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Abstract 

  

Medulloblastoma and Diffuse intrinsic pontine glioma (DIPG) are childhood brain tumours 

with high malignancy, the former being the most common and the latter is the most 

aggressive. Although medulloblastoma patients have a high likelihood of long-term survival 

after conventional treatment, the prognosis is unfavourable and the treatment options result in 

long-term neurologic side effects. On the other hand, DIPG patients have a poor survival rate 

of only 6-10% beyond two years with no effective therapies. Thus, the development of novel, 

safer and effective therapeutic strategies, or improvement of existing treatments are urgently 

needed. Gene therapy is an attractive field for the treatment of cancer and offers potential to 

overcome the limitations of current therapeutic strategies. Here we applied a targeted cytokine 

gene therapy by using an engineered hybrid adeno-associated phagemid-based vector 

(PAAV) to selectively target the tumour through cancer-selective integrin binding ligand. 

PAAV bacteriophage is genetically engineered to express the RGD4C peptide on the vector 

capsid to ensure targeting of tumour cells and tumour vasculature through binding to 𝛼𝑣𝛽3 

integrin receptor that is overexpressed in tumours and absent or barely detectable in the 

healthy tissues. In this study, we investigated the efficacy of this targeted vector 

(RGD4C/PAAV) as a gene delivery vehicle for medulloblastoma and DIPG. The tumour 

necrosis factor (TNFα) was used as the cytokine therapeutic gene to be delivered and 

expressed in the tumour cells. This prototype (RGD4C/PAAV-TNFα) induced cell death and 

activated the caspase pathway in DIPG. This targeted delivery of TNFα was also investigated 

in medulloblastoma cells in vitro, using UW228 and Daoy medulloblastoma cell lines, and 

showed high efficacy in inducing cell death. This effect was further augmented by using low 

dose cisplatin. Moreover, we showed that cisplatin induced the activity of GRP78 and CMV 
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promoters and boosted transgene expression by RGD4C/PAAV in both medulloblastoma and 

DIPG cells.  Finally, the efficacy of our prototype was tested for the treatment of 

medulloblastoma in vivo through intravenous administration. RGD4C/PAAV- TNFα showed 

high a and selective tumour homing resulting in targeted TNFα transgene delivery to the 

tumours. Beside the induction of tumour cell death, this treatment strategy induced damage 

to the tumour-associated blood vessels, in vivo.  

TNFα cytokine has long been known to possess anti-tumour activity but also has high 

systemic toxicity limiting its use in the clinic. In this thesis, we demonstrated that the use of 

RGD4C/PAAV provides a solution to this problem by targeting TNFα expression selectively 

to the tumour environment, ensuring systemic safety and therapeutic efficacy for the treatment 

of childhood brain tumours. 
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Chapter 1 

 

Introduction 

 

 

 1.1 Childhood brain tumours 

Paediatric brain tumours are the leading cause of death from disease in children and are the 

second most common type of cancer in children accounting for 29% of childhood cancers in 

the UK [1]. The types of brain tumours affecting children are mainly medulloblastoma and 

glioma. 

 

1.1.1 Medulloblastoma 

Medulloblastoma (MB) is the most common malignant brain tumour in children accounting 

for 19% of all childhood brain tumours [1, 2]. It originates in the cerebellum leading to balance 

problems and incoordination as well as symptoms of hydrocephalus [3].  This tumour has a 

tendency to metastasise through the cerebrospinal fluid (CSF) to other sites of the central 

nervous system (CNS) reaching other organs and consequently poor prognosis. The most 

common sites of metastasis include bone, bone marrow, liver, lung and peritoneum [4]. 

Although many patients have a high likelihood of long-term survival with many free of 

disease after conventional treatment, the survivors are at high risk of long-term neurologic 
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and neuroendocrine side effects [5]. In an attempt to understand the rationale behind the 

prognostic variability among medulloblastoma patients, researchers have identified 

molecular-based classification for medulloblastoma patients to help further understand the 

disease and suggest new therapeutic strategies and treatment design. Northcott et al identified 

four distinct groups based on molecular characteristics; the wingless (WNT), sonic hedgehog, 

group3, and group4 [5]. Therefore, these molecularly distinct subgroups can be used as a 

prognostic tool for the treatment of MB.  

 

1.1.1.1 Molecular subgroups of medulloblastoma 

• WNT subgroup 

The wingless (WNT) medulloblastoma is the least common subgroup, accounting for 

~10% of all MBs. This pathway is activated upon binding of WNT to its receptor, 

Frizzled, which leads to the activation and phosphorylation of the Disheveled protein, 

blocking GSK-3β. Active GSK-3β phosphorylates β-catenin, which is in a complex with 

adenomatous polyposis coli (APC), Axin 1 and 2, and Caseine kinase a (CK1a), leading 

to ubiquitin-dependent proteosomal degradation. Thus, inactivation of GSK-3β will lead 

to activation and translocation of β-catenin to the nucleus, and consequently to the 

transcription of proliferative target genes including cyclin D1 and c-Myc [6]. 

Deregulation of this pathway was found to be associated with the development of MB. It 

is characterised by germline mutations in the gene encoding the WNT pathway inhibitor, 

APC, which correspond to the development of Turcot syndrome and increase the risk of 

developing MB [7]. Common events in this subgroup involve somatic mutations of 

CTNNB1 (which encodes β-catenin), genes encoding p53, and DDX3X (which encodes 

RNA helicase that is involved in cell growth and proliferation). Mutations in the 
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chromatin modifier genes SMARCA4 and CREBBP are also found in WNT MBs [8, 9]. 

In addition, the loss of chromosome 6 (monosomy 6) is also considered a hallmark for 

WNT diagnosis.  Notably, mouse studies have revealed that WNT originated from 

progenitor cells of the lower rhombic lip [10]. Patients of this subgroup have the best 

prognosis among all MBs with a long-term survival rate of more than 90% and rarely 

present with metastasis [7].  

 

• SHH subgroup 

The sonic hedgehog (SHH) subgroup accounts for ~30% of all MBs and is characterised 

by aberrations in the SHH signalling pathway. SHH signalling is crucial for the 

development of the cerebellum, as it regulates the proliferation of granule neuron 

precursor (GNP). The SHH drives the proliferation of GNP through the binding to its 

receptor Patched (Ptch). Upon this binding, the transmembrane protein smoothened 

(Smo) is being released to activate and release the transcription factors Gli1 and Gli2 

from inhibitor SuFu (suppressor-of-Fuse) leading to their translocation to the nucleus and 

transcription of proliferating genes [6]. Molecular changes in this pathway lead to the 

development of MB. Germline mutations in ptch1 gene, encoding the SHH receptor, is 

associated with Gorlin syndrome and consequently predispose to MB [7]. Other events 

associated with this subgroup include somatic mutations in ptch1, Sufu and Smo. In 

addition, amplifications of MYCN, Gli1 and Gli2 genes are also found in this subgroup 

[7, 11]. Other somatic mutations were also found in the genes encoding p53 and KMT2D 

(lysine-specific methyltransferase). Loss of chromosome 9q was also shown to be very 

frequent in this group [11]. This MB subgroup has been shown to originate from 

cerebellar granule neuron progenitors [12]. Although metastasis is not common in this 
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group, SHH MBs are known to be less responsive to therapy compared to the WNT MBs 

with an overall 5-year survival rate of ~75% [13]. 

 

• Group 3  

Group 3 medulloblastoma accounts for ~25% of all MBs. Germline mutations have not 

been described in this subgroup yet. Somatic abnormalities include amplification of MYC 

and OTX2 (MB oncogene), and aberrations in the genes encoding the chromatin 

remodelling proteins SMARCA4, KMT2D, and CH7. Mutations of the lysine-specific 

demethylase (KDM) gene family have also been reported in this subgroup (as well as in 

group 4) [14]. In- frame insertions in group3 and 4 targeting KBTBD4, which encodes  

BTB–BACK–Kelch domain protein that facilitates the ubiquitination of target substrates, 

were reported [15]. Multiple chromosomal gains and losses have been identified in this 

subgroup. Loss of chromosome 17p and gain of chromosome 17q(i17q) are the most 

common chromosomal abnormalities [8]. Group 3 patients have the poorest prognosis 

among all MBs due to its high metastatic rate (~45%). The 5-year overall survival rates 

are 45-58% [7]. 

 

• Group 4 

Group 4 is the most common group among all MBs accounting for 35%. This subgroup 

has some similarity in genetic alteration to that of group 3, including mutations in the 

KDM gene family and amplification of OTX2. mutation in the gene encoding KDM6A, 

which is a demethylase enzyme that regulates the methylation of lysine-27 of histone H3 

(H3K27), leading to initiation of stem-cell-like state in tumour cells [13].  Common 

genetic alterations in this group include duplication of the gene encoding synuclein alpha 
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interacting protein (SNCAIP), which encodes for synphilin-1 that has been found to have 

some implications for Parkinson disease, and amplification of MYCN and CDK6 genes.  

Similar to group 3, loss of chromosome 17p resulting in isochromosome 17q (i17q) is 

also seen in group 4, but at a higher frequency in this subgroup. The metastatic rate in 

this group is quite high with 35-40% of patients present with metastasis and having a 5-

year survival of ~60%, while patients with standard risk (no metastasis) have a 5-year 

overall survival rate of ~80%. 

Group 3 and group 4 share similar genomic features such as isochromosome 17q, which 

is the most frequent chromosomal abnormality in these groups. Yet, it has a higher 

frequency in group 4, as it is present in 80% of this subgroup patients and less frequent 

in group 3. Other cytogenic abnormalities have been reported that discriminate the two 

groups, such as the gain of chromosome 1q and loss of chromosomes 10q and 16p that 

are more prevalent events in group 3, while the gain of chromosome 4 is found in group 

4 [9]. The common features of medulloblastoma subgroups are summarised in table 1.1. 

The understanding of molecular subgroups of medulloblastoma may potentially allow 

modifications of current therapeutic strategies and thus reduce long-term morbidity and 

improve quality of life and overall survival. 
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Table 1.1. Features of the four medulloblastoma subgroups. (adapted from Wang et al. 2018 

[8]). 
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1.1.1.2 Standard therapy for medulloblastoma 

Patients with medulloblastoma often present in the clinic with a headache, nausea and 

vomiting. Drowsiness, neck stiffness, sixth nerve palsy and visual disturbances due to 

increased intracranial pressure [16]. As these symptoms are common in other disease 

conditions, the time to diagnosis is long leading to metastasis of the tumour and worse 

prognosis. The current standard therapy for medulloblastoma includes surgical resection of 

the tumour, craniospinal radiation, and chemotherapy. The patients are classified into one of 

three risk groups: infants (children < 3 years old), average-risk patients (localised tumour with 

almost complete resection), and high-risk patients (disseminated disease at presentation with 

partial tumour resection) [17]. 

 

• Surgery: 

 

The first stage of therapy is the surgical resection of the tumour, which helps in the 

diagnosis as well as the relief of hydrocephalus. Complete tumour resection would result 

in an increase neurological morbidity resulting in cerebellar mutism syndrome, cognitive 

deficits and ataxia. Thus, gross total resection of the tumour is avoided, especially that it 

has no significant impact on overall survival when compared to near total resection [18]. 

