrin varying to different 

degrees. No integrin staining was observed in cells incubated with secondary 

antibody alone.  
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Figure 3.1. Immunofluorescence staining of LN229, SNB19, U87 and U118 cell 
lines to demonstrate expression of αV, β3 and β5 integrin subunits. Tumour cells 
were seeded on coverslips and fixed before immunofluorescence staining using 
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primary rabbit anti-αV, β3 or β5 antibodies (diluted 1:50 in PBS-1%BSA) for 1hr. Cells 
were washed and stained with goat anti-rabbit AlexaFluor-488 secondary antibody 
(showed in green) and counterstained with 0.05 µg/ml DAPI (in blue). Scale bar = 20 
µm for LN229 and SNB19, scale bar = 50 µm for U87 and U118. 

 

 

 3.2.2 Transduction of glioblastoma cell lines by the αv integrin-

targeted adeno-associated virus/phage. 

Our previous studies showed that transduction with 1x106 TU/cell of 

RGD4C/AAVP results in transgene expression between 48-72 hours post-

vector transduction, reaching a maximum level by day 7 in HEK293 and U87 

cell lines (Hajitou et al., 2007; Kia et al., 2012). Under these conditions between 

10-20% cells are transduced in culture (Hajitou et al., 2007).  

Thus, we investigated RGD4C/AAVP mediated transduction efficacy in the 

model glioblastoma cell lines. Cells were incubated with targeted 

RGD4C/AAVP or control non-targeted/AAVP constructs bearing the Luciferase 

(Luc) reporter genes at 1x106 TU/cell for 4hr. The quantitative analysis of Luc 

expression was performed over a time course of 6 days for LN229 and 5 days 

for SNB19, U87 and U118 after vector transduction and normalised to protein 

concentration determined by Bradford assay (Figure 3.2).  

RGD4C/AAVP mediated luciferase expression was detected between 24 and 

48 hours post-transduction and increased over time in all glioblastoma cell 

lines. Moreover, LN229 and U87 cells lines demonstrated higher luciferase 

expression in comparison to the SNB19 and U118 cell lines. There was no 

luciferase expression in cells transduced with the control non-targeted AAVP. 
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Figure 3.2. Transduction of LN229, SNB19, U87 and U118 cell lines by 
RGD4C/AAVP-Luc. Cells were seeded in 48 well plates and grown until 70-80% 
confluence before transduction for 4hr with control non-targeted/AAVP-Luc or targeted 
RGD4C/AAVP-Luc. The results represent the average Relative Luminescence Units 
(RLU)/1µg protein of triplicate wells. All experiments were repeated twice. Shown are 
data from a representative experiment. 
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 3.2.3 Expression of endogenous Grp78 

It has been reported that Grp78 is expressed at low levels in normal brain 

tissue, but is overexpressed in malignant tissue, including tumour-associated 

vasculature and tumour cells (Pyrko et al., 2007, Virrey et al., 2008, 

Pfaffenbach and Lee, 2011). Futhermore, Grp78 levels have been associated 

with proliferation rates and the growth of glioma cells (Pyrko et al., 2007).  

Our model tumour cell lines were tested for Grp78 expression using Western 

blot analysis (Figure 3.3 A) to address whether these glioblastoma cells 

express this protein and at what level. The results normalised to control 

GAPDH showed that Grp78 level was expressed at varying degrees: with 

SNB19 and U118 cells expressing the highest level, LN229 intermediate level 

and U87 the lowest level.  

To evaluate the correlation between Grp78 expression and cell proliferation 

rate, we used a sulphorodamine B (SRB) assay with all four cell lines. LN229, 

SNB19, U87 and U118 were grown in complete 10% FBS/DMEM medium in 

96-well plates. Cells were fixed at the indicated time points. The SRB stain was 

performed at the end of the designated time-points (Figure 3.3 C). 

Interestingly, cells with the highest level of Grp78 protein, SNB19 and U118, 

showed the highest proliferation rate, indicating a strong correlation between 

Grp78 expression and cell proliferation.  
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Figure 3.3. Characterisation of the endogenous Grp78 expression level in human 
glioblastoma cell lines. A) Equal amount of cell lysates from LN229, SNB19, U87 
and U118 were analysed by Western blot with antibodies to Grp78 and GAPDH as a 
control. B) The intensity of Grp78 protein bands were measured by ImageJ and 
normalised to GAPDH intensity. C) Proliferation assessed by using sulphorodamine B 
(SRB) assay. Cells were seeded in 96 well plates, grown under standard conditions 
and fixed at the indicated time points. Absorbance read at 490 nm. All experiments 
were repeated twice. Shown are data from a representative experiment. The statistical 
analysis was performed using two-way ANOVA between LN229, SNB19, U118 and 
U87 at the day 5. **p<0.01 
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 3.2.4 MGMT promoter methylation in four model cell lines 

Clinical trials in patients with GBM showed a strong correlation between 

methylation of the MGMT promoter and sensitivity to alkylating agents e.g. 

temozolomide, as well as improved survival (Fukushima et al., 2009, Alel et al., 

2012, Viel et al., 2013b). It has been shown that patients with glioblastoma 

possess a methylated MGMT promoter after TMZ treatment (Fukushima et al., 

2009). Therefore, MGMT promoter methylation status was evaluated for model 

glioblastoma cells by using a methylation-specific PCR (MSP). This method 

assesses the methylation status of almost any group of CpG sites within a CpG 

island. As shown in Figure 3.4 LN229 and U87 are highly methylated, U118 is 

unmethylated and SNB19 is partially methylated or unmethylated. 

 

 

 

 Figure 3.4. MSP analysis of CpG islands in human glioblastoma cell lines. 
Genomic DNA was modified by sodium bisulfite, which converts unmethylated 
cytosines into uracil; methylated cytosines remain unchanged. 5 µl of modified DNA 
was used as a template for PCR amplification with primers specific for methylated or 
unmethylated sequences. CpGenome Universal methylated DNA and CpGenome 
Universal unmethylated DNA were used as controls. U- unmethylated, M- methylated.   
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3.3 Discussion 

Glioblastoma remains one of the most devastating types of disease due to their 

aggressiveness, invasiveness and resistance to current therapies. In contrast to 

other type of cancer, GBMs are an attractive target for local gene therapy 

because of their physical, and physiological isolation and their absence of 

metastases outside the CNS. Despite direct injection of the vector, the gene 

transfer efficacy remains poor. This is due to the low expression of receptors, 

specific for viral vectors. It has been shown that αvβ3 and αvβ5 integrin’s are 

highly expressed on glioma cells and tumour blood vessels (Magnussen et al., 

2005, Avraamides et al., 2008). The RGD motif binds to αv integrin receptors, 

thus making it a promising target for glioblastoma treatment (Belloet et al., 

2001). The RGD4C/AAVP vector has demonstrated promising results in 

different animal models of cancer including mice, rat, and pet dogs with natural 

tumours (Hajitou et al., 2007; Paoloni et at., 2009; Kia et al., 2012). It can 

effectively and specifically deliver imaging and therapeutic genes to tumours 

and their associated vasculature upon systemic administration, while sparing 

the normal organs (Hajitou et al., 2006b, Hajitou et al., 2007). The aim of the 

present study was to establish model cell lines for future experiments 

investigating therapy for glioblastoma. Four candidate GBM’s were chosen: 

U87 cells, a widely used model to study the cytotoxic response to the therapy. 

This cell line has also been previously used by our group as an in vitro model 

for transduction by RGD4C/AAVP (Kia et al., 2012, Przystal et al., 2013). The 

others included LN229, SNB19 and U118.    
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First, we confirmed the expression of integrin’s in all model cell lines. 

Immunofluorescence microscopy of LN229, SNB19, U87 and U118 cells 

stained with antibodies for these proteins showed the presence of αv, β3 and β5 

integrin subunits. Next, we examined the efficacy of transgene expression by 

using a RGD4C/AAVP vector expressing a luciferase reporter gene. The results 

demonstrated that transgene expression increased over time in all glioblastoma 

cell lines. 

Western blot analysis showed an elevated level of Grp78 protein with SNB19 

and U118 cells expressing the highest level, LN229 intermediate level and U87 

the lowest level. Proliferation assay results are consistent with previous studies 

showing a correlation between the level of Grp78 expression and cell 

proliferation rate (Pyrko et al., 2007). Glioma cells with the highest level of 

Grp78 expression showed the highest proliferation rate.  

It has been reported that an elevated level of MGMT gene expression is 

associated with the resistance to the alkylating drug temozolomide in patient’s 

with brain tumours. Therefore, detection of MGMT expression level is crucial to 

predict the response to temozolomide treatment. Consistent with previous 

studies, LN229 and U87 cell lines were highly methylated, U118 cells were 

unmethylated and SNB19 were either partially methylated or in an 

unmethylated state (Syed et al., 2013). 

In this study, we have established the four glioblastoma cell lines as models for 

combination therapy with RGD4C/AAVP and temozolomide.   
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Chapter 4 

 

Combination therapy for glioblastoma cell killing in 

vitro 

 

4.1 Introduction 

Glioblastoma multiforme (GBM) is one of the most common and aggressive 

primary brain tumours in adults. Despite advances in treatment and extensive 

research efforts, prognosis still remains poor. Patients have a median survival 

of about 15 months even after aggressive surgery, chemotherapy and 

radiotherapy. Because of the diffuse nature of glioblastoma and the proximity of 

the tumour to vital brain structure, complete tumour resection is practically 

impossible and often recurs in an area close to the original resection cavity 

(Candolfi et al., 2009, Chamberlain et al., 2012). Another major problem is that 

of an increasing resistance of glioblastoma cells to chemotherapy and 

radiotherapy. Therefore, novel therapeutic approaches are urgently needed for 

these patients. Gene therapy may offer a new option, especially in conjunction 

with current treatments (Pulkkanen and Yla-Herttuala, 2005, Candolfi et al., 

2009). The main strategy for cancer gene therapy is to generate a systemic 

gene delivery vector that can selectively target the tumour and mediate an 

efficient level of therapeutic gene expression solely within the tumour tissue. 

Our group introduced a double-targeted phage vector containing the arginine-
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glycine-aspartic acid tumour homing ligand and Grp78 promoter 

(RGD4C/Grp78) (Kia et al., 2012). 

The Grp78 promoter is stress inducible and activated by conditions of glucose 

deprivation and hypoxia (Li and Lee, 2006). It was first proposed by the group 

of Lee to use Grp78 as a promoter in cancer gene therapy (Little et al., 1994). 

Previous studies have shown induced therapeutic gene expression, driven by 

the Grp78 promoter leading to suppression and eradication of various tumours 

(Chen et al., 2000, Dong et al., 2004, Azatian et al., 2009). Also, safety and 

tumour specificity have been assessed in transgenic mice carrying a LacZ 

transgene (Dong et al., 2004). Furthermore, mammalian promoters such as 

Grp78 are not silenced in eukaryotic cells (Brooks et al., 2004, Kia et al., 2012).  

The vasculature is an attractive target for therapy in solid tumours. Vascular 

cells are accessible through the systemic circulation and express several 

surface markers that are absent or barely detectable in normal blood vessels 

(Pulkkanen and Yla-Herttuala, 2005, Assi et al., 2012). Vascular targeting of 

cancer has been hindered by the lack of an efficient systemic vector that is able 

to deliver therapeutic agents, especially to the blood vessels of tumours while 

sparing the healthy tissues (Candolfi et al., 2009). In 2006, Hajitou et al 

generated a novel prokaryotic and eukaryotic hybrid vector, which is a chimera 

between adeno-associated virus (AAV) and M13 filamentous phage (Hajitou et 

al., 2006b, Hajitou et al., 2007). Within this vector, a targeted phage capsid 

serves as a vehicle to deliver the AAV mammalian DNA cassette incorporated 

into the phage genome. As a proof of concept, the in vivo efficacy of the vector 

after systemic delivery was assessed in animal models of cancer by displaying 
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on the phage capsid the cyclic RGD4C ligand to target αvβ3 integrin. This 

integrin is highly expressed on abnormal blood vessels that are newly formed 

within tumours, presenting at high levels on cancer cells and absent or barely 

detectable in the mature normal vasculature or normal cells. After intravenous 

administration, the targeted RGD4C/AAVP vector specifically and efficiently 

delivers imaging and therapeutic genes to the blood vessels of tumours in mice, 

rats and pet dogs while sparing the normal organs (Hajitou et al., 2006b, 

Hajitou et al., 2007, Hajitou et al., 2008). 

As described in Chapter 1, temozolomide (TMZ) is a DNA-methylating 

chemotherapy drug used as a standard treatment for GBM because of its ability 

to cross the blood-brain barrier. It has been shown that the treatment of tumour 

cells with TMZ induces the expression of the Grp78 gene, which is associated 

with glioblastoma’s chemo-resistance to this drug (Zhang and Zhang, 2010). 

Virrey et al have shown that glioma vasculature over-expresses Grp78, both in 

situ in tissue and in vitro in primary cell cultures, compared to a low expression 

in the normal brain (Virrey et al., 2008). Also, knockdown of Grp78 or blockage 

of the ATPase domain of Grp78 increases the chemosensitivity of the tumour 

vasculature (Virrey et al., 2008). 

The experiments carried out in this chapter compare long-term transgene 

expression between double-targeted vector RGD4C/Grp78-HSVtk and 

RGD4C/CMV8-HSVtk in human GBM in vitro. The next step was to assess the 

therapeutic efficacy of combination therapy with RGD4C/Grp78HSVtk and 

temozolomide against glioblastoma in vitro. 
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It is noteworthy to mention that the work with LN229 cell line presented in this 

chapter was undertaken with the assistance of Mr Zahidul Islam Pranjol, a MSc 

student in Molecular Biology and Pathology of Viruses at Imperial College 

London.  

4.2 Results 

 4.2.1 RGD4C/Grp78-HSVtk vector mediates strong cell death in 

combination with GCV in human glioblastoma cell lines. 

Our previous studies showed that the double-targeted vector RGD4C/Grp78-

HSVtk provides longer transgene expression than the phage vector carrying 

cytomegalovirus promoter (CMV) in vitro and in vivo (Kia et al., 2012). Here, the 

long-term tumour cell killing of the Grp78 promoter in our model of glioblastoma 

cell lines was investigated.  