Improved surgical outcomes have been achieved through the use of advanced MRI- and 

CT-guided neurological techniques [17]. 
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• Radiotherapy: 

Craniospinal irradiation therapy plays a pivotal role as part of post-operative treatment to 

eliminate the residual tumour as well as disseminated tumour [8]. The standard radiation 

dose that is used for the treatment of medulloblastoma is 30-36 Gy to the entire 

craniospinal axis followed by a boost to the posterior fossa to reach a total dose of 54-56 

Gy [19]. Despite the high efficacy in improving the survival rate, it is accompanied with 

severe long-term cognitive side effects, ototoxicity, and haematologic toxicities. Thus, 

radiation therapy is restricted to children who are over 3 years of age. Efforts to reduce 

toxicity have been made through the use of intensity-modulated radiation therapy (IMRT), 

which has advantages in terms of skin toxicity [20], and proton radiotherapy, which 

showed lower ototoxicity rate [21]. However, whether radiotherapy can be avoided is 

subject to controversy. Indeed, as the WNT subtype has a high survival rate, researchers 

are considering treating this tumour with either low dose radiotherapy or only 

chemotherapy [13, 22]. This strategy for reducing craniospinal radiotherapy and 

chemotherapy is in phase II clinical trial for WNT-driven medulloblastoma 

(clinicaltrials.gov NCT02724579 ). Another clinical trial for the same group of 

medulloblastoma is studying the feasibility of excluding radiotherapy (clinicaltrials.gov 

NCT02212574). 

 

• Chemotherapy 

Chemotherapy for MB aims to control tumour metastasis and destroy residual tumour 

cells. The addition of chemotherapy to surgery and craniospinal irradiation has improved 

the therapeutic outcome of patients with MB [23]. Because radiotherapy is not 

administered for patients under 3 years old, intensive chemotherapy is administered to 

https://clinicaltrials.gov/show/NCT02724579
https://clinicaltrials.gov/show/NCT02212574
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control tumour growth until the child is old enough to tolerate radiation [8]. The most 

common chemotherapy regimen is the Packer protocol and has been suggested by Packer 

et al [24]. This is used as an adjuvant chemotherapy regimen that consists of cisplatin, 

vincristine, and lomustine (CCNU). Replacing CCNU with cyclophosphamide is another 

regimen for medulloblastoma [25]. The use of combination chemotherapeutic agents is a 

strategy to overcome resistance and, in some cases, a synergistic effect may be achieved. 

            Cisplatin 

Cisplatin (CDDP) is a platinum-based compound that is used for the treatment of many 

types of cancer. CDDP cause DNA damage in cancer cells, inhibit cell division and 

lead to apoptotic cell death [26]. The dosage of cisplatin for the treatment of 

medulloblastoma is from 60-120 mg/𝑚2/IV each cycle for a total of 6 cycles. Despite 

its high efficacy, its use sometimes limited due to systemic toxicity, nephrotoxicity, 

and ototoxicity [27]. Thus, caution is taken by administering fluids to ensure hydration 

and reduce nephrotoxicity. Also monitoring hearing throughout the therapeutic 

regimen is required [28]. Its efficacy has been reported in high risk recurrent 

medulloblastoma in combination with the other chemotherapeutic agents. 

 

Lomustine  

Lomustine (CCNU) is an alkylating agent, alkylating DNA and RNA, that is used for 

the treatment of different tumours including medulloblastoma. The dosage of 

lomustine for the treatment of MB is 75 mg/𝑚2/PO each cycle for a total of 6 cycles 

[25, 27].  Its effectiveness in treating brain tumour is due to its ability to cross the 
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blood brain barrier. The major side effect of this agent is myelosuppression, 

hepatotoxicity, pulmonary toxicity, and renal toxicity [2].  

 

            Vincristine 

Vincristine (VCN) is a microtubule-interfering cytotoxic agent that is in use for the 

treatment of many types of tumours including medulloblastoma [29]. The dosage for 

the treatment of MB is 1.5 mg/𝑚2/IV weekly during craniospinal radiotherapy and 

intermittently during adjuvant chemotherapy [27]. The most common side effects of 

VCN is neurotoxicity and hepatotoxicity [2]. 

 

 Cyclophosphamide  

Cyclophosphamide is an alkylating agent used for the treatment of malignant tumours 

including medulloblastoma. The dosage for the treatment of MB is 1000 mg/𝑚2/ IV 

twice each cycle for a total of three cycles [27]. This agent has shown high efficacy 

for the treatment of high-risk and recurrent medulloblastoma, yet in many cases 

cyclophosphamide resistance in medulloblastoma have been reported leading to 

tumour progression [30].  The major side effects include haemorrhagic cystitis, 

nephrotoxicity, and infertility [27]. 

Despite the success rate of this current strategy, it is very aggressive to the developing 

child brain leading to high level of toxicity and lifetime side effects that include 

neurocognitive and neuroendocrine side effects [31]. Further, secondary malignancies 

as side effects of MB treatment have been reported. Indeed, MB survivors were 5.4-



P a g e  | 31 

 

fold at higher risk of developing secondary malignancies, most commonly 

meningioma and high-grade glioma, compared to the normal population [32]. For this 

reason, recent studies are focusing on finding new therapeutic strategies that are safer 

and efficient. Such strategies can be achieved by targeting the molecular subgroups of 

MB such as the inhibition of SHH pathway using GDC-0449, which is SMO inhibitor. 

This small molecule inhibitor was applied in clinical trials for the treatment of a patient 

with metastatic and recurrent medulloblastoma. The treatment showed acceptable 

side-effects profile and resulted in rapid regression of the tumour followed by relapse 

[33]. Other strategies aim to reconsider the use or the dose of radiotherapy. In one 

study, it has been suggested that the use of proton radiotherapy as an alternative to 

photon radiotherapy might be safer as it showed a reduction in the radiation-associated 

endocrine side effects [34]. 

 

1.1.2 Diffuse intrinsic pontine glioma 

Diffuse intrinsic pontine glioma (DIPG) is the most aggressive brain tumour that comprises 

about 15-20% of all childhood central nervous system tumours [35]. It has the worst prognosis 

of all paediatric brain tumours with rapid progression leading to an overall survival of about 

9 months and less than 1% overall survival of >2 years [36]. Patients with DIPG present with 

a triad of clinical symptoms that include cerebellar signs, long-tract signs, and cranial nerve 

palsies [37].   

DIPG arise in the pons of the brainstem and is characterised by a diffuse infiltrative growth 

pattern. Due to this sensitive location and the diffusing nature, surgical resection of the tumour 

is not amenable [38]. Radiation therapy is the standard care that only helps temporarily with 

stabilizing the symptoms and extend the overall survival by an average of 3 months [39]. For 
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the last three decades, no improvement in therapeutic outcomes has been made due to the lack 

of understanding of underlying biology of this disease. This was owing to the lack of clinical 

biopsies due to the morbidity and fatal risk of pontine biopsies in paediatric patients. Thanks 

to the advances in neuroimaging and stereotactic techniques, stereotactic samples from DIPG 

patients are feasible with minimal morbidity [40, 41]. This achievement activated the research 

area for this disease. 

 

1.1.2.1 Molecular understanding of DIPG 

The most frequent event that has been found in DIPG is mutation in histone H3.3. This 

mutation results in lysine to methionine substitutions at position 27 (K27M) and has been 

found in 78% of DIPG, suggesting its important role in the tumorigenesis of DIPG [42-44]. 

TP53 mutations were also found to be common in DIPG (70%). Interestingly, this mutation 

and TP53 allelic loss were found to overlap with K27M-H3-DIPG mutated tumours [45]. 

Further, K27M-H3 mutated DIPG tumours were also found to overlap with PP1MD mutation. 

PPM1D gene encodes WIPI (wild-type p53-induced protein phosphatase 1D) that negatively 

regulates TP53. Remarkably, PPM1D-mutated gliomas were found to deactivate TP53, and 

this mutation was also found to contribute to cell growth [46]. Taken together, alterations in 

the TP53 signalling pathway play critical role in the pathogenesis of DIPG. 

In addition, amplifications and mutations in the receptor tyrosine kinases (RTKs) have been 

reported in DIPG [47]. Amplification of PDGFRA (platelet-derived growth factor receptor 

alpha) has been reported in 28-36% of DIPG patients. This gene mutation was found to occur 

exclusively with K27M-H3 mutated DIPG [48]. Although rarely, representing only 2% of 

DIPG patients, other abnormalities in the RTK family member, EGFR (epidermal growth 
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factor receptor), were reported [49]. Also, amplification of the downstream targets of the RTK 

pathway PI3K/Akt/mTOR were reported, contributing to the aggressiveness of DIPG [50]. 

A more specific mutation that is rarely found in other types of cancer, is a mutation in the 

ACVR1 (activin A receptor type 1) gene, which was found to be mutated in 27% of DIPG 

cases [51, 52]. The ACVR1 is part of TGFβ family growth factor receptors, yet further 

investigation is required to understand its functional role in DIPG [53]. This mutation was 

also found to overlap with K27M-H3 mutants and wild-type TP53. This DIPG-specific 

mutation and its cooperation with H3 mutation is under investigation to further understand its 

role in the tumorigenesis of DIPG. 

Another interesting finding is defects in the DNA repair pathway in DIPG. High expression 

and gain in PARP-1 were reported in DIPG cases [54], which could correspond, partially, to 

resistance to therapy. PARP-1 (poly(ADP-ribose) polymerase) is a DNA repair enzyme that 

has been found to be highly expressed in different types of cancer including glioblastomas 

[55]. This finding would raise the possibility that a PARP-1 inhibition is another therapeutic 

target. Indeed, this strategy is currently under investigation in phase I clinical trial for 

recurrent glioblastoma in adults using olaparib, which is a PARP-1 inhibitor, to sensitize the 

tumour to the chemotherapeutic agent, temozolomide, (clinicaltrials.gov NCT01390571). 

Olaparib has been reported for targeting specifically glioblastoma tumour and sparing the 

normal healthy CNS [56]. Although currently limited indication of synthetic lethal 

interactions have been reported in DIPG, yet mutations in the cohesion complex gene STAG2 

were shown to sensitise STAG2-mutated glioblastoma cells to PARP-1 inhibitors resulting in 

DNA damage and further combining DNA damaging alkylating agents such as temozolomide 

further augments the cell killing effect [57, 58]. Noteworthy, STAG2 mutation was reported 

https://clinicaltrials.gov/show/NCT01390571
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in some DIPG samples [59], suggesting that the use of PARP-1 inhibitors would result in 

synthetically lethal effect in DIPG. 

Collectively, these findings highlighted potential targets for new therapeutic strategies. As 

there are still no effective therapeutic strategies, currently ongoing clinical trials for the 

treatment of DIPG seem to be the only hope for the treatment of this disease. Table 1.2 

highlights the current clinical trials that target current molecular findings in DIPG. 
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Clinical trial 

ID 

Target Treatment Phase 

NCT02960230 H3.3K27M H3.3K27M peptide 

vaccine 

Phase 1 

 NCT03352427 PDGFR or FGFR Drug: Dasatinib 

Drug: Everolimus 

Phase 2 

NCT02717455 H3K27 Drug: LBH589  

(panobinostat) 

Phase 1 

NCT01644773 PDGFRA  

Activin receptor 1 

 

Drug: Crizotinib 

Drug: Dasatinib 

Phase 1 

NCT01884740 EGFR 

VEGF 

Drug: Erbitux 

Drug: 

Bevacizumab 

via Superselective 

Intraarterial 

Cerebral Infusion 

(SIACI) 

Phase 1 and 2 

Table 1.2. Current clinical trials targeting the most recent biological targets in DIPG (source: 
ClinicalTrials.gov). 
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1.1.3 Brain Barriers to Therapy 

Successful therapy for brain tumours is very challenging due to the presence of multiple 

barriers that interfere with the delivery of therapeutic agents. As shown in figure 1.1, the 

first barrier is the blood-brain barrier, which regulates the traffic of substances between 

the blood and the brain. The second barrier is the tumour extracellular space (ECS), which 

consists of a complex network of lipids, polysaccharides and proteins. Once a substance 

passes the blood-brain barrier, it needs to diffuse to the brain tumour ECS, which is known 

to have higher interstitial pressure compared to the surrounding brain increasing the 

challenge of flow within the tumour [60]. The third challenge to therapy is the genetic 

heterogeneity and instability of the tumour, which are represented by the ability of 

tumours to escape the immune system and the development of angiogenesis and resistance 

to drugs [60]. 

 

• Blood-Brain Barrier: 

A major challenge to the treatment of brain tumours is the blood-brain barrier (BBB). 

It is a highly selective barrier between the blood and the brain allowing transport for 

only selected biomolecules [61, 62]. Despite the attempts in finding new therapeutic 

agents based on the understanding of the molecular and genetic abnormalities, efficacy 

is hindered by the inability of those agents to enter the central nervous system (CNS) 

[63]. For a drug to overcome this limitation, it has to be a small molecule (<400Da), 

lipophilic, and is not a substrate of an active efflux transporter at the BBB [64]. Thus, 

only 5% of all small molecule drugs can penetrate the CNS [64]. Due to this low 

penetration, high doses of the chemotherapeutic agents are required to achieve 

therapeutic efficacy. In brain cancer, drug therapy is challenged by three significant 
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barriers: the blood brain barrier (or neuro-vascular unit, NVU), the extracellular space 

(ECS), and genetic heterogeneity and instability of the tumour cells [60]. In paediatric 

gliomas, the expression of transporters has been reported to correspond to therapeutic 

resistance. DIPG and other paediatric gliomas were shown to express the drug efflux 

transporters P-glycoprotein (P-gp), breast-cancer-resistance protein (BCRP), and 

multidrug-resistance-associated proteins (MRPs) in the tumour vasculature [65]. To 

overcome these barriers, convection enhanced delivery (CED) for local drug delivery 

to the tumour is being tested in clinical trials for DIPG (clinicaltrials.gov 

NCT03086616). CED is a method developed to deliver chemotherapeutic agents 

through hydraulic pressure-driven infusion using microcatheter [66].  

• Extracellular matrix and genetic heterogeneity 

 ECS is altered around and within the brain tumour increasing the challenges of drug 

distribution within the tumour. More complex extracellular components correlate with 

higher grade tumours. Further, tumour cells are capable of controlling their own 

density through the expression of extracellular matrix proteins and proteoglycans [60, 

67]. The extracellular matrix (ECM), which consists of type I collagen, 

glycosaminoglycans, proteoglycans, and glycoproteins; controls the diffusion of drugs 

into the tumour [68]. 

The genetic heterogeneity and instability of the cells is another barrier to 

chemotherapeutic drug treatment. An example of such effect is the absence of blood- 

brain barrier in WNT-medulloblastoma subtype. WNT medulloblastoma produces a 

large amount of WNT antagonists (such as WIF1; WNT-inhibitor factor 1) through 

negative feedback loop due to constitutive activity of mutated CTNNB1. This results 

in silencing WNT-signalling in adjacent endothelium and consequently lack of BBB 
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[22] (Figure 1.2). This study was based on the clinical observation that 90% of WNT 

medulloblastoma patients were haemorrhagic at surgery. Thus, immunohistochemical 

analysis of human samples were carried comparing WNT, which showed atypical 

CNS vascular endothelium compared to the other medulloblastoma subtypes. This 

finding was further studied in medulloblastoma genetic mouse models, and the same 

findings were observed by comparing normal BBB endothelium characterised by 

SLC2A+/ Plasmalemma vesicle Associated Protein (PLVAP)ˉ, which was a 

characteristic of Shh, group 3, and group 4 medulloblastoma. On the other hand, WNT 

medulloblastoma was SLC2Aˉ/PLVAP+ resulting in non- CNS blood vessels. 
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Figure 1.1. Brain barriers to effective therapy.  The three significant barriers of the CNS 

are: 1) the neurovascular unit (NVU), which regulates the trafficking of molecules between 

the blood and brain, 2) the extracellular space (ECS), which controls the diffusion of the drug 

in the tumour, 3) The genetic heterogeneity and instability (GHI), which is responsible for the 

development of the tumour and cell resistance through immune escape, hyperproliferation, 

and angiogenesis. (source: Woodworth et al [60]) 
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    Figure 1.2. The mechanism by which WNT-medulloblastoma blocks the formation        

of BBB (source: Phoenix et al [22]). WIF: WNT inhibitory factor1, DKK1: Dickopf-1. 
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1.2 Therapeutic approaches of gene therapy for paediatric brain tumours: 

Gene therapy has long been regarded as a promising treatment for cancer. Viruses are the 

most common gene delivery vehicles due to their efficacy in transducing human cells.  Many 

approaches have focused on improving viral vectors for targeting cancer gene therapy in order 

to overcome the main challenges against the success of this strategy, that include the 

appropriate delivery and selectivity to the targeted tumour cells, as well as reducing the viral 

native tropism for healthy cells [69, 70].  Many studies aimed to investigate the therapeutic 

efficacy of viruses as gene therapy vehicles for the treatment of brain tumours, since they can 

be engineered to target and deliver therapeutic genes. However, cancer gene therapy is still 

facing the challenge of targeting gene delivery vectors specifically to tumours when 

administered via clinically acceptable non-invasive systemic routes (i.e. intravenous).  

 

1.2.1 Mammalian viruses for childhood brain tumours treatments: 

• Retrovirus (RV): 

Retrovirus gene therapy was used in phase 1 clinical trial to deliver HSV-tk suicidal gene for 

the treatment of recurrent paediatric brain tumours. Retroviruses can only integrate and 

express their genes into mitotically active cells, which are cancer cells, therefore sparing the 

normal brain cells [71, 72].  The outcome of the study was disappointing as the majority of 

the patient's relapsed and experienced progressive disease. Despite the toxicity from reactions 

of the vector-producing cells, the retroviral vector, the transgene, or ganciclovir; however, it 

was resolved by glucocorticoid therapy and the safety measure was acceptable for clinical use 

[71]. 
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• Adenovirus (AV): 

Adenoviruses are advantageous over retroviruses as they have broad tropism for mammalian 

cells, but they are not selective and would affect more cells. Using the genetically engineered 

Delta 24 adenovirus, which is characterised by the deletion of 24 base pairs in the Rb-region 

of the E1A gene. This adenovirus vector induced cell killing in in vitro medulloblastoma cells 

and was shown to be selective as it replicates exclusively in cells (Daoy and D283) with down 

regulated function of pRb or abnormal control mechanisms of cell cycle. Notably, MB cells 

showed a good expression of adenovirus receptors; coxackie adenovirus receptor (CAR), 

αvβ3, and αvβ5, which makes them a good model for binding the adenovirus [73]. Recently, 

this adenovirus (named: DNX-2401) has entered phase 1 clinical trial for children with DIPG, 

with the first case report showing the feasibility of this therapy as there were no neurologic or 

safety concerns [74]. Another ongoing clinical trial for DIPG is using adenovirus to deliver 

IL-12 cytokine (Ad-RTS-hIL-12) as a therapeutic gene.  

 

• Myxoma virus (MYXV): 

Myxoma virus is a rabbit-specific virus that infects and cause mortality to European Brown 

Hares. It is non-pathogenic to all other vertebrates, a characteristic that makes it a good 

candidate for testing in the field of medicine [75]. Indeed, it is considered as an oncolytic 

virus as it is able to infect and kill different types of tumours. In medulloblastoma, MYXV 

has shown promising results as it induced cancer cell killing, in vitro and in vivo, using 

immunodeficient mice bearing intracranial medulloblastoma tumour, which was further 

enhanced in combination with rapamycin [76]. 
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• Measles Virus (MV): 

It has been shown by Studebaker et.al. that modified Edmonston’s strain of measles virus has 

succeeded in inducing medulloblastoma cell death in vivo and iv vitro. Measles virus receptor 

CD46 was found to be expressed in medulloblastoma cell lines, thus facilitating the entry and 

consequently, replication of the virus and killing of the tumour cells [77]. Further modification 

of the virus to target the angiogenic blood vessels was made to develop recombinant MV that 

express the angiogenesis inhibitors, endostatin and angiostatin. This genetically modified 

virus results in reduction of endothelial cell growth, viability, and migration. However, 

treatment of mouse models did not improve the survival compared to control animals, 

although it did decrease the tumour-associated blood vessels [78]. 

 

• Reovirus: 

Reovirus is a double stranded RNA virus that exerts its oncolytic effect specifically to tumour 

cells while sparing normal cells. The cellular activation of the virus requires activated Ras or 

Ras pathway effector proteins, which are prevalent in various tumour types. Yang et al. 

studied the efficacy of this virus in the treatment of medulloblastoma in vitro and in vivo. 

Medulloblastoma cell lines and primary cultures from surgical specimens were sensitive to 

killing by the human reovirus type 3 which was dependent on activated Ras and Ras pathway 

element [79]. In vivo mouse models showed a long-term survival along with a dramatic 

reduction in metastasis to the spine and leptomeninges [79]. Despite these promising results, 

further understanding of the mechanism of action of this virus is required, as some 

medulloblastoma cell lines were resistant to reovirus killing effect 

In general, these viral therapy strategies for the treatment of childhood brain tumours are in 

their infancy, and further understanding of the safety and efficacy is mandatory. There are 
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relatively few studies for their application in childhood brain tumour therapy, and to do so, 

such gene therapy approach needs to be carefully monitored specially for the developing 

brains of children. 

A list of ongoing clinical trials for paediatric brain tumours using viral therapy are shown in 

Table 1.3. 

Clinical trial 

ID 

Viral therapy Phase 

NCT02444546 Wild-Type Reovirus 

in Combination With 

Sargramostim in 

Treating Younger 

Patients With High-

Grade Relapsed or 

Refractory Brain 

Tumors 

Phase 1 

 NCT03178032 Oncolytic 

Adenovirus, DNX-

2401, for Naive 

Diffuse Intrinsic 

Pontine Gliomas 

Phase 1 

NCT03330197 A Study of Ad-RTS-

hIL-12 + Veledimex 

in Pediatric Subjects 

With Brain Tumors 

or DIPG 

Phase 1 

 Table 1.3. Current clinical trials using virotherapy for the treatment of childhood brain 

tumours (source: ClinicalTrials.gov). 
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1.2.2 Bacteriophage viruses  

Bacteriophages are bacterial viruses that can be modified to transduce mammalian cells 

through ligand-directed targeting. Therefore, they can be adapted for mammalian gene 

transfer and used as a tool for gene therapy [80, 81]. Increased interest in bacteriophage- 

cancer therapy applications as a new therapeutic approach has been generated. They are safe 

and have been used for the treatment of infections in adults and children, over many years, 

with no safety concerns [82]. Theoretically, this bacteriophage system has some potential 

advantage over mammalian viruses for specific targeting to mammalian cells as they lack 

native tropism to eukaryotic cells. For cancer gene therapy application, filamentous M13 

bacteriophages have been generated and genetically modified to deliver therapeutic genes 

efficiently to mammalian cells [81].To improve phage efficacy, a hybrid model has been 

constructed previously combining two single stranded DNA viruses; adeno-associated virus 

(AAV) and bacteriophage virus M13 forming adeno-associated virus/phage (AAVP) [83].  

This hybrid vector incorporated the ITR (inverted terminal repeats) cis elements from AAV 

serotype 2 within the phage genome to improve transgene expression within mammalian cells 

[84]. To ensure their internalisation into mammalian cells, they can be targeted by ligand 

display on their capsid to bind to specific receptors. Targeting mammalian cell receptors has 

been shown through ligand display such as fibroblast growth factor (FGF2), transferrin, 

epidermal growth factor (EGF), integrins, or octreotide [80, 83, 85]. Cancer gene applications 

using this vector showed promising results in vitro and in vivo and the feasibility of this vector 

for transgene delivery after systemic administration. Reported studies using AAVP vector 

targeting tumour-specific receptors, showed specific gene delivery to the tumour tissue in 

mice, rats, and pet dogs [83, 85-87]. Therefore, this vector can be used as a potential gene 

therapy vehicle for the treatment of brain cancer. Noteworthy, targeted-AAVP gene therapy 
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has been applied for the treatment of in vivo orthotopic glioblastoma brain tumour and showed 

superior homing compared to other viruses and gene delivery after intravenous administration 

(unpublished data by Dr. Hajitou’s lab). 