LN229, SNB19, U87 and U118 cells were stably transduced with RGD4C/CMV-

HSVtk or RGD4C/Grp78-HSVtk carrying the cytotoxic Herpes Simplex Virus 

thymidine kinase gene (HSVtk). Suicide gene therapy was induced by 

treatment with GCV for 24 hr, 48 hr, 72 hr or 96 hr. Then, the drug-mediated 

stress-induced mitochondrial reactive oxygen species (ROS) production in 

apoptotic cells was measured by flow cytometry, at two different time-points: 

37-46 days (t=1) and 67-77 days (t=2) post-transduction.  

Results demonstrated enhanced ROS production (Figure 4.1) in glioblastoma 

cells transduced with RGD4C/CMV-HSVtk at t=1 compared to the cells carrying 

RGD4C/Grp78-HSVtk. At 96 hours post-treatment, the differences were 

statistically significant in LN229, SNB19 and U118 cells. In case of the U87 cell 
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line, significant differences in ROS production was observed at 72 hours post-

treatment. Interestingly, at 72 hours post-treatment there was an increase in 

ROS production in U118 cells transduced with RGD4C/Grp78-HSVtk.  

However, at t=2 production of ROS in cells transduced with RGD4C/Grp78-

HSVtk was already significantly higher at 72 hours post-treatment in all 

glioblastoma cells. In the case of the U87 cells at 96 hours post-vector 

treatment ROS production remained the same for both vectors. 

These data show that while at early time points the CMV promoter is more 

effective in inducing HSVtk expression and cell death, at later time points the 

Grp78 mediated stronger cell death over time. This may reflect the absence of 

an epigenetic silencing of the Grp78 promoter, in contrast to the CMV promoter, 

that remains active. 
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Figure 4.1. Long term killing efficiency of RGD4C/CMV-HSVtk and RGD4C/Grp-
HSVtk in tumour cell lines. LN229, SNB19, U87 and U118 cells were stable 
transduced with AAVP vector expressing the Herpes Simplex virus thymidine kinase 
(HSVtk). Cells were treated with 10 µM GCV 48 hours after seeding, then stained with 
MitoSOX and analysed by FACS. Increase in ROS positive glioblastoma cells at the 
indicated time points following GCV treatment are shown at t=1 and t=2. Statistical 
significance was determined by two-way ANOVA. *p<0.05, **p<0.01, ***p<0.001 

 

 4.2.2 Combination therapy with RGD4C/Grp78-HSVtk vector plus 

temozolomide decrease proliferation of human glioblastoma cells 

HSVtk and GCV mediated gene therapy is the most popular gene therapy 

approach for glioblastoma and has been tested in clinical trials. Unfortunately 

results seem to be disappointing. Both chemotherapy and radiotherapy have 

also had little success and are often highly toxic with a wide variety of side 

effects. The combination of the RGD4C/Grp78-HSVtk vector with a low-dose of 

drug TMZ could therefore be an interesting approach to enhance tumour cell 

death.  

In order to assess the efficacy of combined therapy in comparison to individual 

drug intervention against glioblastoma, proliferation assay’s and FACS 

analyses were carried out. First, we used the SRB assay to measure cell 

proliferation. Stably transduced cells with RGD4C/CMV-HSVtk or 

RGD4C/Grp78-HSVtk at 36-46 days (t=1) post-vector transduction were 

subjected to GCV and TMZ for 5 days. The results were normalised to non-

treated cells. As shown in Figure 4.2, combination therapy with GCV and TMZ 

considerably decreased proliferation in all glioma cells, when comparing to 

each therapy alone. The difference was statistically significant at day 2 for 

LN229, day 3 for SNB19 and U87 and day 4 post-treatment for U118 with 

further increases over time. Interestingly, we observed a greater response to 
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the combination treatment in LN229, SNB19 and U118 cells transduced with 

RGD4C/Grp78-HSVtk vector compared to cells transduced with the AAVP 

vector carrying the CMV promoter. By contrast, U87 stable cell line’s 

transduced with a vector carrying CMV promoter showed a better response to 

combination therapy until day 3, after which they remained the same as cells 

transduced by the vector carrying Grp78 promoter.  
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Figure 4.2. Effect of GCV and TMZ combination treatment in LN229, SNB19, U87 
and U118 cell lines. Cell proliferation was determined at various time points using 
sulphorodamine B (SRB) assay. Stably transduced glioblastoma cells were treated 
with 10 µM GCV with or without TMZ (100 µM of TMZ for LN229, SNB19 and U118, 
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and   60 µM for U87) 24 hours after seeding the cells. Absorbance read at 490 nm. 
Statistical significance was determined by two-way ANOVA. *p<0.05, **p<0.01, 
***p<0.001 

 

 4.2.3 Combination therapy with RGD4C/Grp78-HSVtk vector plus 

temozolomide increases ROS level in malignat glioma. 

Having shown that the RGD4C/Grp78-HSVtk vector together with TMZ 

decreases cell proliferation, we sought to investigate the long-term promoter 

activity in the context of AAVP plus temozolomide. This was achieved by using 

flow cytometry to measure the ROS level in all stable transduced glioma cells. 

The glioblastoma cells were first examined at 36-46 days post-vector 

transduction (t=1) then re-examined at days 66-76 (t=2).  

Consistent with the proliferation assay results at t=1, we observed significant 

increases in cell death by combination therapy than with each therapy alone at 

days 3 and 4. Moreover, the ROS produced by combined therapy remained the 

same in LN229, SNB19 and U87 cells transduced with a vector carrying the 

CMV or Grp78 promoter. Interestingly, there was a gradual increase in tumour 

cell killing efficiency by combination treatment in U118 cells stably transduced 

with the RGD4C/Grp78-HSVtk vector (Figure 4.3 A).        

At the later time point t=2 (Figure 4.3 B), RGD4C/Grp78-HSVtk cells treated 

with GCV and TMZ demonstrated a gradual increase in the level of ROS over 4 

days post-treatment. Also, ROS positive cells under combination treatment 

remained significantly higher than each therapy alone. More interestingly, from 

day 3 post-treatment, a steep rise in the ROS production was observed, 

reaching 80% in LN229, 60% in SNB18, and in U87 and 40% in U118. This 
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was significantly higher than glioma cells transduced by the vector carrying the 

CMV promoter. 
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Figure 4.3. Effect of GCV and TMZ combination treatment in LN229, SNB19, U87 
and U118 cell lines. Stable transduced glioblastoma cells were treated with 10 µM 
GCV and with or without TMZ (100 µM of TMZ for LN229, SNB19 and U118, and   60 
µM for U87) for 4 days. Cells were stained with MitoSOX and analysed by FACS over 
the indicated times. A) t=1 and B) t=2. These are representative of three independent 
experiments. Statistical significance was determined by two-way ANOVA. *p<0.05, 
**p<0.01, ***p<0.001 

 

4.3 Discussion 

We previously reported the advantages of the RGD4C/Grp78 phage over the 

vector carrying the CMV promoter (Kia et al., 2012). In our present work we 

compared the long-term activity of both promoters in the context of AAVP in 

human glioblastoma cell lines. Thus, stably transduced LN229, SNB19, U87 

and U118 with RGD4C/Grp78-HSVtk and RGD4C/CMV-HSVtk vectors were 

generated. FACS analysis confirmed an over time silencing of the CMV 

promoter in the AAVP vector in LN229, SNB19 and U118 cell lines and 

increased activity of the Grp78 promoter. In U87 cells, ROS production 

remained constant for both vectors over time.  Our findings concerning a 

gradual silencing of the CMV promoter in vitro are in agreement with previous 

studies (Choi et al., 2005, Verma and Somia, 1997, Kia et al., 2012). 

Furthermore, we confirmed a higher efficacy of RGD4C/Grp78-HSVtk over 

RGD4C/CMV-HSVtk in suicide gene killing of GBMs in vitro, after GCV 

treatment.    

Temozolomide is the most widely used chemotherapeutic drug to treat brain 

tumours. Despite TMZ efficiency in combination with radiotherapy and surgery, 

the overall survival of the patients remains poor. We sought to combine suicide 

gene therapy using RGD4C/HSVtk/GCV and low dose of TMZ to ultimately 

improve tumour cell killing. We examined the effect of combination therapy in 
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four model glioblastoma cell lines by using two different assays: proliferation 

assay and FACS to measure the level of superoxide (O2*). Mitochondria are 

cellular organelles that play major roles in energy metabolism, retrograde 

signalling and apoptosis (Oliva et al., 2011). They are the major producer of 

cellular reactive oxygen species (ROS), a natural by-product of electron 

transport chain activity. Intracellular ROS are derived from a single electron 

reduction of oxygen (O2) to form the radical superoxide (O2 
-) (Sullivan and 

Chandel, 2014). It has been reported that cancer cells are under oxidative 

stress associated with higher metabolic activity and increased production of 

ROS (Oliva et al., 2011). Although increased levels of ROS can promote cell 

proliferation and differentiation, excessive amounts of ROS can cause cellular 

damage including lipid peroxidation, DNA and protein oxidation and enzyme 

inactivation (Trachootham et al., 2009, Oliva et al., 2011). Therefore, 

metabolically active cancer cells are more vulnerable to further oxidative stress 

by exogenous ROS-generating agents (Trachootham et al., 2009, Oliva et al., 

2011). Zhang et al have demonstrated that TMZ induces ROS production in 

GBM as a result of DNA damage (Zhang and Zhang, 2010). We used MitoSOX 

Red, a fluoroprobe that selectively detects O2 
– in the mitochondria of live cells. 

Our results clearly indicate a superior therapeutic effect of suicide gene therapy 

with TMZ than each therapy alone. Furthermore, we observed a significantly 

higher response to combination therapy induced by the vector RGD4C/Grp78-

HSVtk. As mentioned before, cancer cells can develop chemoresistance 

through the upregulation of Grp78 and that temozolomide induces Grp78 

expression. Also it has been reported that TMZ resistant cells under conditions 

of oxidative stress generate less ROS (Oliva et al., 2011). Interestingly, the 
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Grp78 promoter driving HSVtk gene expression in the context of double-

targeted RGD4C/AAVP of unmethylated U118 cells in combination with TMZ 

led to dramatic cell death in vitro. Previous studies showed that phosphorylated 

GCV inhibits DNA polymerase δ, which leads to synergy between HSVtk/GCV 

and TMZ (Rainov et al., 2001).  

Based on our data, the Grp78 promoter can increase the therapeutic efficacy of 

HSVtk/GCV and TMZ in GBM. Also, sustained long-term Grp78 activity can 

benefit cancer gene therapy. Lin et al have shown that temozolomide induces 

autophagy through mitochondrial damage and an ER stress-dependent 

mechanism. Therefore, the development of therapies for glioblastoma by 

targeting mitochondria and ER may be a promising anticancer strategy (Lin et 

al., 2012).  
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Chapter 5 

 

Temozolomide induces Grp78 promoter activity 

 

 

5.1 Introduction 

The endoplasmic reticulum (ER) is an essential perinuclear, cytosolic 

compartment required for the synthesis, folding and modification of secretory 

and cell-surface proteins (Rutkowski and Kaufman, 2004, Ron and Walter, 

2007, Luo and Lee, 2013). The ER is also the site for lipid synthesis and is an 

intracellular reservoir for Ca2+ (Luo and Lee, 2013, Nagelkerke et al., 2014). 

The accumulation of misfolded proteins in the lumen of ER triggers an 

evolutionarily conserved mechanism, the unfolded protein response (UPR). The 

aim of the UPR is to restore ER homeostasis by arresting general translation, 

up-regulating chaperones and folding enzymes to degrade unfolded proteins 

(Rutkowski and Kaufman, 2004, Ron and Walter, 2007, Nagelkerke et al., 

2014). However, if the ER stress is too intense and persistent, the UPR can 

control cell fate by inducing apoptosis (Nagelkerke et al., 2014). 

There are three arms in the UPR signalling pathway, mediated by three trans-

membrane proteins: PERK (protein kinase RNA-like ER kinase), IRE1 (inositol-

requiring enzyme 1) and ATF6 (activating transcription factor 6). A major ER 

chaperone, Grp78, also known as BiP (binding immunoglobulin protein) or 
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HSPA5, constitutively binds to these three sensors and maintains them in an 

inactive form under conditions of ER homeostasis (Figure 5.1) (Pfaffenbach 

and Lee, 2011, Luo and Lee, 2013, Nagelkerke et al., 2014). Upon ER stress, 

the accumulation of unfolded proteins triggers Grp78 to dissociate from the 

UPR arms, resulting in the activation of UPR signals across the ER membrane 

to the cytosol and nucleus (Luo and Lee, 2013).    

 

Figure 5.1 The molecular pathways of unfolded protein response. Left panel: 
under non stress condition. Right panel: when cells are under ER stress (adapted 
from Luo and Lee 2013) (Luo and Lee, 2013) 

 

IRE1 is a transmembrane Ser/Thr protein kinase with site-specific 

endoribonuclease (RNase) activity (Luo and Lee, 2013). During ER stress, 

IRE1 dimerizes and autophosphorylates, resulting in the endonucleolytic 
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cleavage of a 26 base intron from the mRNA encoding X-box binding protein 1 

(XBP1) (Calfon et al., 2002, Ron and Walter, 2007, Luo and Lee, 2013). This 

splicing generates a translational frameshift to produce a spliced form of XBP1 

(Rutkowski and Kaufman, 2004, Ron and Walter, 2007, Luo and Lee, 2013). 

Spliced XBP1 is more stable and is a potent transcription factor of target genes 

involved in ER protein maturation and ER-associated degradation (Luo and 

Lee, 2013). It has been reported that increased expression of spliced XBP1 

correlates with tumour survival (Wang et al., 2009). Also, knockout cells for 

XBP1 are more sensitive to hypoxia induced apoptosis (Romero-Ramirez et al., 

2004).  

PERK is an ER-localized transmembrane protein with a lumenal stress-sensing 

domain and a cytosolic kinase domain (Ron and Walter, 2007). After homo-

dimerization and trans-autophosphorylation, PERK phosphorylates Ser51 of the 

α-subunit of the eukaryotic translation initiation factor-2 (eIF2α) (Ron and 

Walter, 2007, Luo and Lee, 2013). This causes reduced formation of the cyclin 

D1 protein and induces cell cycle arrest (Ron and Walter, 2007, Luo and Lee, 

2013, Nagelkerke et al., 2014). Despite suppression of global translation after 

eIF2α phosphorylation, specific mRNAs containing regulatory sequences in the 

open reading frame (ORF) located in 5'-untranslated regions require the 

phosphorylation of eIF2α for translation (Luo and Lee, 2013, Nagelkerke et al., 

2014). Activating transcription factor 4 (ATF4) is a well described example. 