Recently, a new generation of this hybrid vector has been established by the Phage Therapy 

lab (Paladd Asavarut’s PhD project) to further improve the efficacy of bacteriophage-guided 

gene therapy. This hybrid system uses a phagemid system instead of phage vectors, referred 

to as Phagemid-AAV (PAAV). This PAAV system requires the infection of the helper phage, 

which provides the structural proteins, to allow its packaging and thus resulting in smaller 

genome compared to the phage system, which carries the structural protein DNA sequence in 

its genome and thus does not require helper phage for its packaging. The use of phagemid has 

the advantage over phage vectors as they have higher bacterial transformation efficiency 

resulting in higher titer production. Further, they can accommodate larger DNA inserts due to 

their smaller genome [88], and show enhanced gene delivery compared to the first generation, 

AAVP, as shown by Figure 1.3.  

For therapeutic applications of this vector, the hybrid AAV-phagemid genome would 

encompass the DNA transgene sequence between the ITR cis elements with an upstream 

promoter sequence, to ensure proper delivery to mammalian cells. Yet, this phagemid plasmid 

is disabled inside the bacterium and would require co-infection with a helper phage to enable 

the packaging of the phagemid genome. The helper phage is responsible for providing the 

structural genes and creates functional phage particles [89]. This helper phage was further 

modified to express the RGD4C peptide on the PIII coat protein, thus generating a novel 

therapeutic vector to target tumour cells and tumour vasculature.  

However, crucial considerations should be taken into account in gene therapy: 1) what gene 

should be delivered, 2) how to deliver it, and 3) Safety.                                                  
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Figure 1.3 Schematic representation of the new generation phagemid vector (PAAV). 

The PAAV is produced by and purified from E.coli. The packaging of PAAV by the bacterium 

requires the infection of helper phage, as well as the phagemid. The phagemid structural genes 

are provided by the helper phage genome and thus, the packaged phagemid genome lacks the 

structural genes. This phagemid system has higher bacterial transformation efficiency 

resulting in higher titer. The phagemid system has a smaller genome size than the first 

generation (phage system) and thus can accommodate larger DNA inserts. The structure of 

the first-generation bacteriophage vector (AAVP) is shown for comparison. 
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1.2.3 Ligand-directed targeting 

One of the main challenges in gene therapy is the design of specific and targeting vector to 

the target cells without affecting the surrounding normal cells. One approach is through 

targeted ligands that bind specifically to antigens expressed on the target cells. This would 

require the expression of peptide ligand on the viral outer coat protein to allow the binding to 

the cells of interest [70]. Unlike normal healthy cells, tumour cells are in highly metastatic 

and proliferative state which require the overexpression of receptors that promote their 

oncogenesis. These receptors involve the platelet-derived growth factor receptor (PDGFR), 

epidermal growth factor receptor (EGFR), and vascular endothelial growth factor receptor 

(VEGFR) [90]. The stimulation of these receptors is influenced and controlled by the activity 

of integrins [91]. Integrins are a family of heterodimer receptors, each composed of 

transmembrane α and β subunits. Particularly, 𝛼𝑣 subunit pairs with 𝛽3 or 𝛽5 subunits, have 

been widely implicated in angiogenesis and tumour progression [92]. Indeed, 𝛼𝑣𝛽3 was 

shown to be expressed selectively on angiogenic blood vessels ( but not normal blood 

vessels)[93]. Further, 𝛼𝑣 expression was found to be highly expressed in different types of 

cancer such as non-small-cell lung cancer, melanoma, glioma, and breast cancer [94, 95]. 

These findings led to the development of therapeutic strategies to either block or target these 

integrins. The double cyclic arginine-glycine-aspartate (RGD4C) peptide targets and binds to 

𝛼𝑣 receptors, thus can be used to target specifically 𝛼𝑣 integrins. This peptide was used to 

target AAVP-guided gene therapy systemically and showed high efficacy to target different 

types of tumours such as prostate cancer, sarcoma, melanoma, and glioblastoma [83, 86, 87]. 

Further, oncolytic adenovirus conjugated to RGD peptide (DNX-2401) is showing promising 

results in phase III clinical trial for adults with glioma. Moreover, DNX-2401 is currently in 
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phase I clinical trial for DIPG patients. This mutant adenovirus showed potent cytolytic effect 

both in vitro and preclinical in vivo subcutaneous glioma mice model. Interestingly, the potent 

cell death effect was achieved using a low dose of this oncolytic adenovirus when injected 

locally and resulted in tumour regression. Noteworthy, this cytolytic effect was restricted to 

tumour cells and replicate in functionally disrupted Rb cancer cells [96].   

NGR (Aspargine-glycine-arginine)-containing peptides were also found to target angiogenic 

blood vessels through binding to aminopeptidase N/CD13. Aminopeptidase N is a 

glycoprotein that has been found to be overexpressed in angiogenic blood vessels as well as 

most tumour cells and thus is considered another candidate for tumour targeting [97]. This 

peptide showed promising homing in vivo in lymphoma and melanoma murine models when 

administered systemically [98].  

Thus, peptide-targeted gene delivery is a promising field allowing systemic administration 

(non-invasive) of gene therapy with high homing efficiency to the tumour site. 

 

1.2.4 Transcriptional control in gene therapy 

One of the main goals in the field of gene therapy is an efficient gene delivery vector that 

restricts transgene expression to the tumour cells. The cytomegalovirus (CMV) promoter is 

one of the best characterised promoters for gene delivery in mammalian cells [99]. Despite its 

high efficacy, it is not a tumour-specific promoter and thus does not differentiate between 

normal and cancer cells [100]. Thus, the use of this promoter is ideal for in vitro studies due 

to its constitutive activity and high efficacy in delivering exogenous transgenes or with ligand-

directed targeting when used in vivo.  
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 Transcriptional targeting of cancer cells can be achieved using tumour-specific promoters, 

which control the transgene expression and subsequently the therapeutic proteins within 

tumour cells. This strategy would provide an additional level of safety by targeting only the 

tumour cells. Usually, these promoters are highly expressed in tumour cells and remain at low 

basal levels in normal cells [69].  One such promoter is the GRP78 promoter, which allows 

transcriptional control for cancer gene therapy [101]. The glucose regulated protein 78 

(GRP78) is highly expressed in cancer cells promoting tumour proliferation, metastasis, and 

resistance to therapy [102]. GRP78 protein plays a critical role in regulating endoplasmic 

reticulum (ER) stress signalling through activation of the unfolded protein response (UPR), 

which is known to be highly triggered in cancer cells due to hypoxia, glucose deprivation, and 

genome instability [103].   GRP78 expression is low in normal tissue, thus the use of GRP78 

promoter is ideal for restricting gene expression in cancer cells [69]. Other tumour- specific 

promoters include survivin and Egr1 (early growth response) promoters, which were shown 

to be highly expressed and activated in cancer cells as opposed to most normal cells [104, 

105]. These tumour-specific promoters showed high efficacy and specificity in different 

tumour models, thus can be used as a strategy to enhance the level of specificity to cancer 

cells and reduce toxicity to the healthy tissue. 

 

1.2.5 Chemotherapy in combination with gene therapy 

Strategies utilizing a combinational gene therapy with chemotherapeutic agents are currently 

being explored in order to achieve synergistic anti-tumour activity.  Many tumour-specific 

promoters are also inducible promoters; their activity needs to be induced. Indeed, 

temozolomide (TMZ), which is a chemotherapeutic agent that is commonly used for the 

treatment of brain tumours, was shown to enhance gene therapy through the induction of 
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promoters [106]. Rainov et al showed that TMZ enhanced herpes simplex virus thymidine 

kinase (HSV-tk)/ganciclovir gene therapy for glioblastoma [107]. It was later shown by our 

group that TMZ enhances the expression of HSV-tk driven by GRP78 promoter in 

glioblastoma (Przystal et al, unpublished data). Further, TMZ was also shown to induce the 

expression of tumour necrosis factor (TNFα) through activation of the Egr1 promoter 

upstream to TNFα in glioblastoma leading to synergistic effect of tumour cell killing [106]. 

Egr1 promoter-driven gene therapy was also shown to be induced by cisplatin. Egr1 promoter 

was used upstream of TNF𝛼, and TNFα transgene expression was activated upon treatment 

with cisplatin in two tumour models in human oesophageal adenocarcinoma and rat colon 

adenocarcinoma, in vitro and in vivo [108]. Thus, using chemotherapeutic agents with gene 

therapy is advantageous in many different ways by enhancing the anti-tumour effect of the 

therapeutic gene, controlling the expression of transgene, and overcoming resistance to 

therapy. Indeed, the use of chemotherapeutic agents can provide a solution to some limitations 

to gene therapy caused by alteration of promoter activity. Despite the high efficacy of the 

CMV promoter resulting in strong expression of the  transduced gene, it is subject to 

transcriptional silencing overtime  after gene transfer [109]. Yet, cisplatin and doxorobicin 

were shown to overcome this limitation as they were shown to reactivate the CMV promoter 

[110, 111]. 

 

1.1.4  Therapeutic transgenes for childhood brain tumours 

The main considerations for successful gene therapy are safety, efficacy, and targeting with 

good gene delivery capacity and efficient therapeutic transgene (Figure 1.4). Many different 

therapeutic genes have been applied to different types of cancers. Although molecular 

understanding of medulloblastoma and DIPG suggested many therapeutic targets, targeted 
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therapeutic strategies are underdeveloped, and the field of gene therapy is in its infancy for 

application in childhood brain tumours. At the moment, the main therapeutic genes that have 

been applied for childhood brain tumours are suicide genes and tumour suppressor genes. 

 

• Suicide gene therapy approaches 

Suicide gene therapy is a therapeutic approach that results in cancer cell death due to the 

induction of a suicide transgene [112]. In medulloblastoma, two suicide therapeutic 

approaches have been applied; the Herpes simplex virus derived thymidine kinase (HSV-tk) 

and the carboxylesterase (CE) [113, 114]. The expression of HSV-tk in cancer cells results in 

the phosphorylation of certain nucleoside analogues such as ganciclovir (GCV) upon 

administration. This results in the formation of GCV triphosphate that is highly toxic for the 

cells [112]. Despite the fact that HSV-tk/GCV efficacy in focus of cell death was achieved in 

vitro, the in vivo study for medulloblastoma in mouse xenografts showed disappointing results 

as no tumour regression was observed [113]. Further, clinical trials using adenoviral and 

retroviral vectors for delivering HSV-tk gene therapy had limited success in glioblastoma 

models [115, 116]. The other more recent application for suicide gene therapy is the use of 

rabbit carboxylesterase, which converts the prodrug Irinotecan (CPT-11) to the potent 

topoisomerase inhibitor SN-38. This strategy was tested in preclinical orthotopic 

medulloblastoma mice models and showed significant anticancer effect resulting in tumour 

regression [114]. 
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• Tumour suppression gene therapy approaches 

One of the most commonly studied tumour suppression genes is the TP53 gene, which 

encodes a nuclear phosphoprotein that plays a role in tumour suppression. Mutations and 

deletions in TP53 gene are one of the most common genetic events in childhood brain tumours 

[117]. P53 is a transcription factor that plays an important role in regulating cell growth and 

death, as well as a protective role through mediating DNA repair [118]. Therefore, this anti-

tumour gene was used as a strategy for tumour suppression through the regain of the wild type 

activity for the treatment of cancer. It was found that induction of cell death through a 

downstream signal of TP53 gene was through the activation of TIS21 [119]. TIS21 (also 

known as PC3 or Btg2) encodes transcriptional cofactor that plays a role as tumour suppressor 

protein in different types of cancer prostate, renal, and breast cancer [120]. TIS21 was also 

found to play a regulatory role in the cerebellum and is an inhibitor of SHH pathway, therefore 

its down regulation was found to contribute to the pathogenesis of medulloblastoma [121]. 