ATF4 coordinates the expression of multiple genes that promote ER folding 

capacity and adaption to stress (Luo and Lee, 2013, Nagelkerke et al., 2014).  
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The third ER stress transducer, ATF6 (90 kDa) is a basic leucine zipper 

transcription factor. Upon ER stress, ATF6 is transported from ER to the Golgi 

apparatus, where it is cleaved by site-1 and site-2 proteases (S1P and S2P) to 

generate and release the active nuclear form of ATF6 (ATF6-p50) into the 

cytosol (Haze et al., 1999, Zhang and Zhang, 2010, Luo and Lee, 2013). 

Cleaved ATF6 is transported to the nucleus where it activates gene expression.  

In the previous chapter, we showed that in all glioma cell lines, the HSVtk gene 

in the context of AAVP under the control of Grp78 promoter in combination with 

temozolomide leads to significant cell death compared with the RGD4C/CMV-

HSVtk plus TMZ. Also, previous studies showed that TMZ induces Grp78 

expression (Friedman et al., 2000, Stupp et al., 2005, Pyrko et al., 2007). 

Herein, we aimed to investigate the activity of the Grp78 promoter at both 

endogenous and RGD4C/Grp78 vector levels. In these studies, we used 

glioblastoma cell lines transduced with RGD4C/Grp78-Luc or RGD4C/CMV-Luc 

to measure luciferase expression. The detection of HSVtk in human cell lines is 

quite difficult due to a lack of good commercial antibodies. Furthermore, we 

examined the possible mechanism responsible for Grp78 over-expression. As 

mentioned in Chapter 1, expression of Grp78 is controlled by the UPR 

pathway, our goal was therefore to gain insight into UPR activation after TMZ 

treatment.  
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5.2 Results 

 5.2.1 Temozolomide treatment of human glioblastoma cells induces 

expression of endogenous Grp78. 

Temozolomide (TMZ) is a well-tolerated and widely used drug for newly 

diagnosed and recurrent glioblastoma. It has been reported that treatment of 

tumour cells with TMZ induces expression of endogenous Grp78, which is 

associated with glioblastoma’s chemo-resistance to this drug (Friedman et al., 

2000, Pyrko et al., 2007, Zhang and Zhang, 2010). Herein, we aimed to assess 

the expression of endogenous Grp78 in our model cell lines after TMZ 

treatment in vitro.   

LN229, SNB19, U87 and U118 cells were treated with a range (25 - 250 µM) of 

temozolomide concentrations for 12 hours, then Western blot analyses were 

performed. As show on Figure 5.2, the expression of endogenous Grp78 

increased in a dose dependent manner in LN229 and U87 cell lines. By 

contrast, the SNB19 cell line demonstrated an increase in Grp78 expression 

following the treatment, which then remained stable between 100 µM and 250 

µM of temozolomide. U118 showed a fluctuated level of Grp78 expression.  
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Figure 5.2. Characterisation of the endogenous Grp78 levels after treatment with 
TMZ in the human glioblastoma cell lines. LN229, SNB19, U87 and U118 cell lines 
were grown in the presence of increasing doses of temozolomide for 12 hours. Then 
equal amount of cell lysates were analysed by Western blot with antibodies to Grp78 
and GAPDH. Endogenous Grp78 level was normalised to GAPDH. All experiments 
were repeated twice. Shown are data from a representative experiment. 
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 5.2.2 Induction of luciferase gene expression from RGD4C/Grp78-

Luc after temozolomide treatment of human glioblastoma cell lines 

To examine the effect of temozolomide on transgene expression in 

glioblastoma, LN229, SNB19, U87 and U118 cell lines were stably transduced 

with a vector carrying the Luc reporter transgene under the control of Grp78 or 

CMV promoters. Cells were incubated with TMZ (100 µM of TMZ for LN229, 

SNB19 and U118, and 60 µM for U87) for 1 to 24 hours.  

As shown in Figure 5.3, there was a sharp increase in luciferase expression 9 

hours post TMZ treatment in LN229 cells in which the Luc transgene was 

driven by the Grp78 promoter. The rise in luciferase expression remained 

stable up to 24 hours. Similar results were obtained in the U87 cell line 

transduced by the vector carrying the Grp78 promoter. Luciferase expression 

significantly increased 6 hours post TMZ treatment, followed by dramatic rise at 

9 hours, of ~ 2.5 fold. This growth in luciferase activity was observed from 9 to 

24 hours.  

Luciferase expression in the SNB19 cell line where the Luc transgene was 

driven by Grp78 promoter, increased dramatically with a ~3.5 fold detected at 

24 hours post TMZ treatment. In contrast, luciferase expression driven by the 

CMV promoter remained stable in LN229, SNB19 and U87 cells after 

temozolomide treatment.  

Interestingly, in the U118 cell line transduced with RGD4C/Grp78-Luc or 

RGD4C/CMV-Luc vectors, luciferase expression steadily increased until 12 

hours post TMZ treatment with no difference between vectors. There was a 

~1.5 fold increase detected at 24 hours post therapy, in cells in which Luc 
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transgene was driven by the Grp78 promoter whereas there was a drop of 

luciferase expression in cells transduced by the vector with the CMV promoter.  

These results show that TMZ therapy can induce the promoter of the double 

targeted RGD4C/Grp78 vector in addition to the induction of the endogenous 

Grp78 promoter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
P a g e  | 121 

 

 

 

 

Figure 5.3. TMZ treatment induces Grp78 promoter activity in RGD4C/Grp78-Luc 
cells. LN229, SNB19, U87 and U118 stably transduced with RGD4C/Grp78-Luc or 
RGD4C/CMV-Luc were grown in the presence of TMZ for the indicated times. The 
luciferase assay was performed and normalised to protein concentration. Results 
represent the average Relative Luminescence Units (RLU)/1µg protein of triplicate 
wells. All experiments were repeated twice. Shown are data from a representative 
experiment. Statistical significance was determined by two-way ANOVA. *p<0.05, 
**p<0.01. 
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 5.2.3 The Unfolded Protein Response (UPR) upon TMZ treatment 

5.2.3.1 Activation of the PERK-arm of UPR 

In normal conditions, Grp78 binds to the luminal domains of PERK, IRE1 and 

ATF6 and preserves them in an inactive form. To investigate whether the 

induction of the endogenous Grp78 after TMZ treatment was driven by an 

activation of the UPR, we examined all three known signalling pathways. 

First, we focused on PERK’s downstream protein target eIF2α. To detect  

phosphorylated eIF2α after TMZ treatment, stable transduced human 

glioblastoma cells with RGD4C/Grp78-Luc were incubated with TMZ for 1 to 24 

hours, and were then subjected to Western blot analysis. Antibodies against 

phospho-eIF2α detect endogenous eIF2α only when phosphorylated at the 

Ser51 position. As shown in Figure 5.4, phospho-eIF2α was detected after 1 

hour in LN229 and U87, and 3 hours in SNB19 cell lines and remained for 24 

hours of TMZ treatment. The induction of phospho-eIF2α in U118 cells was 

noticed 12 hours post treatment. 

Taken together, detection of phosphorylated eIF2α after TMZ treatment 

indicates the induction of the PERK pathway in human glioblastoma.   
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Figure 5.4. TMZ treatment induces phosphorylation of eIF2α. Human glioblastoma 
cell lines stably transduced with RGD4C/Grp78-Luc were grown in the presence of 
TMZ for the indicated times. Then cells were lysed and analysed by Western blot using 
antibodies against phosphor-eIF2α and GAPDH as a control. The above experiment is 
representative of three independent experiments.  

 

5.2.3.2 Activation of the ATF6-arm of UPR 

Next, to evaluate the activation of ATF6 upon TMZ treatment, all four model 

stable cell lines were incubated with TMZ from 1 to 24 hours. ATF6 after Grp78 

dissociation will be converted from a 90 kDa (ATF6-p90) protein to a 50 kDa 

protein (ATF6-p50). We were unable to detect the 50 kDa ATF6 by Western 

blot. However, as shown in Figure 5.5 ATF6-p90 levels gradually increased 

after 1 hour in LN229, after 2 hours in U87 cell lines, remaining for 24 hours 

after TMZ treatment. The induction of ATF6-p90 in SNB19 cells was noticed 24 

hours post treatment. Temozolomide treatment does not have any effect on the 

ATF6-arm in the U118 cell line. Previous studies have shown that an increase 

in 90 kDa ATF6 level after treatment indicate ER stress and UPR activation 

(Teske et al 2011, Kia et al 2012). 
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Figure 5.5. TMZ treatment induces ATF6-p90 expression. Human glioblastoma cell 
lines stably transduced with RGD4C/Grp78-Luc were grown in the presence of TMZ for 
the indicated times. Then cells were lysed and analysed by Western blot using 
antibodies against ATF6 and GAPDH as a control. The above experiment is 
representative of three independent experiments.  

 

5.2.3.3 Activation of the IRE1 arm of UP 

During ER stress, activated IRE1 cleaves a 26 base intron from mRNA 

encoding XBP1. Spliced XBP1 is a stable and  strong transcription factor. To 

identify the spliced XBP1 mRNA in human glioblastoma cell lines semi-

quantitative RT-PCR was performed. Primers used in the experiment were able 

to detect both spliced and non-spliced forms of XBP1 mRNA (Samali et al 

2010). 

The data showed a gradual increase in the level of spliced XBP1 mRNA in the 

U87 stable cell line upon TMZ treatment (Figure 5.6). Semi-quantitative RT-

PCR of LN229 cells revealed a slight increase in spliced XBP1 mRNA after 12 

hours from treatment. In contrast to LN229 and U87, in SNB19 and U118 

glioma stable transduced with RGD4C/Grp78-Luc, spliced XBP1 mRNA was 

not detected.  
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Figure 5.6. Constitutive expression and splicing of XBP1 in glioblastoma cell 
lines. Stably transduced LN229, SNB19, U87 and U118 cell lines with RGD4C/Grp78-
Luc were grown in the presence of TMZ for the indicated times. Next, RNA was 
isolated and analysed by semi-quantitative RT-PCR. PCR products were separated by 
2% agarose gel for GAPDH as a control and 3% gel for XBP1. Size of the PCR 
products: unspliced XBP1= 289 bp and spliced XBP1= 263 bp. The above experiment 
is representative of two independent experiments. 

 

5.3 Discussion 

Resistance to therapy is a major challenge in the treatment of cancer, in 

particular glioblastoma. The induction of protective elements of the UPR 

pathway, such as Grp78, in both tumour and the tumour microenvironment, 

especially at the nectrotic borders that are highly chemoresistant, can be a 

major contributing factor (Luo and Lee, 2013). It has been demonstrated that 

the overexpession of Grp78 correlates with resistance to different therapies 

including chemotoxic, anti-hormonal, DNA damaging and anti-angiogenic 

agents in a variety of cancers (Reddy et al., 2003, Virrey et al., 2008, Pyrko et 



 
P a g e  | 126 

 

al., 2007). Temozolomide has been widely used for brain tumour treatment due 

to its ability to penetrate and pass the blood-brain barrier. Previous research 

has shown that TMZ induces Grp78 expression (Pyrko et al., 2007). 

In the previous chapter, we characterised the therapeutic efficacy of the double-

targeted vector in combination with temozolomide. We observed that HSVtk 

under the control of Grp78 after the treatment with TMZ induced significantly 

higher ROS generation than under the CMV promoter in all glioblastoma cells. 

This can lead to protective autophagy to decrease mitochondrial mass (Lin et 

al., 2012). Next, we wanted to investigate if temozolomide mediates ER stress 

and if this induces Grp78 promoter activity in the context of a double-targeted 

AAVP. Consistent with previous reports, temozolomide induced endogenous 

Grp78 expression in vitro in all our model glioblastoma cell lines indicating that 

this drug is a UPR inducer. Next, we investigated Luc expression under the 

control of the Grp78 promoter or CMV promoter after TMZ treatment. The 

results demonstrated a dose-dependent induction of Grp78 promoter following 

TMZ treatment in glioblastoma cell lines. In contrast to the Grp78 promoter, 

activity of the CMV promoter was not induced upon temozolomide treatment in 

LN229, SNB19 and U87 transduced cell lines. We observed an increase in 

luciferase expression driven by the CMV promoter and a decrease after 24 

hours in the U118 cell line.  

As mentioned before, the UPR pathway controls Grp78 expression. PERK, 

ATF6 and IRE1, the three branches of UPR signalling pathway, are activated 

upon ER stress and induce de novo synthesis of Grp78 to assist in protein 

folding in the ER (Nagelkerke et al., 2014). To assess the activation of 
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phosphorylated PERK and IRE1 upon TMZ treatment in the context of Grp78-

Luc in human glioma cell lines, we analysed their downstream protein targets 

such as phosphorylated eIF2α and spliced XBP1 mRNA.  

Western blot analysis of stable transduced model cell lines by RGD4C/Grp78-

Luc upon temozolomide treatment showed phosphorylation of eIF2α. Phospho-

eIF2α was detected after 1 hour in LN229 and U87, and 3 hours in SNB19 cell 

lines and was maintained up to 24 hours. The induction of phospho-eIF2α in 

U118 cells was noticed 12 hours post treatment. This result confirmed the 

activation of the PERK pathway after TMZ treatment. Moreover, an increased 

level of ATF6-p90 was observed in LN229, U87 and SNB19 cell lines after 1 

hour, 2 and 24 hours of TMZ treatment. No activation of ATF6-p90 was 

observed in the U118 cell line. Detection of ATF6-p50, an active transcription 

factor, is difficult due to the low levels of this cleaved fraction within cells. It has 

been reported that activated PERK/ p-eIF2α/ATF4 is also required for the 

activation of ATF6 and its target genes (Teske et al., 2011). Increased levels of 

ATF6-p90 after therapy indicates ER stress and UPR activation. 

IRE1 induction was characterised by the detection of spliced XBP1 mRNA. 