Thus, it was investigated as a therapeutic gene candidate for the treatment of medulloblastoma 

in preclinical mouse models. Presutti et al showed that overexpression of TIS21, which was 

delivered by AAV to the medulloblastoma tumour, resulted in tumour growth suppression 

and the inhibition of proliferation was suggested to be through TIS21-mediated inhibition of 

cyclins [120]. 
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Figure 1.4 The main aspects for successful gene therapy. This figure illustrates the strategy 

of the new vector (PAAV). PAAV can internalise into cancer cells through specific binding 

of theRGD4C peptide to 𝛼𝑣𝛽3 integrin and subsequently delivers expression of the therapeutic 

gene. Thus, binding specifically to integrins and consequently efficient delivery of the 

therapeutic transgene. The therapeutic transgene cassette forms episomes in the host nucleus 

instead of integrating into the host chromosome. 
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1.3 Cytokine gene delivery as a potential gene therapy approach for 

childhood brain tumours: 

Cytokine gene therapy is an attractive field for the treatment of different types of cancers 

through the activation of immune responses leading to the elimination of cancer [122]. 

Recently, investigators have tested the possibility of applying this therapeutic strategy for the 

treatment of brain tumours. Although lymphocytic infiltration and access of the adaptive 

immune system in the CNS tumours have been reported  [123], escaping the immune system 

is still a major issue limiting the capabilities of these infiltrated cells to fight the tumour cells. 

For instance, glioblastoma and medulloblastoma tumours were shown to secrete transforming 

growth factor beta (TGF-β), which is a T-cell suppressor factor [124, 125]. Another immune 

escape mechanism of medulloblastoma tumours is through the expression of PD-L1 

(programmed death ligand 1), which also suppresses T-cell activity toward the tumour [126]. 

Yet other reports showed conflicting data that PD-L1 could not be a good immunotherapeutic 

candidate to target medulloblastoma [127]. Despite the lack of understanding of 

immunoreactivity in CNS tumours, cytokine gene therapy has shown to induce a favourable 

anti-tumour immune response. For instance, adenoviral vector-delivered IL-12 cytokine gene 

therapy has passed phase I clinical trial for recurrent glioma with possible benefits for future 

applications [128]. Based on this trial, the therapy (Ad-RTS-hIL-12) is currently in phase I 

clinical trial for DIPG (clinicaltrial.gov NCT03330197). 

 

1.3.1 TNFα cytokine gene therapy: 

TNFα is an inflammatory cytokine that has been shown to possess anti-tumour activity but at 

the same time limited by its systemic toxicity. The clinical use of TNFα is limited for the 
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treatment of soft tissue sarcoma and metastatic melanoma in the setting of hyperthermic 

isolated limb perfusion [129, 130]. TNFα can utilise different mechanisms to induce anti-

tumour responses. One mechanism is through targeting the vasculature of the tumour and 

exerts its effect via functional alteration of the endothelial blood vessel lining allowing better 

penetration of chemotherapeutic agents and destruction of tumour vasculature [131]. The 

other mechanism is through the recruitment of tumour-infiltrating lymphocytes to the tumour 

site and enhancing the anti-tumour adaptive immune response. Several preclinical studies 

have shown the therapeutic efficacy of TNFα-targeted gene therapy, as a strategy to apply 

TNFα therapy with minimum systemic toxicity. In neuroblastoma and glioblastoma mouse 

models, TNFα gene therapy resulted in inhibition of tumour growth where necrosis was 

observed in the former model and apoptosis was observed in the latter when combined with 

TMZ [106, 132]. Further, TNFα- targeted gene therapy has proved efficiency for the treatment 

of naturally occurring cancers in pet dogs, where the safety of the AAVP vector and the 

targeting of RGD4C peptide were proved as well [86].  

 

• Anti-tumour activity of TNFα 

TNFα exists in two forms, the 17 kDa soluble form that is cleaved from its precursor 25kDa 

transmembrane form by TNFα -converting enzyme (TACE). The transmembrane TNFα 

(tmTNFα) functions through cell-to-cell contact, while the soluble form (sTNFα) can exert its 

function through autocrine, paracrine and endocrine [133] activating a signalling cascade that 

may lead to cell death or cell proliferation. Both forms exert their function through binding to 

their receptors, TNF receptor 1 and 2 (TNFR1 and TNFR2), activating a signalling cascade 

that determines the fate of the cell. Although both receptors can induce apoptosis, their signal 
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induction depends on the form of the TNFα inducer and thus transduce their signals in a 

distinct manner from each other [134].  

• TNFα-induced programmed cell death: 

As a member of the death receptors, TNFR1 exerts its function through the binding of its 

death domain (DD) to other DD-containing proteins leading to caspase activation and 

apoptosis. Binding of TNFα to TNFR1 leads to the interaction of tumour necrosis factor 

receptor type-1 associated death domain protein (TRADD) to the receptor through DD, 

forming a trimeric complex. The internalisation of this complex is followed by the recruitment 

Fas-associated protein with DD (FADD) and procaspase 8 forming the death-inducing 

signalling complex (DISC), also known as complex II, leading to apoptotic cell death. On the 

other hand, the cell can survive through the recruitment of receptor- interacting protein 1 

(RIP1), TNF receptor associated factor 2 (TRAF2), and cellular inhibitor of apoptosis (cIAP) 

leading to the activation of the of the prosurvival NF-κB pathway [134, 135]. When the 

apoptotic complex II fails to initiate apoptotic cell death due to deleted or inhibited caspase 

8, the pathway switches to necroptosis (programmed necrosis) leading to cell death [136]. 

Necroptosis starts with the assembly of the necrosome complex, which contains RIP1 and 

RIP3. The phosphorylation of RIP1 and RIP3 protein kinases leads to the recruitment and 

activation of MLKL (mixed lineage kinase domain like) (Figure 1.5). Upon its activation, 

MLKL translocates to the plasma membrane and binds with phosphoinositol phosphate (PIPs) 

molecules leading to the formation of high molecular weight pore structures, which allow the 

influx of 𝑁𝑎+ions. This leads to the increase of intracellular osmotic pressure, and 

consequently membrane rupture [137]. 
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Noteworthy, it has been found that a subset of medulloblastoma do not express caspase 8, 

leading to resistance to therapy and poor prognosis [138]. Thus, strategies to activate the 

necroptosis cell death would be of a great value for the treatment of medulloblastoma. 

Beside caspase 8, PARP1 is another key molecule that was found to function as a molecular 

switch between apoptosis and necrosis in response to TNFα. TNFα was found to activate 

PARP1, possibly through oxidative stress and DNA damage, causing ATP depletion and 

necroptosis. Apoptosis, on the other hand, blocks the activation of PARP1 through caspase- 

mediated cleavage resulting in inactivation of PARP1 and accumulation of damaged DNA 

leading to apoptotic cell death [139].  

 

• Crosstalk of TNFα-induced apoptosis and autophagy 

Autophagy plays an opposing role in cancers, where its activation would play a protective 

role or lead to programmed cell death (autophagy cell death). For instance, many 

chemotherapeutic drugs, such as TMZ and dasatinib, are inducers for autophagy leading to 

autophagic cell death. Remarkably, Apoptotic resistant glioblastoma cells were shown to be 

sensitive to autophagy-induced cell death in response to dasatinib [140]. On the other hand, 

inhibition of autophagy was shown to be an effective strategy to sensitise colorectal and 

hepatocellular cancer to chemotherapy [141, 142]. 

Autophagy is a regulated process that plays an essential role in recycling and degradation of 

cellular components through the recruitment of lysosomes. It starts with the formation of 

crescent shaped phagophore that requires the association of kinases, ULK (UNC-51-like 

kinase) and class III phosphatidylinositol 3-kinase VP34, with their regulatory factors, such 

as FIP200, Beclin-1, UVRAG, BIF1, and autophagy-related proteins (ATG) [143]. Then, 
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phosphatidylethanolamine-lipidated LC3 is incorporated for phagophore elongation and the 

formation of autophagosome. The autophagosome fuses with the lysosome forming 

autolysosome, where degradation of the cargo is carried out [143]. Caspase-dependent 

apoptosis was shown to play a role in controlling autophagy through the cleavage of 

autophagy proteins, such as Beclin-1 and ATG4D. Caspase-3 was shown to cleave ATG4D, 

which is a cysteine protease that cleaves LC3, thus activating autophagy [136]. On the other 

hand, caspase activity was shown to inhibit autophagosome formation due to caspase-

mediated cleavage of Beclin 1 [144]. 

Recent findings provided evidence connecting three major cell death pathways, apoptosis, 

necroptosis, and autophagy. These pathways can be activated in response to different stimuli 

including TNFα. Thus, the upcoming challenge, yet exciting, would be to understand how 

these interconnected pathways relate to the development of different types of cancers, as such 

understanding would provide the basis for novel therapeutic strategies.  
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Figure 1.5 The TNFα- induced programmed cell death pathways.  Upon binding of TNFα 

to its receptor, TNFR1, TNFR-associated death domain (TRADD) binds to the DD of TNFR1. 

TRADD would then recruit the adaptor proteins, receptor interacting protein 1 (RIP1), Fas-

associated death domain (FADD), and TNFR-associated factor 2 (TRAF2). FADD would 

recruit and activate procaspase-8, which will initiate the apoptotic signal. While the signal 

initiated by RIP and TRAF-2 would initiate a survival pathway through activating 

cytoplasmic inhibitor of apoptosis (cIAP). When caspases are inhibited in the cell, TNFα can 

initiate necroptosis pathway through activation and phosphorylation of RIP3 by RIP1. RIP1 

and RIP3 would then form a complex with mixed lineage kinase domain-like (MLKL) leading 

to necroptosis. Autophagy, on the other hand, can be either inhibited through caspase-

8_mediated cleavage of Beclin1 or activated through caspase-3_ mediated cleavage of 

ATG4D. 

 

 

TNFα 
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1.4 Hypotheses 

 

Hypothesis 1: The new generation of the hybrid phage vector, Phagemid-AAV, could be 

used in order to mediate the delivery of therapeutic genes into childhood brain tumour 

models through cancer-specific integrin targeting. 

 

Hypothesis 2: The Tumour Necrosis Factor (TNFα) could be an effective therapeutic gene 

for the treatment of childhood brain tumours. 

 

Hypothesis3: Combining chemotherapeutic agents with TNFα-guided PAAV delivery 

could improve gene expression and overcome cancer cell resistance to therapy, resulting in 

synergistic tumour cell killing. 
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1.5 Aims of Thesis 

In this study, I have tested Tumour Necrosis Factor (TNFα) as the therapeutic gene for the 

treatment of childhood brain tumours. TNFα cytokine has been shown to possess anti-tumour 

activity but at the same time, it has high toxicity limiting its use in the clinic due to its systemic 

toxicity. The use of TNFα has been clinically approved for the regional treatment of 

melanoma, sarcoma and hepatic tumours [145]. Further, preclinical applications of TNFα as 

a therapeutic gene showing therapeutic efficacy for melanoma and neuroendocrine tumours 

of the pancreas [85, 146]. The use of RGD4C-targeted PAAV as a selective gene delivery 

vehicle to the tumour site will ensure safe, selective and efficient gene transfer for the 

treatment of childhood brain tumours. 

The main goal of this research is to apply the concept of gene therapy for the treatment of 

paediatric brain cancer using PAAV as safe, effective and tumour selective therapeutic gene 

delivery vehicle. 

Our specific aims are: 

1) Validate the efficacy of phage-guided therapeutic gene delivery in vitro using human 

medulloblastoma (UW228, Daoy) cell lines and human primary DIPG. 

2) Test and compare the efficacy of TNF-α (transmembrane and secreted) transgene in 

inducing tumour cell death, in vitro 

3) Test the concept of combining current clinical chemotherapeutic agents with the 

PAAV-TNFα. 

4)  Investigate the efficacy of this new therapeutic strategy in vivo using SCID mice 

bearing subcutaneous human medulloblastoma as a proof of concept. 
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Chapter 2 

 

 

Materials and Methods 

2.1 Materials 

2.1.1 Cell lines 

Name Tissue origin source 

UW228 Human medulloblastoma Dr Jonathan Ham 

UCL Great Ormond street 

Institute of Child Health, UK 

Daoy Human medulloblastoma ATCC, USA 

DIPG Pontine glioma Hospital Sant Joan de Deu 

Barcelona, Spain 

Table 2.1 Cell lines used during the investigation. 

2.1.2 Pharmacological and chemical reagents 

Name Solvent Source 

Cisplatin DMSO SIGMA-ALDRICH 

Temozolomide 𝐻2𝑂 SANTA CRUZ 

Lomustine ethanol SIGMA-ALDRICH 

Vincristine sulphate 𝐻2𝑂 SIGMA-ALDRICH 

Necrostatin-1 DMSO SIGMA-ALDRICH 
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Pan caspase inhibitor Z-

VAD-FMK 

DMSO R&D SYSTEMS 

FuGENE® 6 Transfection 

Reagent 

- Promega 

Puromycin dihydrochloride 

from Streptomyces 

alboniger 

𝐻2𝑂 SIGMA-ALDRICH 

Table 2.2 Pharmacological and chemical reagents used during the investigation. 

2.1.3 Kits 

Table 2.3 Kits used during the investigation. 

 

Name Source 

Annexin V apoptosis detection kit-APC eBioscience 

Pure Link RNA mini kit Invitrogen 

GeneAmp RNA PCR core kit ThermoFisher scientific 

Polymerase Chain Reaction (PCR) purification kit Qiagen 

Gel extraction kit Qiagen 

Plasmid midi kit Qiagen 

Spin M13 kit Qiagen 

Human TNF-α ELISA MAX Standard Set BioLegend 

Caspase-Glo 8 Assay Promega 

Caspase-Glo 3/7 Assay Promega 

Caspase-Glo 9 Assay Promega 

MycoAlert mycoplasma detection kit Lonza 

DeadEnd™ Fluorometric TUNEL System Promega 
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2.1.4 Antibodies 

Primary Antibodies host species 

reactivit

y 

Application Source 

αv integrin mouse human Immunofluorescen

ce (IF) 

Abcam 

β5 integrin rabbit human IF Abcam 

β3 integrin mouse human IF Abcam 

CD31 rat mouse IF BD Pharmingen 

LC3A/B rabbit 

monoclon

al 

human, 

mouse, 

rat 

Western blot (WB) Cell signalling 

PARP  

Poly (ADP-ribose) 

polymerase 

Rabbit 

monoclon

al 

antibody 

(Ab) 

human, 

mouse, 

rat 

WB Cell signalling 

TACE rabbit human, 

monkey 

WB Cell signalling 

β-actin mouse  WB  

Anti-filamentous 

Bacteriophage 

Rabbit 
 

IF SIGMA-

ALDRICH 

Secondary Antibodies Host Species 

reactivit

y 

Application Source 

Goat anti-Mouse IgG 

(H+L) Highly Cross-

Adsorbed Alexa Fluor 

Plus 488 

Goat mouse IF invitrogen 

Goat anti-Rabbit IgG 

(H+L) Cross-Adsorbed 

Alexa Fluor 488 

 

Goat rabbit IF invitrogen 

Donkey anti-Rat IgG, 

Alexa Fluor 594 

Donkey Rat IF ThermoFisher 

scientific 

Peroxidase-conjugated 

AffiniPure Goat Anti-

Mouse IgG 

 

Goat mouse WB Jackson 

ImmunoResear

ch 

Table 2.4 Antibodies used during the investigation. 

IF= Immunofluorescence, WB= Western Blot 
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2.1.5 Plasmids 

Plasmid  Source 

pUNO1-hTNFA Contain the human TNFα 

gene 

InvivoGen 

Table 2.5 Plasmids used during the investigation. 

 

2.1.6 Oligonucleotides 

 

 

 

 

 

 

 

 

 

 

 

Oligonucleotides Sequence Source 

IL-2 signal 

peptide 

Tagged with 

BamHI and 

EcoRI 

 

5’ ATCGAGGATCCATGTACAGAAT 

GCAACTCCTGTCTTGTATTGCACTA 

AGTCTCGCACTTGTCACAAACAGTGAATTCATCGA 

3’ 

Thermo 

Scientific 

Table 2.6 Oligonucleotides used during the investigation. 
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primer name Sequence Purpose 

TNFα sense 5' CCCAGGGACCTCTCTCTAATCA 3' qRT PCR 

TNFα antisense 5' AGCTGCCCCTCAGCTTGAG 3' qRT PCR 

GAPDH sense 5' CCCCTTCATTGACCTCAACTAC 3' qRT PCR 

GAPDH antisense 5' GATGACAAGCTTCCCGTTCTC 3' qRT PCR 

sTNFα antisense 5' GGAGTAGATGAGGTACAGGCC 3' qRT PCR 

sTNFα sense 5' CGTCAGATCATCTTCTCGAACC 3' qRT PCR 

Lucia reverse SAL1 5' CGAATGAGCTATCATCTGTCCCCAGCC 3' CLONING 

Lucia forward 

ECOR1 

5' CATCGACGGTCACCATGGAAATCAAGGTG 3' CLONING 

TNF ECOR1 Forward 5' CGCTAGAATTCGACCGGCGCCTACCTGA 3' CLONING 

TNFα BAMH1 

REVERSE 

5' CGCTAGGATCCGTCTGGCCAGCTAGCTCACAG 3' CLONING 

tmTNFα 5' GCTGGCCCATCACTTTGGCAAAGAAT 3' sequencing 

Lucia 5' CTCTTATCTTCCTCCCACAGCTCCT 3' sequencing 

IL-2 (interleukin) 5’ CCATCACTTTGGCAAAGAAT 3’ sequencing 

RGD4C FORWARD 5' GAGATTTTCAACGTGAAAAAATTATTATTCGCA 3' sequencing 

RGD4C REVERSE 5' TCATAGTTAGCGTAACGATCTAAAGTTTTGTC 3' sequencing 

Puromycin  5’ ATCGCGGWCCGCTGATCTGCGCAGCA 3’ sequencing 

Table 2.7 Primer sequences used during the investigation. 
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 2.2 Methods: 

 

1.1.5 2.2.1 Cell culture work 

2.2.1.1 Maintenance of cell stocks 

Medulloblastoma cell lines (UW228 and Daoy) were cultured in D-MEM supplemented with 

10% Foetal Bovine Serum (FBS), L-glutamine (2mM), Penicillin (100 units/ml) and 

streptomycin (100µg/ml). The FBS was heat inactivated at 560𝐶 for half an hour prior to use. 

For DIPG, the cells were cultured in Tumour Stem Medium (TSM) (50% Neurobasal-A 

Medium (1X), 50% D-MEM/F12 (1X), 1% HEPES buffer solution (1M), 1% Sodium 

pyruvate MEM (100MM), 1% MEM non-essential amino acids solution 10mM (100X),1% 

Glutamax-I supplement, 1% Antibiotic-Antimycotic (100X), and 10%FBS). 

DIPG cells were cultured in TSM medium (50% Neurobasal-A medium, 50% D-MEM/F12, 

1% HEPES buffer solution, 1% sodium pyruvate MEM, 1% MEM non-essential amino acids 

solution, 1% glutamax-I. The cells were cultured in T-75 flasks and maintained in a 5% 𝐶𝑂2 

humidified cell culture incubator at 370C. The cells were passaged once they reached 80-90% 

confluence. The medium was first aspirated, and the cells were washed twice with 1X sterile 

PBS. Then the cells were detached by adding 2ml trypsin-ethylenediaminetetraacetic acid 

(Trypsin-EDTA) and incubated at 370C for 2-5 minutes. Then the trypsin was deactivated by 

adding 8ml cell culture medium and the cells were transferred into sterile falcon tube and 

centrifuged at 1000rpm for 5 minutes to pellet the cells. The cell pellet was resuspended in 

10ml culture medium and 2ml aliquot was transferred into a new flask containing 13ml of 

complete medium. The cells were regularly checked for mycoplasma contamination using the 

Myco Alert Mycoplasma detection kit (Lonza). 
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2.2.1.2 Generation of stable cells 

The cells were seeded in 6-well plates at a density of 2× 105 cells/well. At 70% confluence 

level, the cells were transfected with the following plasmids: 

-PAAV-GRP78-TNFα- 𝑝𝑢𝑟𝑜𝑅 

-PAAV-GRP78-mock-𝑝𝑢𝑟𝑜𝑅 

-PAAV-GRP78-Luc-𝑝𝑢𝑟𝑜𝑅 

-PAAV-CMV-Luc-𝑝𝑢𝑟𝑜𝑅 

The cells were washed, and the medium was replaced with Opti-MEM transfection medium. 

The transfection mixture was prepared by mixing 2µg of plasmid DNA per well and 6µl of 

FuGENE® 6 in 100µl Opti-MEM per well (Ratio of FuGENE® 6 Transfection Reagent to 

DNA is 3:1) then added to each well. The cells were incubated with the transfection mixture 

for 6-7 hours at 37 ℃ in a CO2 incubator and the medium was changed to DMEM without 

antibiotics. Two to three days post-transfection, the medium was changed and 1µg/ml of 

puromycin was added. Non-transfected cells were used as a control. The puromycin-

containing medium was replaced every three days for few weeks until all control cells are 

dead. The puromycin-resistant cells were selected and monitored under the microscope to 

form clones, which were pooled and expanded. QUANTI-Luc assay was performed to 

determine luciferase reporter expression in stable selected Luc cell population. 

 

 

 



P a g e  | 70 

 

2.2.1.3 Medulloblastoma cell transduction 

UW228 and Daoy cell cultures were trypsinised and counted using a haemocytometer. The 

cells were seeded in 96-well plate at a density of 3000 cells/well in 100µl of DMEM 

supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin streptomycin, and 

incubated at 370C in 5%𝐶𝑂2 for 48 hours until the cells are 60-80% confluent. The medium 

was prepared with a combination of vector and DEAE-dextran at various ratios (30ng DEAE-

dextran /µg of phage protein for UW228, 40 ng/µg of protein for Daoy) and incubated at room 

temperature for 15 minutes. Growth medium was removed and replaced with pre-prepared 

transduction medium containing 1% FBS with either targeted RGD4C or non-targeted (M13) 

phagemid-AAV (PAAV) carrying TNFα or lucia reporter transgene. The cells were incubated 

with the vectors for 24 hours, then the medium was changed. 

 

2.2.1.4 QUANTI-Luc luminescence assay 

The cells were seeded in 96-well plate and transduced with PAAV-Luc vectors. The secretion 

of Lucia protein from transduced cells into the culture medium was monitored daily. The 

Lucia protein was measured by pipetting 10µl of sample supernatant from each well into 96-

well white plate to 25µl of QUANTI-Luc assay solution. The medium was changed daily after 

Lucia measurement. The luminescence was measured using Promega GloMax Navigator. 

 

2.2.1.5 Sulphorhodamine B (SRB) assay 

The cells were washed 2X with 1X PBS and fixed overnight at 4𝑜𝐶 with a final concentration 

of 10% TCA in serum free medium. The next day, the plates were washed with slow running 
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tap water and left to dry at room temperature. Then they were stained with 100µl of 0.4% 

SRB for 30 minutes with orbital shaking. The unbound SRB was washed 4X with 1% acetic 

acid and the plates were allowed to dry at room temperature. The bounded SRB was dissolved 

in 150µl of 10mM Tris pH 10.5 and left on a shaking platform to completely dissolve the 

SRB. The absorbance was read at 490nm. 