Semi-quantitative RT-PCR analysis revealed an increas over the time of the 

spliced XBP1 mRNA in U87 and LN229 glioblastoma cell lines. In contrast, we 

did not detect spliced XBP1 mRNA in SNB19 and U118 tumour cells.   

In summary, we showed an induction of Grp78 expression after temozolomide 

treatment in the context of double-targeted AAVP. We also demonstrated that 

TMZ induces ER stress through UPR signalling, inducing PERK and ATF6 

pathways in glioblastoma.  
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Chapter 6 

 

In vivo combination therapy 

 

 

6.1 Introduction 

To evaluate potential novel treatments for glioblastoma, it is essential to 

develop an in vivo model to reproduce the natural environment. This type of 

model should present predictable and reproducible intracranial growth patterns, 

have histopathological and biochemical resemblance to human gliomas and be 

non-immunogenic (Candolfi et al., 2009). At the moment, there are several 

models available to study GBM and the metastases developed from primary 

solid tumours: 

 Chemically induced models: induced by exposure to alkylnitrosamide, 

aromatic amines, 1,2-dimethylhydrazine or other carcinogen 

compounds. Unfortunately, the time of induction, type of tumour and 

location can vary between each study. Also, tumour progress can only 

be detected by MRI. However, the tumour development in 

immunocompetent animals and the same genetic background can help 

to understand the interactions between the immune system and tumour 

growth (Brognaro, 2014, Stylli et al., 2015). 
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 Genetically engineered mouse (GEM) models which give rise to 

glioblastomas or primary solid tumours and metastasis: developed by 

manipulation of the mouse genome. Use of viral or plasmid vectors allow 

the delivery of a number of tumorigenic genes at any given time 

(Candolfi et al., 2009). This model helps to understand the role of 

oncogenes in the tumorgenesis and progression of GBM (Candolfi et al., 

2009, Brognaro, 2014, Stylli et al., 2015). 

 Spontaneous developed tumours in large animals, primarily in pet dogs 

and cats. Dog GBM share similar histopathological characteristics of 

human glioma. Also, previous studies showed that canine GBM has  

similar patterns of invasion as humans. It is therefore a very attractive 

preclinical model for testing new therapies in a spontaneous tumours 

and their toxicity to the normal brain (Candolfi et al., 2009, Brognaro, 

2014). 

 Transplantable tumour models in rodents (Candolfi et al., 2009, 

Brognaro, 2014, Stylli et al., 2015). Xenograft model is the most common 

model used for brain tumours. There are two types of xenograft: 

heterotypic (tumour cell implanted subcutaneously) and orthotopic 

(tumour cells injected intracranially) (Stylli et al., 2015). The intracranial 

implanted human glioma cells in immunodeficient mice has been widely 

used in preclinical brain cancer research (Candolfi et al., 2009, Stylli et 

al., 2015). They share histopatological features with human GBM and 

retain gene amplifications detected in the in situ tumours (Candolfi et al., 

2009). They also allow access to therapeutic efficacy in the context of 
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normal brain tissue and can be used to evaluate novel imaging 

techniques (Candolfi et al., 2009, Brognaro, 2014). 

After demonstrating a stronger tumour killing efficacy of HSVtk under the Grp78 

promoter in vivo (Kia et al., 2012) and the extensive characterisation of the 

therapeutic efficacy of double-targeted RGD4C/Grp78-HSVtk plus 

chemotherapy drug temozolomide in vitro, our next step was to evaluate the 

combination therapy in vivo after systemic administration of the vector.  

As a preclinical model, we used immunodeficient nude mice with intracranial 

tumours derived from U87 human glioblastoma cells. Intracranial xenografts 

eliminate the ability to monitor tumour growth through measurement by caliper, 

and so non-invasive imaging is required. Bioluminescence imaging (BLI) is a 

highly sensitive technique with minimal background activity, to evaluate tumour 

growth and response to therapies. BLI uses light emitted by the luciferase of 

the labelled tumours upon consumption of its substrate D-luciferin.  

First, we will assess the ability of the double-targeted vector to target brain 

tumours from intracranial xenografts. Next, by using BLI we will evaluate the 

therapeutic efficacy of RGD4C/Grp78-HSVtk plus TMZ in vivo. 

 

6.2 Results 

 6.2.1 Generation of U87/GFP-Luc stable cell line 

To evaluate the therapeutic efficacy of the combination therapy with 

RGD4C/Grp78-HSVtk and temozolomide in vivo, we established a stable U87 

cell line constitutively expressing GFP and luciferase. 
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U87 cells were transduced with a lentivirus carrying a fusion of eGFP 

(enhanced green fluorescent protein) and firefly luciferase reporter genes under 

the CMV promoter at MOI 50 (Multiple of Infection). Cells were monitored under 

a fluorescence microscope (Figure 6.1 A). One week post-transduction, GFP 

positive cells were sorted with a sterile fluorescence activated cell sorter. 

Luciferase assay and FACS were performed 9 days after cell sorting to 

determine luciferase and GFP reporter expression in the cell population (Figure 

6.1 B). Next, we determined the MGMT methylation status in U87/GFP-Luc cell 

lines, using MSP. As shown on Figure 6.1 C stable cells are highly methylated 

as well as parental U87 cell line. 

 

 

Figure 6.1. Generation of a stable U87/GFP-Luc cell line for long term non-
invasive in vivo imaging. A) Fluorescence micrograph showing GFP expression in 
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U87 cells 4 days after transduction with lentivirus/GFP-Luc at multiplicity of infection, 
MOI=50 (upper panel). Bright field of the same area (lower panel). Scale bar = 20 µm 
B) FACS and Luciferase assay were performed to measure reporter gene activities 
after cell sorting. Parental cells were used as a control. RLU (Relative Luminescence 
Units) C) MSP analysis of CpG islands; U- unmethylated, M- methylated. 

 

 

 6.2.2 BLI to monitor tumour growth in intracranial glioblastoma 

model 

The aim of this study was to monitor the tumour growth in orthotopic mouse 

models by measuring luciferace activity over time. Glioma cells (2.5x105 in 6 µl) 

were injected into the brain of immunodeficient nude mice, 2 mm to the right of 

the bregma and 1mm anterior to the coronal suture. Twice per week serial, in 

vivo BLI with d-luciferin was performed. Figure 6.2 A shows a representative 

animal at day 7 post-tumour implantation and at the end of the experiment at 

the day 30 following d-luciferin administration. As shown in Figure 6.2 B 

tumour signal was detectable at day 5 and gradually increased from day 7 in 

the brain of 5 mice. The weight was also monitored during the experiments 

(Figure 6.2 C). The results demonstrated that the weight of the animals 

dropped with increased tumour growth. Following our animal licence, the end 

point of the experiment was ~15 % loss of body weight. 

Finally, to characterise the tumours, tissue was snap frozen at the end of the in 

vivo experiment, sectioned and stained with Hematoxylin and Eosin (H&E) 

(Figure 6.3 A). The stained brain sections revealed the highly invasive nature 

of the tumour into the normal neighbouring brain. Immunofluorescence analysis 

(Figure 6.3 B) showed enlarged tumour blood vessels (CD31) and a strong 



 
P a g e  | 133 

 

expression of αV integrins in the tumour, but not in the healthy brain. DAPI was 

used to visualise nuclei.    

This intracranial brain tumour establishment will allow us to assess the 

therapeutic efficacy of AAVP and TMZ.   

 

 

  

Figure 6.2. Visualisation of intracranial tumour growth in vivo over time. A) In 
vivo bioluminescent imaging (BLI) of immunodeficient nude mice bearing U87 
glioblastoma (n=5 animals). B) Luciferase expression was measured in tumours in 5 
individual animals at the indicated times. C) Weight of the animals during the 
experiment. 
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Figure 6.3. Histological analysis of intracranial glioblastoma in mice. A) 
Hematoxylin and eosin (H&E) staining of representative tumour sections. Scale bar = 
200 µm B) CD31 (red) for blood vessel staining and αV integrins (green) were also 
performed Scale bar = 100 µm. T – tumour, B - brain 
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 6.2.3 RGD4C/Grp78-HSVtk targets intracranial human glioblastoma 

in vivo 

Next, was to determine the ability of the RGD4C/Grp78-HSVtk vector to target 

the brain tumour in vivo. Tumour-bearing mice (Figure 6.4 A-B) at day 21 post-

glioma cell implantation were systemically (tail vein) administered with either 

RGD4C/Grp78-HSVtk or non-targeted/Grp78-HSVtk (5x1010 TU vector/mouse) 

vectors. After 18 hours of circulation, the tumours and control organs were 

harvested and targeted and control vectors recovered. As shown in Figure 6.4 

C, the number of targeted phage particles recovered from the brain tumours 

was approximately 12-fold higher in comparison to the homing of the non-

targeted control. Furthermore, normal brain and control tissue only at the 

background level.   

The results were confirmed by immunofluorescence staining of frozen brain 

sections (Figure 6.4 D). The immunostaining of phage particles (green) 

revealed the distribution of the targeted phage to the tumour blood vessels 

(CD31 - red) and tumour cells. No signal was detected in the blood vessels of 

the normal brain.  

These data indicate that RGD4C/Grp78-HSVtk targets intracranial brain 

tumours established in mice and crosses the BBB, upon intravenous 

administration. 
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Figure 6.4. Targeting intracranial glioblastoma with RGD4C/Grp78-HSVtk. A) BLI 
of immunodeficient nude mice bearing U87 glioblastoma (n=4 animals per group) B) 
H&E staining of tumour sections. Scale bar = 200 µm C) Quantification of 
RGD4C/Grp78HSVtk in brain tumours, brain tissue and pancreas upon intravenous 
administration. D) Immuofluorescence staining of CD31 (red) and phage (green) in 
frozen sections. Scale bar = 100 µm.  
Experiments were repeated twice. A representative experiment is shown. All data were 
normalized to both non-targeted vector and to tissue weight then expressed as relative 
bacterial transducing units (TU). Statistical significance was determined by one-way 
ANOVA. ***p<0.001 
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 6.2.4 Combination therapy of double-targeted RGD4C/Grp78HSVtk 

vector and TMZ in vivo 

Having shown that the RGD4C/Grp78-HSVtk vector targets orthotropic brain 

tumours in mice and that the combination of this vector with TMZ increases 

tumour cell killing in vitro, we aimed to evaluate the efficacy of this combination 

therapy in vivo.  

First, we established intracranial U87/GFP-Luc glioblastoma tumours in nude 

mice by following previously described protocols. Then, at day 9 post-tumour 

cell implantation, a single dose (5x105 TU) of double targeted RGD4C/Grp78-

HSVtk or non-targeted/Grp78-HSVtk was administrated intravenously (IV) to 

nude mice. Thirteen days  after tumour implantation, daily doses of the GCV 

and/or TMZ treatments started. The treatment was stopped at day 20 after 

tumour implantation. The effect of combination therapy was evaluated by 

monitoring the Luc expression of tumours (Figure 6.5 A). 

As shown in the Figure 6.5 B, tumour growth remained stable between days 9 

and 20 post-tumour cell implantation in mice that received RGD4C/Grp78-

HSVtk, non-targeted/Grp78-HSVtk or RGD4C/Grp78-HSVtk plus TMZ. After 

day 20 until the end of the experiment (day 27), Luc expression in tumours 

increased rapidly in mice that had received non-targeted/Grp78-HSVtk. 23 

day’s after tumour cell implantation, tumour viability increased sharply and then 

dropped slightly at day 27 in mice that received RGD4C/Grp78-HSVtk. 

Expression of the gene Luc in the mice that had received RGD4C/Grp78-HSVtk 

plus TMZ, increased at day 23 and dropped at day 27. Interestingly, Luc activity 

for the combination therapy was lower than the initial signal recorded on day 9.  
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After 27 days of tumour cell implantation, we observed a rise of Luc expression 

in mice treated with TMZ only.  

The weight of the mice was monitored during the experiments (Figure 6.5 C). 

The results showed that as tumour growth increased, the weight of the animals 

decreased. Only animals that had received RGD4C/Grp78-HSVtk plus TMZ or 

TMZ over time recovered to their initial weight.   

These results demonstrate that double-targeted RGD4C/Grp78-HSVtk in 

combination with TMZ treatment exhibits better efficacy, promoting increased 

tumour regression with respect to gene therapy or chemotherapy alone.  
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Figure 6.5. Therapeutic efficacy of combination of RGD4C/Grp78-HSVtk vector 
and TMZ in the human U87. A) In vivo bioluminescent imaging (BLI) of Luc 
expression. Immunodeficient nude mice bearing intracranial brain tumours (n=5 
animals per group)., received a single intravenous (IV) dose of the double targeted 
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RGD4C/Grp78-HSVtk or non-targeted/Grp78-HSVtk (5x1010 TU/mouse). GCV and/or 
TMZ were administered at day 4 post-vector delivery and continued for 6 days. Luc 
transgene expression was monitored over time. B) Tumour viability measured by BLI. 
C) Weight of the animals during the experiment.  
All experiments were repeated twice. Statistical significance was determined by two-
way ANOVA at the day 27. *p<0.05, **p<0.01, ***p<0.001 
 

 

Next, to check for post-treatment effects, tissues were snap frozen at day 27 

post-tumour implantation, sectioned and stained with Hematoxylin and Eosin 

(H&E) (Figure 6.6 A). The stained brain sections revealed large tumour 

destruction from a single systemic administration of RGD4C/Grp78-HSVtk 

vector plus TMZ. In contrast to combination therapy, slight tumour disruption 

resulted from the chemotherapy drug TMZ. No effect resulted from the non-

targeted vector.  

Immunofluorescence analysis (Figure 6.6 B) showed enlarged tumour blood 

vessels (CD31) in mice that received RGD4C/Grp78-HSVtk or non-

targeted/Grp78-HSVtk. The size of the blood vessels in mice treated with 

temozolomide was slightly reduced. In contrast, mice administrated with   

RGD4C/Grp78-HSVtk plus TMZ showed a normal size of blood vessels.  
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Figure 6.6. Histological analysis of intracranial glioblastoma in mice after 
therapy. A) Hematoxylin and eosin (H&E) staining of representative tumour sections. 
B) CD31 (red) for blood vessel staining was also used. Scale bar = 200 µm. T – 
tumour, B - brain 
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 6.2.5 Generation of U118/GFP-Luc stable cell line and monitoring of 

tumour growth in intracranial xenograft 

Having shown that suicide gene therapy, induced by the RGD4C/Grp78-HSVtk 

vector and the chemotherapy drug temozolomide, could successfully reduce 

glioma tumour in the U87 intracranial mouse model, we further aimed to 

evaluate the combination therapy in another tumour model. Thus, as a second 

preclinical model we wanted to use intracranial tumours derived from U118 

glioblastoma cells. U118 cells contain an unmethylated MGMT promoter and 

therefore are resistant to alkylating agents such as TMZ. 

U118 cells were transduced with a lentivirus carrying a fusion of eGFP and 

firefly luciferase reporter genes under the CMV promoter at MOI 100. Cells 

were monitored under a fluorescence microscope (Figure 6.7 A). Two weeks 

post-transduction GFP positive cells were sorted by FACS. Luciferase assay 

was performed 9 days after cell sorting to determine luciferase reporter 

expression in the cell population (Figure 6.7 B). We examined the MGMT 

methylation status in the U118/GFP-Luc cell line by using MSP. As shown on 

Figure 6.7 C stable cells are highly unmethylated as well as the parental U118 

cell line. 
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Figure 6.7 Generation of a stable U118/GFP-Luc cell line for long term non-
invasive in vivo imaging. A) Fluorescence micrograph showing GFP expression in 
U118 cells 4 days after transduction with lentivirus/GFP-Luc at MOI=100 (upper 
panel). Bright field of the same area (lower panel). Scale bar = 20 µm B) Luciferase 
assay was performed to measure reporter gene activity. Parental cells were used as a 
control. RLU (Relative Luminescence Units) C) MSP analysis of CpG islands; U- 
unmethylated, M- methylated 

 

Next, was to monitor the tumour growth in orthotropic mouse model by 

measuring luciferase activity over time. Glioma tumour cells (3.5x105 in 6 µl) 

were injected into the brain of immunodeficient nude mice, 2 mm to the right of 

the bregma and 1mm anterior to the coronal suture. Serial in vivo BLI with D-

luciferin was performed twice per week. Figure 6.8 shows a representative 

animal at day 7 post-tumour implantation and at the end of the experiment on 

day 30 following D-luciferin administration. Unfortunately, luciferase expression 

decreased over the time. The H&E staining of the tissue showed no tumour in 

the brain (data not shown).  
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These results show that U118 is not a promising preclinical model to study the 

response to therapy. 

 

 

Figure 6.8 Visualisation of intracranial tumour growth in vivo over time. In vivo 
bioluminescent imaging (BLI) of immunodeficient nude mice bearing intracranial U118 
tumours (n=5 animals). 

 

6.3 Discussion 

Glioblastoma is a very attractive target for local gene therapy because of its 

restricted anatomical location and the absence of metastases outside the 

Central Nervous System (CNS). This allows direct injections of the vector to the 

desired site, resulting in a small risk of systemic toxicity (Pulkkanen and Yla-

Herttuala, 2005).  As mentioned in Chapter 1, there has been a strong record 

of pre-clinical studies and an increasing number of models reaching clinical 

trials (Pulkkanen and Yla-Herttuala, 2005, Kwiatkowska et al., 2013). 

Adenoviral, retroviral and several alternative viral vectors have been employed 
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to deliver: i) suicide genes to convert prodrugs in the tumour and achieve 

tumour cell death ii) cytokine genes to activate and attract immune cells against 

the tumour iii) tumour-suppressor genes to reprogram tumour cells towards 

apoptosis (Kwiatkowska et al., 2013). Despite direct delivery, the gene transfer 

efficacy remains poor, due to the low expression of receptors specific for viral 

vectors. It has been reported that tumour cells and tumour vasculature of high-

grade gliomas express αvβ3 and αvβ5 integrin’s (Bello et al., 2001). We sought 

to use a double-targeted vector RGD4C/Grp78-HSVtk for glioblastoma gene 

therapy. The first aim of our study was to establish an in vivo mouse model of 

an intracranial brain tumour. The growth of the U87 tumour was monitored by 

BLI of Luc. The staining of the brain tissue confirmed a high expression of αv 

integrin’s. Next, we showed that the RGD4C/Grp78-HSVtk vector targets brain 

tumours in vivo. The recovery assay of internalized AVVP phage particles 

revealed that targeted phage particles recovered from brain tumours were 

approximately 12-fold higher compared to the homing of the non-targeted 

control. Our results were confirmed by immunofluorescence staining of phage 

particles. These data confirm that the cell entry of the vector is mediated 

through the RGD4C ligand upon systemic administration. As mention before, 

the RGD4C ligand of the phage particles, binds to the αv integrin receptor 

expressed in tumour blood vessels and tumour cells. 

Suicide gene transfer is the most widely used cytotoxic approach in cancer 

gene therapy. It involves herpes simplex virus type I thymidine kinase (HSVtk) 

that encodes non-toxic enzymes until administration of a chain terminator 

nucleotide analog (Candolfi et al., 2009). Expression of HSVtk results in the 

phosphorylation of pro-drug nucleoside analogues such as ganciclovir (GCV) 



 
P a g e  | 146 

 

and converts them into nucleoside analogue triphosphates (Trepel et al., 2009, 

Assi et al., 2012). These compounds incorporate into the cellular genome, 

inhibit DNA polymerase and cause cell death by apoptosis (Mesnil and 

Yamasaki, 2000, Pulkkanen and Yla-Herttuala, 2005, Trepel et al., 2009). The 

bystander effect of this approach relies on the passage from transduced cells to 

non-transduced cells through cellular gap junctions (Mesnil and Yamasaki, 

2000, Pulkkanen and Yla-Herttuala, 2005, Candolfi et al., 2009). Also, our 

previous study demonstrated stronger tumour killing by the double-targeted 

RGD4C/Grp78-HSVtk vector in vivo (Kia et al., 2012). It can therefore be a very 

attractive gene therapy approach to use in combination with other therapeutic 

agents e.g. TMZ. Temozolomide is a standard therapy for GBM patients. It has 

been shown that this DNA alkylating agent induces Grp78 promoter (Friedman 

et al., 2000, Stupp et al., 2005, Pyrko et al., 2007). Herein, we aimed to 

evaluate therapeutic effects of combination therapy with the double-targeted 

vector carrying HSVtk and temozolomide in an orthotopic brain tumour 

xenograft. Interestingly, a single IV administration of the RGD4C/Grp78-HSVtk 

in mice bearing tumours and daily prodrug GCV treatment in combination with 

TMZ resulted in tumour regression 27 days post vector implantation. Luciferase 

quantification of tumours administrated with the RGD4C/Grp78-HSVtk vector 

showed some reduction in tumour viability after GCV treatment but 

unfortunately it was not sufficient to suppress the tumour growth. As expected 

TMZ treatment reduced the tumour growth; however the combination therapy 

was more efficient than each therapy alone. Rainov et al have demonstrated 

that temozolomide enhances HSVtk/GCV therapy in vitro and in vivo in mice 

with subcutaneous tumours. One potential mechanism for synergy between 
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HSVtk and TMZ may be the GCV metobolite-mediated inhibition of the repair of 

TMZ-induced DNA cross-links (Rainov et al., 2001).  

The next step was to establish an in vivo mouse model of the U118 intracranial 

brain tumour. Our in vitro results with the combination therapy showed 

significant increases in tumour cell killing. Unfortunately luciferase expression 

decreases over time and the H&E staining of the tissue showed no tumour in 

the brain.  

In summary, we demonstrated that the RGD4C/Grp78-HSVtk vector targets 

intracranial human glioblastoma in vivo after systemic administration. The 

double-targeted RGD4C/Grp78-HSVtk in combination with temozolomide 

shows higher tumour regression than gene therapy or chemotherapy alone. 

Moreover, our studies show the potential of this therapy against glioblastoma.   
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Chapter 7 

 

ADI-PEG20 inhibits human glioblastoma in vivo 

 

7.1 Introduction 

The depletion of key amino acids needed by tumours to survive is one type of 

target therapy for human cancer. Asparaginase, an anticancer enzyme that 

depletes or lowers asparagine within the blood, is the best example. This 

therapy is used to treat acute lymphoblastic leukemia (ALL), common in 

children and  in young adults (Feun et al., 2008). Arginine is considered to be a 

nonessential amino acid in adults but it is essential for rapidly proliferating cells 

(Feun et al., 2008, Kuo et al., 2010, Syed et al., 2013). This amino acid is 

synthesized from citrulline in two steps via the urea cycle. The ability to 

regenerate arginine from citrulline depends on the amount/activity of 

argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL) (Feun 

et al., 2008). It has been reported that certain cell lines such as melanoma, 

hepatocellular carcinoma and some mesotheliomas do not express ASS and 

hence become auxotrophic for arginine (Feun et al., 2008, Ott et al., 2013). 

Arginine can be catabolized by three enzymes: arginase, arginine 

decarboxylase and arginine deiminase (ADI) (Morris, 2006, Delage et al., 

2010). ADI has been reported to have antitumour activity both in vitro and in 

vivo in melanoma and hepatocellular carcinoma cell lines (Feun et al., 2008, Ott 
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et al., 2013, Yoon et al., 2013). However, ADI is not produced by humans and 

consequently, it is highly antigenic. Also, the half-life of ADI (around 5 hours) is 

too short to use in vivo. To overcome this, Polaris Inc developed a pegylated 

form of ADI (ADI-PEG20) (Feun et al., 2008). It has been shown that 

intramuscular injections of 5 IU ADI-PEG20 into mice, depletes arginine to an 

undetectable level after 24 hours lasting for 7 days. In contrast, native ADI 

decrease arginine level by 40% - 50% at 24 hours, recovering to normal levels 

at 48 hours (Qiu et al., 2015). The anti-tumour activity of ADI-PEG20 has been 

tested in pancreatic cancer, prostate cancer, small cell lung cancer, head and 

neck cancer, hepatocellular carcinoma and melanoma. Recent studies in breast 

cancer demonstrated that the anti-tumour activity of ADI-PEG20 was 

autophagy-dependent (Qiu et al., 2014). ADI-PEG20 has also entered into 

clinical trials for both melanoma and hepatocellular carcinoma (Feun et al., 

2008, Qiu et al., 2015). Although several laboratories and clinical trials reported 

promising results, some ASS-negative cells and patients can develop 

resistance to this therapy. To improve the therapy, ADI-PEG20 can be 

combined with established drugs. Previous in vitro studies have showed that 

ADI-PEG20 may be synergistic with DNA damaging agents such as 

temozolomide (Feun et al., 2008). Also, the combination with another anti-

tumour drug, TRAIL, increased the killing of malignant melanoma cells in vitro 

(You et al., 2010). 

Current therapies for glioblastoma have been mostly ineffective and most 

patients die within 15 months. Thus, novel therapeutic strategies are needed. It 

has been shown that ASS and ASL, encoding the two key enzymatic 

components of the arginine biosynthetic pathway, are epigenetically regulated 
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in glial brain tumours (Syed et al., 2013). Therefore, ADI might be a promising 

enzyme in the treatment of brain tumours without ASS1 expression. It could 

therefore be an appropriate therapy for patients with limitations to conventional 

chemotherapy.  

In this study we investigated the therapeutic effect of pegylated arginine 

deiminase against the human glioblastoma established in mice to validate 

previous in vitro studies in our lab (Syed et al., 2013). As a preclinical model we 

used immunodeficient nude mice bearing tumours derived from either ASS-

negative LN229 or ASS-positive U87. In addition to the above studies, we 

evaluated the survival of mice bearing ASS-negative tumours. 

In order to introduce new therapies for the treatment of GBM, they have to be 

tested with current standard therapies. In the case of GBM these are TMZ and 

lomustine (CCNU), both possess good penetration across blood-brain barrier. 

Taking this in to account, studies were carried out to test the effect of ADI-

PEG20 in combination with these agents. CCNU is nitrosourea with 

antineoplastic activity, also used as a part of the PCV schedule (procarbazine, 

CCNU and vincristine) to treat GBM (Taal et al., 2015). Lomustine inhibits DNA 

polymerase and prevents the repair of DNA strand breaks (Lens and Eisen, 

2003). 

To look for metabolic changes, we carried out liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) in collaboration with Dr Nicola Gray and Dr 

Elizabeth Want from the Department of Surgery and Cancer at Imperial College 

London. 

 



 
P a g e  | 151 

 

7.2 Results 

 7.2.1 Effect of ADI-PEG20 on serum arginine and citrulline levels in 

mice. 

To determine the effect of ADI-PEG20 on serum arginine and citrulline levels, 

CD-1® nude mice were injected once per week with ADI-PEG20 (5IU, I.M.). 

Saline was injected similarly as a control (0.9%, I.M.). The blood was collected 

at the indicated times (Figure 7.1). Coagulated blood was centrifuged and the 

collected serum was stored at -80ºC for further analysis. The level of arginine 

and citrulline were determined by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). This dose of ADI-PEG20 reduced circulating 

arginine levels in mice to below detectable levels for 7 days. Given that ASS 

and ASL convert citrulline into arginine, degrading arginine in serum, we 

increased citrulline levels. In contrast, the injection of saline did not change the 

arginine and citrulline levels.    

At the same time, we also monitored the weight of the animals (Figure 7.2). A 

higher loss in weight was found in mice treated with ADI-PEG20, but weight 

increased again after the second injection, ruling out a general toxicity effect.  
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Figure 7.1. Analysis of mice serum after administration of ADI-PEG20. 
Immunodeficient mice (n=4 animals per group) were injected intramuscular (I.M.) once 
per week with 5 IU of either ADI-PEG20 or saline. Blood was collected at the indicated 
times, serum was frozen at -80ºC. Arginine and citrulline levels were determined by 
mass spectrometric analysis.   
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Figure 7.2. The effect of ADI-PEG20 or saline on the weight of the animals. 
Immunodeficient mice (n= 4 animals per group) were injected intramuscular (I.M.) once 
per week with 5 IU of either ADI-PEG20 or saline. The animal weight was monitored at 
the indicated times as a measurement of general toxicity.  

 

 

 7.2.2 Generation of LN229/GFP-Luc stable cell line. 

To evaluate the therapeutic efficacy of the arginine depletion therapy in vivo, 

we established a stable ASS-negative LN229 cell line that constitutively 

expresses GFP and luciferase. 