 

2.2.1.6 Caspase assay 

Caspase activity of the cells transduced with PAAV-tmTNFα or PAAV-sTNFα was measured 

using caspase 3/7, caspase 8, and caspase 9 Assay kit (Promega). At days six or seven post 

transduction, 50µl of culture medium was removed and replaced by 50µl of caspase-Glo 

reagent (to reach a final volume of 100µl). Then the plate was incubated in the dark while 

shaking for 1hr. The luminescence was measured using Promega GloMax Navigator. 

 

2.2.1.7 Quantitative Real-Time PCR (qRT-PCR) 

The cells were collected in TRIZOL reagent (Ambion life technologies, Ref. 15596026) and 

total RNA was isolated using PureLink RNA mini kit (Ambion by life technologies, cat. No. 

12183018A). The purified RNA was treated with DNase I (Invitrogen by life technologies 

Ref. 1808-015). 2µg of RNA diluted in DEPC (diethylpyrocarbonate)-treated water to reach 

16µl then 2µl of each 10X DNase I enzyme and DNase buffer were added and incubated at 

room temperature for 12 minutes. Next, 2µl EDTA was added to each sample and heat 

inactivated at 65℃ for 10 minutes to stop the DNase activity.  
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DNase treated RNA samples were then set as a template for reverse transcription and cDNA 

was synthesised using GeneAmp RNA PCR core kit (Applied Biosystems, Ref.N8080143). 

QRT-PCR was performed using the following primers: 

TNFα: sense, 5′CCCAGGGACCTCTCTCTAATCA;  

antisense, 5′AGCTGCCCCTCAGCTTGAG; 

GAPDH: sense, 5′-CCCCTTCATTGACCTCAACTAC; 

 antisense, 5′GATGACAAGCTTCCCGTTCTC 

  

SYBR green universal PCR master mix (Applied Biosystems), and an ABI 7900 real-time 

PCR instrument (Applied Biosystems). The comparative 𝐶𝑡 method (Δ𝐶𝑡 ) was used for 

quantification of gene expression using GAPDH as a reference gene, and ΔΔ𝐶𝑡 value was 

calculated against reference sample (RNA extracted from non-transduced cells/ transduced 

with the non-targeted vector). The expression was calculated as 2−∆∆𝐶𝑇.  

 

2.2.1.8 Enzyme-linked immunosorbent assay (ELISA) 

The supernatant medium of transduced/treated cells was collected at different time points and 

kept at -80𝑜𝐶. Once all the time points were gathered, the samples were thawed on ice and 

the released TNFα was measured using Human TNFα ELISA kit (Biolegend) following the 

manufacturer’s protocol. Nunc Maxisorp Elisa plates were coated with capture antibody 

diluted 1:200 in coating buffer prior to running ELISA and incubated at 4℃ overnight. The 

wells were washed 5X with 200µl PBST (1X PBS with 0.05% Tween-20) and blocked with 

200µl of 10% FBS for one hour on the shaker. During the incubation, a serial dilution of the 

standard stock solution was prepared. The plates were washed 4X and 100µl of the standard 
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and samples were added to the appropriate wells then incubated for two hours with shaking. 

The plates were washed and 100µl of diluted detection antibody was added to the wells, 

incubated for one hour with shaking and washed after the incubation. Avidin-HRP solution 

was added to each well and incubated on the shaker for 30 minutes. The plates were washed 

5X and 100µl of TMB(Tetramethylbenzidine) solution was added and incubated in the dark 

for 15 minutes, the reaction was stopped by adding 100µl 𝐻2𝑆𝑂4  and the absorbance was 

measured at 450nm within 30 minutes. 

 

2.2.1.9 Integrin Immunostaining 

UW228, DAOY, and DIPG were seeded on 18 𝑚𝑚2 coverslips in 12- well plates. The 

coverslips were autoclaved, flamed, and exposed to UV light for 30 minutes. Then 5000 cells 

/200 µl were seeded on the coverslips and allowed to attach for 20 minutes. Once the cells 

were attached, 1ml of culture medium was added and the cells were grown in the incubator 

for two days prior to staining. The cells (at sub confluence) were then washed with PBS (2X) 

and fixed with 4% PFA for 15 minutes at room temperature. After fixation, the cells were 

washed 3X with PBS and treated for 5 minutes with ammonium chloride (50 mmol/L) to 

reduce autofluorescence.  The cells were washed 3X and blocked with 2% BSA (in PBS+ 

0.1% TWEEN20) for 1hr at room temperature. After blocking, the cells were incubated with 

the primary antibodies; mouse anti-𝛼𝑣, anti 𝛽3 or rabbit anti-𝛽5 integrins, diluted 1:50 in the 

blocking reagent overnight. Next, they were washed 3X with PBS/TWEEN20 and incubated 

with the secondary AlexaFluor- conjugated antibodies, diluted 1:750 with 0.5µg/ml 4’,6-

diamidino-2-phenylindole (DAPI) for one hour in the dark at room temperature. The 
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coverslips were washed 3X with PBS/TWEEN20 and mounted with prolong gold antifade 

reagent, sealed in clear nail polish and allowed to dry in the dark.  

Note: The cells were not permeabilised after fixation, to limit the staining to the cell 

membrane-bound integrins. 

This staining was performed for single subunits of the integrins and would not represent the 

heterodimers of the integrins (𝛼𝑣𝛽3 and 𝛼𝑣𝛽5). 

 

2.2.1.10 Protein extraction from cells 

Cells were washed twice with 1X PBS and lysed in RIPA (Radioimmunoprecipitation assay) 

buffer (Thermo Scientific) supplemented with protease inhibitor cocktail (Roche). The cells 

were collected in 100µl lysis buffer, scraped and transferred to Eppendorf tube then allowed 

to lyse on ice for 30 minutes. After that, the samples were centrifuged at 10,000g for 10 

minutes at 40𝐶 and the supernatants were collected and kept at −200C. 

 

2.2.1.11 Protein quantification 

Protein concentration was quantified using BCA (bicinchoninic acid assay) protein assay 

reagent kit (Pierce Biotechnology). 25µl of each sample and standard (BSA) was added to 

200µl of working reagent in 96-well plate. The plates were incubated at 370𝐶 for 30 minutes 

and the absorbance was measured at 562nm using Molecular Devices microplate reader. The 

BSA standard curve was prepared using the average corrected reading for each BSA standard 
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versus its concentration in µg/ml. The protein concentration was measured for each unknown 

sample using the standard curve. 

2.2.1.12 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

A total of 10-20 µg of sample proteins were mixed with a 4X lamelli buffer with 2-

mercaptoethanol (10%) and heated to 980C for 10 minutes. The samples were then loaded 

into each well of Bio-Rad mini protean TGX stain free Polyacrylamide gels. The gel was then 

run in 1X running buffer (Tris-Glycine/SDS) for 1-2 hours at 80 volts. 

 

2.2.1.13 Western Blot analysis 

Following gel electrophoresis, the proteins were transferred from the gel to PVDF 

membranes. The membranes were first activated with methanol for 1minute and soaked in 

transfer buffer (1-Step transfer buffer Thermo Scientific) for 10 minutes together with the 

filter paper, next the transfer was carried using Thermo Scientific Pierce Power System. Once 

transferred, the membranes were washed once with TBS-T and non-specific protein binding 

sites were blocked with blocking buffer (5%BSA in TBS-T) for 1 hour at room temperature. 

Subsequently, the membranes were incubated with the primary antibodies in blocking buffer 

overnight with rocking at 40C then washed 2X with TBS-T, 5minutes each at room 

temperature on a rocker. After washing, the membranes were incubated with horse radish 

peroxidase (HRP)-conjugated secondary antibody (diluted 1:2000) for 2 hours. The 

membrane was then washed once with TBS-T for 15 minutes, then 4X in TBS-T for 5minutes 

each. During the last wash, equal volumes of Chemiluminescent Reagent (Pierce™ ECL 

Western Blotting Substrate) were prepared and added to the membrane for 1minute. Images 
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of the protein bands were taken using a Chemiluminescent filter. The density of each band 

was quantified using Image J software and the results were normalised to beta-actin. 

 

2.2.1.14 Flow Cytometric Analysis  

Annexin V/ Propidium Iodide double staining 

The cells were seeded in 6-well plate at a density of 80× 103 cells/ well and allowed to grow 

for two days prior to treatment with 5µM cisplatin for 48 hours. Then the supernatant was 

collected, and the cells were washed with ice-cold PBS and dissociated using cell dissociation 

buffer (Gibco®Cell Dissociation Buffer, enzyme-free, PBS). The cells were then centrifuged 

at 2500rpm for 5 minutes, washed with 1X binding buffer, resuspended in 500µl binding 

buffer, stained with 5µl fluorochrome conjugated annexin V (eBioscience™ Annexin V 

Apoptosis Detection Kit APC) and incubated at room temperature for 15 minutes. This was 

followed by washing and resuspending the cells in 200µl binding buffer.  Finally, 5µl of 

Propidium Iodide staining solution was added and the results were analysed by flow cytometer 

(Becton Dickinson FACSCalibur). 

 

2.2.2 DNA cloning 

2.2.2.1 Restriction Enzyme digestion 

Plasmid digestion was performed according to the manufacturer’s instructions (New England 

Biolabs, NEB). In the digestion reaction, three units of the restriction enzymes were used per 

1µg of DNA, 1X reaction buffer, 1% Bovine Serum Albumin (BSA, NEB), and the 
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appropriate volume of 𝐻2𝑂. The temperature, incubation time for the digestion and heat 

inactivation varied depending on the enzymes being used in the reaction mixture and 

according to the manufacturer’s recommendations. The digested DNA was then analysed on 

1% agarose gel. 

 

2.2.2.2 Dephosphorylation of DNA fragments: 

The 5’ and 3’ ends of the digested DNA were dephosphorylated using recombinant shrimp 

alkaline phosphatase (rSAP, NEB). Two units of rSAP were added to the digestion reaction 

and digested for 2hrs at37𝑜𝐶, followed by heat deactivation at 65𝑜C for 20 minutes. 

 

2.2.2.3 Agarose gel electrophoresis: 

Agarose gel was prepared (1% and 2% agarose) in 1X TAE buffer and heated in the 

microwave for 2 minutes to allow the agarose to dissolve completely. The agarose solution 

was then allowed to cool and 1X SYBR safe DNA stain (Invitrogen™ S33102) was added. 

The agarose solution was then poured into a casting tray and allowed to solidify at room 

temperature. The gel was then placed in the gel box containing 1X TAE buffer. The DNA 

samples were prepared by adding 1X loading dye (Fisher scientific). DNA ladder (Fisher 

scientific) was loaded in one lane along with the samples to determine the DNA fragment 

size. Electrophoresis was set at 80-100V for about 60-90 minutes. The DNA bands were then 

visualised under the UV using the UVP Bio Doc-It imaging system. If purification of the 

DNA fragment was required, the bands were visualised using Pearl Blue Light 
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Transilluminator (Pearl biotech) and the DNA bands of the required molecular weight were 

cut.  The DNA was then extracted from the gel using QIAquick gel extraction kit (QIAGEN).  

 

2.2.2.4 DNA ligation: 

The ligation reaction was performed using one of the followings: 

1) Quick ligase (New England Biolabs): the reaction was set up as follow: 10µl of 2X Quick 

ligase buffer, 50ng of vector DNA, and 37.5ng of insert DNA, nuclease-free water to 20µl 

and 1µl of Quick ligase. The reaction was mixed with gentle pipetting and incubated at 25℃ 

for 5 minutes followed by chilling directly on ice. Then bacteria transformation was carried 

out.  

2)T4 ligase (New England Biolabs): the reaction was set up as follow: 2µl of 10X T4 ligase 

buffer, 50ng of vector DNA, and 37.5ng of insert DNA, nuclease-free water to 20µl and 1µl 

of T4 DNA ligase. The reaction mixture was then incubated at 16℃ overnight or at 25℃ for 

2 hr. Then, it was incubated at 65℃ for 10 minutes and chilled on ice. 