LN229 cells were transduced with a lentivirus carrying a sequence of fusion 

eGFP and firefly luciferase reporter genes under the CMV promoter at MOI 

100. Cells were monitored under a fluorescence microscope (Figure 7.3 A). 

One week post-transduction GFP positive cells were sorted with a sterile 

fluorescence activated cell sorter. Luciferase assay and FACS were performed 

9 days after cell sorting to determine the luciferase and GFP reporter 

expression in the cell population (Figure 7.3 B). To determine the MGMT 
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methylation status in the LN229/GFP-Luc cell line, we used MSP. As shown on 

Figure 7.3 C stable cells are methylated as well as the parental LN229 cell line. 

 

 

 

Figure 7.3. Generation of a stable LN229/GFP-Luc cell line for long term non-
invasive in vivo imaging. A) Fluorescence micrograph showing GFP expression in 
LN229 cells 4 days after transduction with lentivirus/GFP-Luc at MOI=100 (upper 
panel). Bright field of the same area (lower panel). Scale bar = 20 µm B) FACS and 
Luciferase assay were performed to measure reporter gene activities. Parental cells 
were used as a control. RLU (Relative Luminescence Units) C) MSP analysis of CpG 
islands; U- unmethylated, M- methylated. 
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 7.2.3 ADI-PEG20 inhibits the proliferation in ASS-negative LN229 

cell line. 

The effect of ADI-PEG20 on cell proliferation in vitro was assessed in ASS-

positive U87 and ASS-negative LN229 cell lines by using the SRB assay. 

These cell lines were chosen to be model cell lines for the in vivo experiments. 

We used parental cells and stable transduced cells expressing luciferase. ASS-

positive U87 and U87/GFP-Luc cells demonstrated resistance to the anti-

proliferative effects of ADI-PEG20 (Figure 7.4 A). At day 4, a significant 

decrease in proliferation was observed in the ASS-negative LN229 and 

LN229/GFP-Luc cell lines (Figure 7.4 B).  

 

 

 

Figure 7.4. SRB assay to determine response to ADI-PEG20 in parental and 
stable cell lines. Cells were seeded in 96 well plates. The next day were treated with 
1ug of ADI-PEG20 (+). Proliferation assessed at indicated time. A) parental U87 and 
stable transduced U87/GFP-Luc. B) parental LN229 and stable transduced 
LN229/GFP-Luc. All experiments were repeated twice. Shown are data from a 
representative experiment. Statistical significance was determined by two-way 
ANOVA. ***p<0.001 
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 7.2.4 BLI to monitor tumour growth in intracranial xenografts 

The aim of this study was to monitor the tumour growth in the orthotropic 

mouse model by measuring luciferase activity over time. Stable transduced 

LN229/Luc tumour cells (3.5x105 in 6 µl) were injected into the brain of 

immunodeficient nude mice, 2 mm to the right of the bregma and 1mm anterior 

to the coronal suture. Serial in vivo BLI with D-luciferin was performed twice per 

week. Figure 7.5 A shows a representative animal 10 days post-tumour 

implantation and at the end of the experiment at day 70 following D-luciferin 

administration. As shown in Figure 7.5 B, luciferase signal was detectable at 

day 10 and gradually increased in the brain of 4 mice, the signal in one of the 

mice was below detectable. The weight was also monitored during the 

experiment (Figure 7.5 C). The results demonstrated as tumour growth 

increased, the weight of the animals decreased. Following our animal licence, 

the end point of the experiment was ~15 % loss of body weight. 

Finally, to characterise the tumours, tissues were snap frozen or fixed in 

formalin at the end of the in vivo experiment and were sectioned and stained 

with Hematoxylin and Eosin (H&E) (Figure 7.6 A). The stained brain sections 

revealed the midline shift due to the highly invasive nature of this tumour. Also, 

immunofluorescence analysis of frozen sections (Figure 7.6 B) showed 

enlarged tumour blood vessels (CD31). DAPI was used to visualise nuclei.    
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Figure 7.5. Visualisation of intracranial tumour growth in vivo over time. A) In 
vivo bioluminescent imaging (BLI) of immunodeficient mice bearing LN229 
glioblastoma. B) Luciferase expression was measured at the indicated times (n=5 
animals). C) Weight of the animals during the experiment. 
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Figure 7.6. Histological analysis of intracranial glioblastoma in mice. A) 
Hematoxylin and eosin (H&E) staining of representative tumour sections. Scale bar = 
200 µm B) CD31 (red) for blood vessel staining. Scale bar = 100 µm T - tumour, B - 
brain 
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 7.2.5 Expression of ASS1 in brain tumours 

Previous studies on melanoma, ovarian cancer and lung cancer showed that 

the loss of ASS1 expression predicts the response to arginine deprivation 

therapy. Its expression was assessed in paraffin section of U87/Luc and 

LN229/Luc animal tumour models. Immunohistochemistry analysis of U87 brain 

tumours revealed that they were positive for ASS1 expression (Figure 7.7 A), 

whereas analysis of LN229 tumours revealed a near total lack of ASS1 

expression (Figure 7.7 B).   

 

 

Figure 7.7 ASS1 expression in GBM. A) U87 tumours B) LN229 tumours. 
Expression of ASS (brown colour) was assessed by IHC of paraffin sections. 
Scale bar = 100 µm  
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 7.2.6 Therapeutic efficacy of ADI-PEG20 in vivo 

7.2.6.1 ADI-PEG20 inhibits the growth of LN229 tumours in mice. 

To evaluate the anti-tumour efficacy of systemic treatment with ADI-PEG20 in 

vivo, we established intracranial LN229/Luc glioblastoma tumours in nude mice 

by following the previously described protocol. The tumours were treated with a 

continued dosing of 5 IU ADI-PEG20 (I.M.) once per week from day 7 post-

tumour cell implantation. The control group received 0.09% saline (I.M.). The 

effect of the therapy was evaluated by monitoring the Luc expression of 

tumours (Figure 7.8 A). As shown in the Figure 7.8 B, tumour viability 

remained stable between day 7 and 31 post-tumour implantation in both 

groups. After day 35 until the end of the experiment (day 74) Luc expression 

increased gradually in mice that had received saline. At the day 59 post-tumour 

implantation tumour viability increased slightly and grew until day 74 in mice 

treated with ADI-PEG20. Continued treatment with ADI-PEG20 was able to 

significantly reduce the tumour growth compared to control group. The weight 

of the mice was monitored during the experiment (Figure 7.8 C). The results 

showed that as tumour growth increased, the weight of the animal decreased.  

To assess the post-treatment effects, brain tissue was snap frozen at the end of 

the experiment, sectioned and stained. H&E staining (Figure 7.9 A) revealed a 

great reduction of tumour size in the mice treated with ADI-PEG20. Whereas, 

the control group showed a tumour that was highly invasive in nature, 

extending into the normal neighbouring brain. Immunofluorescence analysis 

(Figure 7.9 B) showed a slightly reduced size of tumour blood vessels (CD31) 

in the treated group. 
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During the experiment blood was collected before surgery, 3 days after the 

surgery and every third day after the treatment. LC-MS/MS analysis of serum 

showed a reduced level of arginine in mice treated with ADI-PEG20 from days 

7 until 74 and a corresponding increase in citrulline. In contrast, the injection of 

saline for the control group had no effect on arginine and citrulline levels.  
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Figure 7.8. Therapeutic efficacy of combination ADI-PEG20 in the human LN229. 
A) In vivo bioluminescent imaging (BLI) of Luc expression. Immunodeficient mice 
bearing intracranial brain tumours (n=7 animals per group), received I.M. ADI-PEG20 
(5 IU) or saline ones per week. Luc transgene expression was monitored over time. B) 
Tumour viability measured by BLI. C) Weight of the animals during the experiment. All 
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experiments were repeated twice. Statistical significance was determined by two-way 
ANOVA at the day 71 and 74. **p<0.01 

 

 

 

 

 

Figure 7.9. Histological analysis of intracranial glioblastoma in mice after 
therapy. A) Hematoxylin and eosin (H&E) staining of representative tumour sections. 
Scale bar = 200 µm B) CD31 (red) for blood vessel staining. Scale bar = 100 µm T - 
tumour, B - brain  
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Figure 7.10. Analysis of mice serum after administration of ADI-PEG20. 
Immunodeficient nude mice bearing intracranial brain tumours (n=7 animals per group) 
were injected I.M. once per week with 5 IU of either ADI-PEG20 or saline. Blood was 
collected at the indicated times, serum was frozen at -80ºC. Arginine and citrulline 
level were determinate by mass spectrometry analysis. BS=before surgery. 
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7.2.6.2 Effect of ADI-PEG20 on U87 tumours implanted into mice. 

Separate studies were performed in mice with intracranial U87/Luc tumours. 

Mice were treated with a continued dosing of 5 IU ADI-PEG20 (I.M.) once per 

week from day 9 post-tumour cell implantation. The control group received 

0.09% saline (I.M.). The effect of therapy was evaluated by monitoring the Luc 

expression of tumours (Figure 7.11 A). As shown in the Figure 7.11 B, tumour 

viability remains stable between days 9 and 16 post-tumour implantation, 

growing dramatically until day 27. These results demonstrate that ASS-positive 

glioblastoma tumours are insensitive to the ADI-PEG20 treatment.  

The weight of the mice was monitored during the experiment (Figure 7.11 C). 

These results showed that with increasing tumour growth, the weight of the 

animals decreased dramatically.  

Next, the brain tissue was snap frozen or fixed in formalin at the end of the 

experiment, sectioned and stained. H&E staining (Figure 7.12 A) showed no 

difference in tumour size between treated and untreated groups. 

Immunofluorescence analysis (Figure 7.12 B) revealed a slight reduction of 

tumour blood vessels (CD31) in the group treated with ADI-PEG20.   
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Figure 7.11. Therapeutic efficacy of combination ADI-PEG20 in the human U87. 
A) In vivo bioluminescent imaging (BLI) of Luc expression. Immunodeficient mice 
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bearing intracranial brain tumours (n=5 animals per group), received I.M. ADI-PEG20 
(5 IU) or saline ones per week. Luc transgene expression was monitored over time. B) 
Tumour viability measured by BLI. C) Weight of the animals during the experiment. All 
experiments were repeated twice. Statistical significance was determined by two-way 
ANOVA. ns= non-significant. 

 

 

Figure 7.12. Histological analysis of intracranial glioblastoma in mice after 
therapy. A) Hematoxylin and eosin (H&E) staining of representative tumour sections. 
Scale bar = 100 µm B) CD31 (red) for blood vessel staining (x20, frozen sections). 
Scale bar = 100 µm T - tumour, B - brain 
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 7.2.7 The effect of ADI-PEG20 on regression of a preformed tumour 

and on the survival of mice implanted with LN229 tumours. 

Next, we examined the effect of arginine deprivation therapy on the survival of 

the animals with intracranial LN229 tumours. Mice were treated with a 

continued dosing of 5 IU ADI-PEG20 (I.M.) or saline once per week from the 

day 13 post-tumour cell implantation until day 41. As shown on the Figure 7.13 

A ADI-PEG20 inhibits tumour growth. These results are consistent with our 

previous studies. At day 41 post-tumour implantation, mice were divided 

randomly into 4 groups (n=6 per group). Control mice continued to receive 

saline. Second group - mice bearing larger tumours were treated with 5 IU ADI-

PEG20. Third group continued to receive 5 IU ADI-PEG20 and for the fourth 

group, treatment with ADI-PEG20 was stopped and they were given saline 

(Figure 7.13 B). Therapy with ADI-PEG20 caused a reduction in tumour growth 

relative to the control. Also, the group of mice with the short-course treatment 

showed a reduction in  tumour growth compared to control. Continued therapy 

with ADI-PEG20 did not significantly improve the response relative to the short-

course treatment.  

The median survival of the control group was 69 days, continuous ADI-PEG20 

treatment 75 days, group treated with larger tumours 77 days and the mice 

receiving short treatment (from the day 13 - 41) was 93 days (Figure 7.13 C).  

Short term treatment with ADI-PEG29 increased survival.  

To determine the ASS status of the tumours, tissue sections were stained for 

ASS1 (Figure 7.14). No ASS1 staining was observed in LN229 tumours. U87 
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were used as an ASS-positive control. H&E staining revealed a large tumour 

and a shift of the middle line. 
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Figure 7.13. Response to the therapy and survival of mice implanted with LN229 
tumours. A) Tumour viability measured by BLI after the treatment with 5 IU ADI-
PEG20 or saline for 41 days (n=12 animals per group) B) Response to therapy after 
dividing mice into 4 groups (n=6 animals per group). Statistical significance was 
determined by two-way ANOVA at the day 69. **p<0.01. C) Survival of animals. Log-
rank (Mantel-Cox) Test; *p=0.0175 
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Figure 7.14. Histological analysis of intracranial LN229 glioblastoma in mice. 
Brain tissues were stained for H&E and ASS1. Each sample represents the last 
survived animal in each group: saline day 73, saline/ADI-PEG20 day 91,                 
ADI-PEG20/ADI-PEG20 day 87 and ADI-PEG20/saline day 104. U87 tumours were 
used as ASS-positive control. H&E scale bar = 200 µm, ASS1 scale bar = 100 µm   
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 7.2.8 Combination therapy with ADI-PEG20 and chemotherapeutic 

drugs   

7.2.8.1 ADI-PEG20 and CCNU against LN229 glioblastoma in vivo. 

To evaluate the therapeutic effect of combination therapy with ADI-PEG20 and 

CCNU, we established intracranial LN229/Luc glioblastoma in mice. Animals 

were treated with a continued dosing of 5 IU ADI-PEG20 (I.M.) once per week 

from day 20 post-tumour cell implantation. In these experiments ADI was 

administered on day 20 and not on day 10, as previous tumours had developed 

slower on this occasion. The control group received 0.09% saline. As shown in 

Figure 7.15 B, tumour viability increased gradually. At day 30 we could 

observe an inhibition of tumour growth by ADI-PEG20. Next, mice were divided 

randomly into 4 groups (n=6 per group) and they received intraperitoneal (I.P.) 

injections of CCNU (30 mg/kg) for 7 days. After a one-week break they 

received another injection of CCNU for 4 days. The same schedule was carried 

out until the end of the experiment at day 75. The treatments were well 

tolerated by mice with no side effects. The growth inhibiting effect by ADI-

PEG20 was observed from the start of the treatment until the endpoint. Single 

treatment with CCNU was not affected until day 75, when luciferase expression 

decreased significantly. Unfortunately, the addition of CCNU did not boost the 

therapeutic effect of ADI-PEG20. 

Histological analysis of stained sections (Figure 7.16) with H&E revealed a 

large tumour destruction by both single ADI-PEG20 therapy and the 

combination with CCNU. We could also observe a reduction of the tumour by 
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single CCNU therapy. ASS1 staining showed no expression of ASS by tumour 

cells. 

  

 

 

Figure 7.15. Therapeutic efficacy of combination ADI-PEG20 with CCNU in the 
human LN229. A) In vivo bioluminescent imaging (BLI) of Luc expression. 
Immunodeficient mice bearing intracranial brain tumours (n=6 animals per group), 
received I.M. ADI-PEG20 (5 IU) or saline once per week. At the day 30 they received 
I.P. CCNU (30 mg/kg) for one week. Luc transgene expression was monitored over 
time. B) Tumour viability measured by BLI. All experiments were repeated twice. 
Statistical significance was determined by two-way ANOVA at the day 75. *p<0.05 
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Figure 7.16. Histological analysis of intracranial LN229 glioblastoma in mice 
after the therapy. Brain tissues were stained for H&E and ASS1 at the end of 
experiment, day 75. Scale bar = 100 µm 
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7.2.8.2 ADI-PEG20 and TMZ against LN229 glioblastoma in vivo. 

Next, we evaluated the therapeutic effect of combination therapy with ADI-

PEG20 and TMZ, the standard therapy for GBM, against intracranial 

LN229/Luc glioblastoma. Animals received 5 IU ADI-PEG20 (I.M.) once per 

week from day 20 post-tumour cell implantation. The control group received 

0.09% saline. As shown in Figure 7.17 B, tumour viability increased gradually. 

At day 30, mice were divided randomly into 4 groups (n=6 per group) and they 

received intraperitoneal (I.P.) injections of TMZ (30 mg/kg) for 7 days. After a 

one-week break they received another injection of TMZ for 4 days. The 

treatments were well tolerated by mice with minimal weight-loss after 

chemotherapy treatment. The tumour growth was significantly slower after the 

ADI-PEG20 treatment. We observed a better response to the combination 

therapy between days 34 and 44, than for each therapy alone. After day 48, the 

luciferase signal was below detectable in both groups, for the single TMZ 

treatment and combination therapy.  

Histological examination of stained sections (Figure 7.18) by H&E showed no 

tumour in the combination therapy group and single TMZ treatment. We could 

also observe a large reduction of the tumour size by single ADI-PEG20 therapy. 

ASS1 staining showed no expression of ASS by tumour cells.  
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Figure 7.17. Therapeutic efficacy of combination ADI-PEG20 with TMZ in the 
human LN229. A) In vivo bioluminescent imaging (BLI) of Luc expression. 
Immunodeficient mice bearing intracranial brain tumours (n=6 animals per group), 
were received I.M. ADI-PEG20 (5 IU) or saline once per week. At the day 30 they 
received I.P. TMZ (30 mg/kg) for one week. Luc transgene expression was monitored 
over time. B) Tumour viability measured by BLI. All experiments were repeated twice. 
Statistical significance was determined by two-way ANOVA at the day 75. *p<0.05 
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Figure 7.18. Histological analysis of intracranial LN229 glioblastoma in mice 
after the therapy. Brain tissues were stained for H&E and ASS1 at the end of 
experiment, day 75. Scale bar = 100 µm 
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7.2.8.3 ADI-PEG20 and TMZ in mice bearing intracranial U87 tumours. 

Another mouse model, the ASS-positive U87 tumour was used to validate the 

therapeutic effect of combination therapy with ADI-PEG20 and TMZ. Animals 

were treated with a continued dosing of 5 IU ADI-PEG20 (I.M.) once per week 

from day 9 post-tumour cell implantation. The control group received 0.09% 

saline. At the day 19 mice were divided randomly into 4 groups (n=5 per group) 

and received an intraperitoneal (I.P.) injection of TMZ (30 mg/kg) for 6 days. As 

shown on Figure 7.19 B, an inhibition of tumour growth was observed in mice 

treated with TMZ only. Whereas, no effect on tumour suppression was 

observed in mice bearing tumours treated with ADI-PEG20 or combination 

therapy.  

The weight of mice was monitored during the experiment (Figure 7.19C). The 

results showed a dramatic weight-loss from the day 20 in all groups. 

Interestingly, we observe an increase of body mass at day 27 in mice treated 

with TMZ or combination therapy with ADI-PEG20 and TMZ.  

Histological analysis of stained sections with H&E (Figure 7.20 A) showed 

extensive tumour destruction by the combination therapy ADI-PEG20 with TMZ. 

We could also observe a reduction of the tumour size by single TMZ therapy. 

No effect was found for mice treated with ADI-PEG20 only. 

Immunofluorescence analysis (Figure 7.20 B) revealed a slight reduction in the 

number of tumour blood vessels (CD31) in the group treated with ADI-PEG20 

only, TMZ only and combination therapy.   
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Figure 7.19. Therapeutic efficacy of combination ADI-PEG20 with TMZ in the 
human U87. A) In vivo bioluminescent imaging (BLI) of Luc expression. 
Immunodeficient mice bearing intracranial brain tumours (n=5 animals per group), 
were received I.M. ADI-PEG20 (5 IU) or saline once per week. At the day 19 animals 
received I.P. TMZ (30 mg/kg). Luc transgene expression was monitored over time. B) 
Tumour viability measured by BLI. C) Weight of the animals during the experiment 
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Figure 7.20. Histological analysis of intracranial U87 glioblastoma in mice after 
the therapy. A) H&E staining (paraffin sections). Scale bar = 100 µm B) CD31 (red) 
for blood vessel staining (frozen sections). Scale bar = 100 µm T - tumour, B - brain 
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7.3. Discussion 

Recent analysis of ASS1 by methylation-specific PCR, pyrosequencing and 

immunohistochemistry in myxofibrosarcoma, melanoma and small cell lung 

cancer (SCLC) show that ASS deficient tumour cells are susceptible to arginine 

deprivation with ADI-PEG20 (Kelly et al., 2012, Delage et al., 2012, Huang et 

al., 2013). It has also been shown that ASS1 and ASL, encoding the two key 

enzymatic components of the arginine biosynthetic pathway are regulated in 

glial brain tumours. Approximately 20% of GBMs lacking the expression of 

ASS1 might be sensitive ADI-PEG20 (Syed et al., 2013). Thus, the goal of 

present study was to evaluate the therapeutic effect of arginine deprivation 

therapy in preclinical models of glioblastoma. Treatment of LN229 ASS-

negative tumours with 5 IU of ADI-PEG20 resulted in the inhibition of tumour 

growth. Also, an anti-tumour activity of ADI-PEG was observed in mice bearing 

large xenografts. Although it is difficult to compare the results with other tumour 

types, the anti-tumour activity of ADI-PEG20 discovered in glioblastoma 

xenografts is similar to that observed in renal, pancreatic and melanoma 

cancer. Moreover, prolonged treatment with ADI-PEG20 did not induce 

significant tumour inhibition. Previous studies in melanoma show that continued 

treatment with ADI-PEG20 leads to the induction of ASS expression and an 

activation of other cellular pathways associated with a resistance to therapy 

(Figure 7.21) (Shen et al., 2006, Tsai et al., 2009, Kelly et al., 2012). It has 

been shown that ADI-resistant cells increase their expression of the glucose 

transporter 1, lactate dehydrogenase-A, glutamine dehydrogenase and 

glutaminase. In myeloma, cells have also shown a decreased expression of 

pyruvate dehydrogenase(Long et al., 2013). In our studies we have not 
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observed ASS1 expression in stained ASS-negative tumours during survival 

studies.   

 

 

 

Figure 7.21. Mechanism of action and resistance to arginine deprivation. The 
mechanism includes induction of cell cycle arrest, apoptosis, autophagy and inhibition 
of angiogenesis. It has been reported that ASS re-expression enhanced glycolysis and 
antibody production (adapted from Qiu et al 2015) (Qiu et al., 2015) 

 

 

However, it has been shown that arginine deprivation therapy can be easily 

combined with other anti-cancer treatments e.g. temozolomide (Feun et al., 

2008). The combination therapy can produce appreciably more cell death than 

either agent alone. Unfortunately the addition of CCNU or TMZ did not boost 

anti-tumoural effects of ADI-PEG20. Both of these chemotherapeutic drugs are 

alkylating agents that can easily penetrate the BBB to trigger programmed cell 

death in rapidly proliferating tumour cells (Kamiya-Matsuoka and Gilbert, 2015). 

Also, Fiedler et al reported a lack of increased anti-tumoural activity of ADI from 

Streptococcus pyogenes in mice bearing subcutaneous glioblastoma tumours 

(Fiedler et al., 2015). However, determining the difference in the response to 
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combination therapy will be important to identify how to prolong the survival of 

the animals.  

Previous investigators reported that 5 IU of ADI-PEG20 is able to reduce 

plasma arginine levels to below the limit of assay detection and stated that it is 

well tolerated (Kelly et al., 2012, Ensor et al., 2002). Unlike dogs and rats, mice 

do not require arginine in their diet. In our studies we used LC-MS/MS, which 

allows the screening of several compounds in a single chromatographic 

method. It has been shown that asparaginase, which is used to treat ALL, 

degrades both asparagine and glutamine (Durden and Distasio, 1981). In 

contrast, ADI-PEG20 appears to degrade only arginine (full list of compounds 

Appendix C and D). We could observe elevated concentrations of some 

compounds during the LN229 tumour growth e.g. reduction of hyroxyproline 

and glutamine at day 74 post-tumour implantation. As described in Chapter 1 

arginine is involved in the initiation of different metabolic pathways, such as the 

production of nitric oxide (NO), polyamines, urea, creatine, nucleotides, proline, 

glutamate and agmatine (Delage et al., 2010, Qiu et al., 2015). It has been 

shown that glucose and glutamine are important sources of energy for cancer 

cell proliferation (DeBerardinis et al., 2007, Dang, 2012). Also, it has been 

reported that ADI-PEG20-resistant (ADIR) melanoma cells depend on glucose 

and glutamine for growth (Long et al., 2013). Hydroxyproline is a major 

component of collagen. The urine hydroxyproline has been used as a screening 

test for metastasis in bone in patients with breast and prostate cancer.  

In conclusion, the results obtained from this study suggest the potential benefit 

of ADI-PEG20 in the treatment of glioblastoma. Nonetheless, further 
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investigations are needed to clarify the possibility of resistance to the anti-

proliferative effect of ADI-PEG20, in continuously treated glioblastoma.  
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Chapter 8  

 

General Discussion 

 

Despite advances in the understanding of the biology of glioblastoma, 

significant advances in treatment and intensive research, GBM remains a 

devastating disease. The highly invasive nature of GBM cells, which disperse 

along blood vessels and white matter, make them impossible to completely 

resect. The current standard treatment in newly diagnosed glioblastoma was 

established in 2005 based on the trial of the European Organisation for 

Research and Treatment of Cancer (EORTC)/National Cancer Institute of 

Canada Clinical Trials Group (NCIC-CTG) (Seystahl et al., 2016). Stupp et al 

reported a median overall survival (OS) of 14.6 months through the addition of 

temozolomide during and after radiotherapy compared to radiotherapy alone 

(12.1 months) (Stupp et al., 2005). Also, promoter methylation of MGMT gene 

was established as a predictive biomarker in response to TMZ treatment (Hegi 

et al., 2005). Unfortunately tumour recurrence occurs in almost all patients and 

it is comprised of tumour cells that are radiation and/or chemotherapy resistant.          

The major obstacle in accessing and treating gliomas and other CNS diseases 

through the systemic circulation is the blood-brain barrier (BBB). The BBB 

represents a formidable obstacle to directing therapies to brain tumours through 

its ability to prevent drugs from penetrating into the CNS, making them unable 

to reach their molecular targets in the tumours. Despite the partial disruption of 
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the BBB in brain tumours, many anti-cancer drugs are limited by their inability 

to further penetrate this barrier. This is due to some functions of the BBB being 

still intact, even in this pathological setting (Jain et al., 2007, Benny and 

Pakneshan, 2009, Agarwal et al., 2011). As a result of the BBB, treating brain 

tumours presents as one of the most difficult challenges in oncology. Due to 

limitations of drug delivery, high systemic levels of drugs are often required to 

achieve therapeutic concentrations within the CNS. However this is often 

limited by systemic toxicity and poor patient compliance. 

In this study, we aimed at using two therapeutic strategies that should avoid the 

blood-brain barrier in brain tumours. The first approach is to disrupt tumour 

cells and accessible tumour blood vessels by using RGD4C/Grp78-HSVtk 

phage particles. The AVVP vector carries a cyclic RGD4C ligand, which targets 

αv integrin receptors that are highly expressed on tumour vascular endothelium 

and tumour cells, but barely detectable on normal blood vessels. It has been 

shown that the level of therapeutic gene expression depends on the type of 

promoter used to drive its expression. The tumour specific promoter of the 

stress-inducible glucose-regulated protein 78 (Grp78) provides a sustained and 

long-term transgene expression compared to the phage carrying the 

cytomegalovirus promoter (CMV) (Kia et al., 2012). Glucose-regulated protein 

78 plays a critical role in tumour survival, and resistance to therapy and also is 

upregulated in aggressive cancers. In this study, we combined gene therapy 

with a low dose of the chemotherapeutic drug temozolomide. We have 

demonstrated that the RGD4C/Grp78-HSVtk vector mediated stronger cell 

death in combination with ganciclovir and TMZ in vitro. Moreover, we showed 

that temozolomide activates Grp78 at both the endogenous, and vector level 
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and subsequently enhances cell killing. Previously, Azatian et al have shown  a 

stronger tumour cell killing efficacy of HSVtk under the control of Grp78 

promoter in comparison to viral promoters (Azatian et al., 2009). We also 

demonstrated that treatment with temozolomide in the context of the AAVP 

vector induces ER stress. Previous studies have shown that temozolomide 

induces autophagy through mitochondrial damage and an ER stress-dependent 

mechanism (Lin et al., 2012). Targeting mitochondria and ER may also be an 

interesting anticancer strategy.  

Multiple strategies were applied for viral therapy against GBMs, including 

oncolytic viruses or enzyme/prodrug combinations (Piccioni and Kesari, 2013). 

Initial results demonstrated the safety of these techniques, but showed limited 

clinical efficacy including poor delivery, and infection rates and stimulation of 

the host immune response against viruses. Currently, most clinical trials rely on 

the direct injection/inoculation of vectors after surgery. The administration of  

small volumes of the vector suspensions into the wound bed or into existing 

tumours is technically demanding. Therefore, the development of systemic 

gene delivery vectors that can selectively and efficiently target the tumour 

tissue are urgently needed. We demonstrated that the RGD4C/Grp78-AAVP 

vector directly targets intracranial tumours in mice while spearing the healthy 

neighbouring cells and that it crosses the BBB, upon intravenous 

administration. Finally, we showed that a single intravenous administration of 

RGD4C/Grp78-HSVtk in mice bearing tumours and daily GCV treatment in 

combination with TMZ induces regression of brain tumours. These findings 

clearly indicate that combination therapy using both a double-targeted vector 

AAVP carrying suicide gene HSVtk and temozolomide can accelerate the 
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treatment of glioblastoma. However, further studies are needed to monitor the 

survival of the tumour bearing, treated animals. Moreover, to assess 

therapeutic efficacy of gene therapy in pre-clinical brain tumour models, it is 

necessary to evaluate whether neuro-biobehavioral function has returned to the 

pre-tumour state (Candolfi et al., 2009).        

The second approach to overcome the limitations imposed by the blood-brain 

barrier is depletion of key amino acids needed for tumours to survive. For 

example, asparaginase, an anticancer enzyme that is used to treat acute 

lymphoblastic leukemia (ALL) in children and young adults, depletes or lowers 

asparagine levels within the blood. Another nonessential amino acid in adults 

that is essential for proliferating tumour cells is arginine. Arginine deprivation 

therapy using ADI-PEG20 targets ASS-negative tumours and so has been 

extensively tested in different types of cancer such as melanoma, 

hepatocellular carcinoma or pancreatic cancer. Recent in vitro studies reported 

that ASS and ASL, encoding the two key enzymatic components of the arginine 

biosynthetic pathway, are epigenetically regulated in glial brain tumours (Syed 

et al., 2013). Therefore, ADI might be a promising enzyme in the treatment of 

these brain tumours lacking ASS1 expression. In our in vivo studies we used 

two animal models i) ASS-negative LN229 and ii) ASS-positive U87 human 

GBM. Treatment with ADI-PEG20 resulted in the inhibition of ASS-negative 

tumour growth. Also, an anti-tumour activity of ADI-PEG20 was observed in 

mice bearing large ASS-negative xenografts. Unfortunately, the prolonged 

treatment did not induce significant tumour inhibition.  

The therapy was applied in numerous preclinical and clinical phase I/II trials. 

However, not all patients with ASS-negative malignant melanoma respond to 
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the treatment and in some patients the disease remains stable (Ascierto et al., 

2005). Furthermore, some patients developed resistance to the treatment due 

to ASS1 re-expression or activation of apoptosis-resistance mechanisms 

(Savaraj et al., 2007, Tsai et al., 2009, Synakiewicz et al., 2014). Therefore the 

combination with other chemotherapeutic drugs might increase the anti-

tumoural effects of ADI-PEG20. In our studies we used two standard 

chemotherapeutic drugs to treat glioblastoma: temozolomide and lomustine. 

Both of them are alkylating agents with good penetration through the blood-

brain barrier. Unfortunately, the addition of TMZ or CCNU did not boost the 

anti-tumoural effects of ADI-PEG20. Recently, Fiedler et al also reported a lack 

of increased anti-tumour activity of ADI from Streptococcus pyogenes in 

combination with TMZ in mice bearing subcutaneous glioblastoma tumours 

(Fiedler et al., 2015). Further studies are therefore necessary to evaluate the 

prolonged response to combination therapy. We have done some in vitro 

preliminary studies of arginine deprivation therapy in combination with 

RGD4C/Grp78-HSVtk phage particles. Interestingly this lead to enhanced 

tumour cell killing than each therapy alone (data not shown). Further in vivo 

studies are necessary to assess the response to the therapy.    

To date, clinical trials for new therapies against glioblastoma are usually tested 

on recurrent tumours. To ensure that preclinical studies offer realistic and 

accurate findings, better brain tumour models are required. These models 

should have histopathological, biochemical and genetic resemblance to human 

gliomas, possessing aggressive growth. Recently, several laboratories have 

reported a small number of animal models of GBM resection using "cranial 

window" (Bello et al., 2002, Kauer et al., 2012, Hingtgen et al., 2013). For 
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example, Kauer et al used GBM cells labelled with mCherry fluorescent and 

firefly luciferase proteins that allow real time visualization of both growth and 

resection of tumours in vivo, thereby simulating the clinical scenario of a 

glioblastoma resection (Kauer et al., 2012). Also, the development of new 

imaging techniques such as Magnetic Resonance (MR) or Positron Emission 

Tomography (PET) will allow the visualization of tumour metabolism, hypoxia 

and the distribution of chemotherapeutic agents. Therefore, future efforts will be 

focused on evaluating our novel therapies in the new animal model, and in 

validating by MRI and PET.  

In conclusion, AAVP vectors have many of the desirable properties such as 

easy manipulation of the phage coat protein that allow selective targeting of 

mammalian cell receptors and subsequent tissue-specific transduction. 

Moreover, phage production is simpler and more cost effective than many 

existing systems. Unfortunately, the greatest limitation of AAVP vector is low 

efficiency of gene transfer. Also, distribution of vectors can be an issue for 

obtaining optimal clinical efficacy due to the infiltrative nature of glioblastoma. 

Therefore, more advances will be made on the development of multifunction 

AAVP vectors able to execute multiple tasks to simultaneously overcome 

delivery obstacles. Additionally, GBM is a heterogeneous tumour therefore 

therapeutic blocking of one of the pathways can result in the activation of 

alternative pathways leading to continuous tumour progression. Thus deeper 

understanding of the pathogenesis of glioblastoma and the molecular 

aberrations in GBM are required. Well-designed clinical trials involving new 

therapies are necessary for finding progress for the low survival rate of 

glioblastoma. Therefore future success of clinical trials for brain tumours 



 
P a g e  | 192 

 

requires proper evaluation of efficacy in patients with earlier stages of 

glioblastoma instead of recurrent tumours. 

Different and promising strategies to treat glioblastoma have been proposed in 

this study. Combination with current therapies will be a useful adjuvant in order 

to develop an effective treatment regime. Also, it can be another rationale for 

personalized therapy.  
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Appendix A 

Components of Complex Reagents  

PEG/NaCl  500 g of PEG (Sigma) and 584.5 g of NaCl (Sigma) 
in 2,380 ml dH2O (double-distilled) and store at 4°C  
 

50x TAE buffer  
 

242g of Tris, 100ml of 0.5M EDTA pH 8.0 and 
57.1mL of Glacial Acetic Acid (Fischer). Add 800ml 
of dH2O to dissolve solids, then bring up to final 
volume of 1000ml. Autoclaved and stored RT.  
 

0.5M EDTA pH 8.0  
 

186.1g of EDTA (Ficher) in 900ml of dH2O and stir 
until completely dissolved. Adjusted the pH with 
NaOH, then bring up to 1000 ml, autoclaved and 
stored RT.  
 

LB broth  
 

18 g of LB powder (Sigma) in 1000 ml of dH2O, 
sterilise by autoclaving.  
 

LB agar  
 

9 g of LB powder and 9 g of agar in 450 ml of dH2O, 
sterilise by autoclaving. Let agar cool to ~55°C, then 
add antibiotics before pour plates  
 

TB medium  
 

9.6 g of tryptone (Sigma), 19.2 g of yeast extract 
(Sigma) and 3.2 ml of glycerol in 1L of dH2O. 
Autoclave, add 100 ml of TB supplements and 50 mg 
of kanamycin (Sigma).  
 

TB supplement  
 

23.1 g of KH2PO4 (Sigma) and 125.4 g of K2HPO4 
(Sigma) in 1L of ddH2O. Filter through 0.22 μm filter 
units and store at 4°C  
 

50% tri-chloroacetate 
(TCA) 

500 g of TCA powder (VWR) was dissolved in 454 
ml of  dH2O and stored at 4°C 
 

0.4% SRB 0.4g of SRB powder (Sigma) was dissolved in 100ml 
of 1% acetic acid. Wrapped in foil was stored at RT. 
 

10 mM/L Tris pH 10.5 1.21g of tris base (Sigma) was dissolved in 800ml of 
dH2O. The pH was adjusted to 10.5, and dH2O was 
added to total volume 1L and stored at RT 
 

Sample Buffer (5X) 60mM Tris HCl pH 6.8, 2% SDS, 20% Glycerol, 
0.01% Bromophenol blue. Stored at RT. Add 450μl 
to 50μl DTT. 
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Running Buffer (10X) 30.25g Trizma base, 144.15g Glycine, 10g SDS, 
dH20 for 1L 
 

Transfer Buffer 7.55g Trizma base, 36.05g Glycine, 0.5g SDS, dH20 
for 2L (add 800ml to 200ml methanol just 
before use) 

Tris Buffered Saline 
with Tween (TBS-T) 
(10X) 

60.5g Trizma base, 85.6g NaCl. Adjust pH to 7.5. 
10ml Tween® 20, dH20 for 1L 
 
 

Lower Buffer 18.2g Trizma base. Adjust pH to 8.8. 0.4g SDS, dH20 
for 100ml 
 

Upper Buffer 6.05g Trizma base. Adjust pH to 6.8. 0.4g SDS, dH20 
for 100ml 
 

APS (15%) 0.15g APS, 1ml dH20 
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Appendix B 

List of standards used in LC-MS/MS 

1-methylhistidine 

 2-aminoisobutyric acid 

 2-amino-n-butyric acid 

 3-aminobutyric acid 

 3-aminoisobutyric acid 

 3-hydroxyanthranilic acid 

 3-hydroxykynurenic acid 

 3-hydroxyproline 

 3-methylhistidine 

 4-aminohippuric acid 

 4-hydroxyproline 

 5-aminovaleric acid 

 Alanine 

 Allantoin 

 alpha-aminoadipic acid 

 anserine 

 Arginine 

 Asparagine 

 Aspartic acid 

 beta-alanine 

 Carnosine 

 Citrulline 

 Creatinine 

 Cystathionine 

 Cysteine 

 Cystine  

 Epinephrine 

 Ethanolamine 

 Galactosamine 

 gamma-amino-n-butyric acid 

Glutamic acid 

Glutamine 

Glutathione 

Glycine 

Glycylglycine 

Histidine 

Homocysteine 

homocystine 

Homoserine 
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Hydroxylysine 

Isoleucine 

Leucine 

Lysine 

Methionine 

Methylamine 

N-methyl-L-phenylalanine 

N-methyl-L-valine 

norleucine 

Octopamine 

o-phosphoethanolamine 

o-phosphoserine 

Ophthalmic acid 

Ornithine 

Phenylalanine 

Proline 

Putrescine 

Sarcosine 

Serine 

Taurine 

Threonine 

Tryptamine 

Tryptophan 

Tyramine 

Tyrosine 

Valine 
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Appendix C 

Detection of metabolites by LC-MS/MS in serum samples. All quantified 

metabolites passed the acceptance criteria.   

I.M. intramuscular injection of ADI-PEG20 

B.S. before surgery 
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Appendix D 

Additional amino compounds detected by LC-MS/MS in serum samples. A peak 

area for each analyte from which we can gain relative information on whether it 

is changing and increasing or decreasing in our samples. 

I.M. intramuscular injection of ADI-PEG20 

B.S. before surgery 
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Appendix E 

 

 

 

 

 

gtgaaaaaattattattcgcaattcctttagttgttcctttctattctcactccgtctgt 

V  K  K  L  L  F  A  I  P  L  V  V  P  F  Y  S  H  S  V  C 

gattgtaggggggattgtttttgtgaaactgttgaaagttgtttagcaaaacctcataca 

D  C  R  G  D  C  F  C  E  T  V  E  S  C  L  A  K  P  H  T 

gaaaattcatttactaacgtctggaaagacgacaaaactttagatcgttacgctaactat 

E  N  S  F  T  N  V  W  K  D  D  K  T  L  D  R  Y  A  N  Y 

gagggctgtctgtggaatgctacaggcgttgtggtttgtactggtgacgaaactcagtgt 

E  G  C  L  W  N  A  T  G  V  V  V  C  T  G  D  E  T  Q  C 

tacggtacatgggttcctattgggcttgctatccctgaaaatgagggtggtggctctgag 

Y  G  T  W  V  P  I  G  L  A  I  P  E  N  E  G  G  G  S  E 

ggtggcggttctgagggtggcggttctgagggtggcggtactaaacctcctgagtacggt 

G  G  G  S  E  G  G  G  S  E  G  G  G  T  K  P  P  E  Y  G 

gatacacctattccgggctatacttatatcaaccctctcgacggcacttatccgcctggt 

D  T  P  I  P  G  Y  T  Y  I  N  P  L  D  G  T  Y  P  P  G 

actgagcaaaaccccgctaatcctaatccttctcttgaggagtctcagcctcttaatact 

T  E  Q  N  P  A  N  P  N  P  S  L  E  E  S  Q  P  L  N  T 

ttcatgtttcagaataataggttccgaaataggcagggtgcattaactgtttatacgggc 

F  M  F  Q  N  N  R  F  R  N  R  Q  G  A  L  T  V  Y  T  G 
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Rat Grp78 promoter: 
 

cccgggggcccaacgtgaggggaggacctggacggttaccggcggaaacggtttcc

aggtgagaggtcacccgagggacaggcagctgctcaaccaataggaccagctctca

gggcggatgctgcctctcattggcggccgttaagaatgaccagtagccaatgagtc

ggctggggggcgcgtaccagtgacgtgagttgcggaggaggccgcttcgaatcggc

agcggccagcttggtggcatgaaccaaccagcggcctccaacgagtagcgagttca

ccaatcggaggcctccacgacggggctgcggggaggatatataagccgagtcggcg

accggcgcgctcgatactggctgtgactacactgacttggac 

 