 

2.2.2.5 Transformation of Competent Bacteria: 

NEB 5-alpha competent E.coli cells were thawed on ice for 30 minutes, then either the ligation 

reaction mixture or plasmid DNA (1pg-100ng) added to 100µl of E.coli cells and incubated 

on ice for 30 minutes. Next, heat shock at 42℃ for 30 seconds and the mixture was then placed 

back on ice for 5minutes. After that, 300µl of SOC medium at room temperature was added 

to the mixture and placed in the shaker at 37℃ for 45 minutes at 180rpm. The bacteria were 
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then concentrated by spinning briefly at low speed to pellet the bacteria and remove 200µl of 

the supernatant. Finally, the bacteria were spread on 2xYT agar plate containing appropriate 

antibiotics and incubated overnight at37℃. 

 

2.2.2.6 Standard Polymerase Chain Reaction: 

The PCR was performed using Q5 High-Fidelity DNA Polymerase (New England Biolabs) 

and the reaction mixture was prepared as follow: 5µl of 5X Q5 reaction buffer, 0.5µl of 10mM 

dNTPs, 1.25µl of 10µM of each forward and reverse primers, 100-200ng of template DNA 

plasmid, 0.25µl of Q5 High-Fidelity DNA polymerase, 5µl of 5X Q5 High GC Enhancer and 

nuclease-free water up to 25µl. Then the tubes were placed in the PCR machine and the 

condition was set as follows: 

- First stage (1X) of initial denaturation at 95℃ for 1minute. 

- Second stage (35X): 95℃ for 15 seconds 

             60℃ for 20 seconds 

(Vary according to the melting temperature 55ᵒ −    72ᵒC) 

             72℃ for 30 seconds 

-Third stage (1X) of 72℃ for 1minute followed by 4℃ on hold. 

PCR products were then analysed using gel electrophoresis. 
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2.2.3 Virus and Vector Production 

2.2.3.1 PAAV preparation: 

The plasmid was first transformed into TG1 (mix and go) and allowed to grow overnight in 

2XYT containing 100µg/ml ampicillin at 37℃ with shaking at 250rpm. An aliquot of 1ml 

starter culture was incubated in 100ml 2XYT with ampicillin and allowed to grow in the same 

condition until optical density reaches mid-log phase (𝐴600 is between 0.4-0.8). The culture 

was then split into two flasks and 10µl of helper phage was added then incubated at 37℃ with 

shaking at 180rpm for 45 minutes. Next, this was transferred to 400-450 ml of 2XYT broth 

containing 50µg/ml of kanamycin and 100µg/ml Ampicillin and incubated in the incubator 

shaker at 200rpm for 18hrs at 37℃. 

 

2.2.3.2 PAAV purification: 

The overnight cultures were centrifuged at 4,000g for 30 minutes at 4℃. Next, the supernatant 

was collected in a new sterile bottle and the bacteria pellet was discarded. Then 20-30% of 

the supernatant volume of Polyethylene-glycol/Sodium chloride (PEG/NaCl: 168g of PEG 

MW8000 with 196.46g NaCl dissolved in 800mL dd𝐻2𝑂) was added and allowed to 

precipitate on ice in the cold room overnight. The next day, the mixture was centrifuged at 

4℃ for 30 minutes at 10,000g and the supernatant was discarded. The pellet was resuspended 

in 15mL Phosphate buffered saline (PBS) and PEG/NaCl was added (20-30% of the volume) 

to allow the virus to precipitate for 2 hours on ice. After the incubation, the mixture was 

centrifuged again for 30 minutes at 10,000g and the supernatant was discarded. The pellet 

was resuspended in 1mL PBS and left overnight at 4℃ to dissolve completely. The virus was 
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further purified by spinning using a bench top centrifuge at 13,000rpm for 10 minutes and the 

supernatant was collected. Finally, the PAAV solution was filtered through 0.45µm low 

protein binding PVDF filter prior to titration and kept at 4℃. 

 

2.2.3.3 PAAV titration: 

Naïve TG1 was grown in 2xYT broth to reach 𝑂𝐷600 between 0.4-0.8. PAAV stocks were 

diluted serially in 1X PBS starting from 1:1000 (103) dilution up to1011. Then 5µl of the 

1010and 1011 PAAV dilutions were used to infect 500µl TG1 and incubated at 37℃ for 30 

minutes. A volume of 100µl of the infected TG1 were then plated in duplicates onto 2xYT 

agar plates containing 100µg/ml Ampicillin as well as agar plates containing 50µg/ml 

kanamycin (to check for helper phage contamination). The agar plates were then incubated at 

37℃ overnight, the colonies were counted and the PAAV titers were calculated from the 

Ampicillin plates as bacterial transducing units per µl (TU/µl). The colonies on the kanamycin 

plates represent contaminated helper phage, which titer should to be less than 10% of the 

PAAV titers on the ampicillin plates. 

The protein concentration of the PAAV stock was measured using Nanodrop and represented 

as mg/mL unit. 
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Figure 2.1 Construction of PAAV-CMV-tmTNFα plasmid 
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Figure 2.3 Construction of PAAV-CMV-sTNFα 

Figure 2.3. Construction of PAAV-CMV-IL2-sTNFα plasmid  
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Figure 2.4. Construction of PAAV-GRP78-Luc-𝑷𝒖𝒓𝒐𝑅 and PAAV-CMV-Luc-𝑷𝒖𝒓𝒐𝑹 
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2.2.3.4 PCR for targeted peptide display: 

The phage vector was first diluted in PBS (1:100) then the DNA was extracted using QIAprep 

Spin M13 Kit (QIAGEN). PCR for the phage RGD4C sequence was performed using the 

following primers: 

Forward: 5’ GAGATTTTCAACGTGAAAAAATTATTATTCGCA 3’ 

Reverse: 5’ TCATAGTTAGCGTAACGATCTAAAGTTTTGTC 3’ 

Q5 High-Fidelity DNA Polymerase (New England Biolabs) was used in 25µl reaction and the 

following setup was used:  

- First stage (1X) of initial denaturation at 98℃ for 30 seconds. 

- Second stage (25X): 98℃ for 10 seconds 

             60℃ for 20 seconds  

             72℃ for 10 seconds 

-Third stage (1X) of 72℃ for 1minute followed by 4℃ on hold. 

PCR products were then run in 2% agarose gel and analysed using gel electrophoresis. 

Illustration of the PCR is shown in Figure 2.5. 
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Figure 2.5. Illustration of PCR for the targeting peptide gene. A) The primers design for 

the detection of targeted (contain the RGD4C sequence) and non-targeted (lack the RGD4C 

sequence). B) Gel electrophoresis for the PCR product, the peptide containing the RGD4C is 

~200bp while the non-targeted is ~173bp. 
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2.2.4 In Vivo work 

2.2.4.1 Generation of stable tumour cells expressing GFP-Luc for in vivo 

monitoring of tumour growth and response to therapy: 

Daoy cells were seeded at 3× 104/well in 24-wells plate. The next day, the cells were 60-70% 

confluent and the medium was changed to 500µl culture medium containing 8µg/µl polybrene 

and lentivirus vector (CMV-GFP-T2A-Luciferase) at ≈10 MOI (Multiplicity of Infection). 

Then the plate was centrifuged at 37℃ for 90 minutes at 2000rpm and incubated overnight in 

the cell incubator. The next day, the cells were washed 3X with DMEM culture medium. The 

culture medium was changed every 3 days and GFP expression was monitored with a 

fluorescent microscope. Replication competent assay (RCA) was performed on HEK293 cells 

(to ensure no virus activity is detected anymore in the supernatant) by adding culture medium 

supernatant from transduced Daoy to HEK293 cells and GFP expression was monitored by a 

fluorescent microscope at day 4-7 (no GFP expression should be detected in HEK293). Daoy 

cells were expanded to T75 flask to be ready for sorting. The cells were trypsinised and 

resuspended in sort buffer (1X PBS, 1mM EDTA, 25mM HEPES pH7.0, 1% FCS- filtered) 

and sorted by MRC-BRC-IC Flow Cytometry Facility. As the cell sorting wasn’t performed 

in sterile conditions, the cells were maintained in DMEM culture medium with Antibiotic-

Antimycotic (1X) as well as Penicillin and Streptomycin.  
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2.2.4.2 Subcutaneous inoculation of cells: 

Daoy-CMV-GFP-Luc cells (80-90% confluent) were trypsinised and the cell pellet was 

washed once with PBS followed by a second wash with serum-free DMEM (no additives). 

The cells were counted and resuspended in serum-free DMEM to obtain 15× 106 cells/ 200µl. 

To establish tumour in mice, 15 × 106 cells were injected subcutaneously into the right flank 

of 5-7 weeks old female SCID mice (20-25 grams) using 29-gage needle. 

 

2.2.4.3 Vector Homing: 

The tumours were allowed to grow to reach ~200𝑚𝑚3. Then either non-targeted (M13) or 

targeted (RGD4C) PAAV-CMV-tmTNFα (5 × 1010 TU/mouse in saline) was injected 

intravenously (IV) into the tail vein and re-administered three days later with the same dose. 

The vector injection procedure was carried while the mice were anesthetised by 2% isoflurane 

and 98% oxygen inhalation. At day five after initial PAAV administration, the mice were 

killed, and organs of interest were collected, snap-frozen in liquid nitrogen and kept at -80℃ 

for long term storage. 

 

2.2.4.4 Haematoxylin and Eosin staining: 

Tumours and healthy tissues were collected from each mouse and mounted in optimal cutting 

temperature compound (O.C.T compound), snap frozen in ethanol and dry ice and kept at 

−80°𝐶. The frozen tissues were sectioned into 6-7µm and the slides were kept in -20℃.  
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The tissue sections were first fixed in 95% ethanol for 10 minutes, rinsed in tap water with 2-

3 changes and stained with Haematoxylin for 5minutes followed by 5 minutes wash in running 

tap water, then sections were stained with eosin for 5 minutes and washed in running tap 

water. Finally, the sections were dehydrated in 70% ethanol, 90% ethanol, 100% ethanol, and 

cleared through two changes of xylene and mounted in DPX mounting medium. The slides 

were left to dry in a fume hood for 24hrs.  

 

2.2.4.5 Fluorescent staining of frozen sections: 

The sections were warmed at room temperature for 2minutes, then fixed in ice-cold acetone 

for 10 minutes and washed 3X with PBST (0.1% PBSTween-20) for 5 minutes each. The 

sections were then outlined with hydrophobic marker and blocked with 5% goat serum in 1% 

BSA in PBST for one hour at room temperature. The excess blocking reagent was gently 

knocked out of the slides and the primary antibodies, CD31 (1:50) and phage (1:500), were 

added in PBST containing 2% goat serum. The sections were incubated with the primary 

antibodies for two days in a humidified container at 4℃. After the incubation, they were 

washed with PBST 3X for 5 minutes each and stained with the secondary antibodies 

AlexaFluor 488 goat anti-rabbit and AlexaFluor 594 donkey anti-rat (1:500) as well as DAPI 

(1:3000) in 2% goat serum for one hour in the dark at room temperature. Next, the samples 

were washed 3X for 5minutes each and mounted with Prolong gold antifade reagent, sealed 

in clear nail polish and allowed to dry in the dark. 
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 2.2.4.6 Fluorometric Terminal deoxynucleotidyl transferase dUTP nick 

end labelling (TUNEL) assay: 

The assay was carried out using DeadEnd Fluorometric TUNEL System (Promega). Briefly, 

the sections were fixed in 4% paraformaldehyde (in PBS) for 15 minutes, then washed twice 

with PBS for five minutes each. Next, they were permeabilised with 20µg/ml proteinase K 

solution for 9 minutes and washed with PBS for 5 minutes. Then, the sections were re-fixed 

for 5 minutes, washed with PBS, and equilibrated at room temperature for 10 minutes with 

equilibration buffer. Tissue sections were then labelled with TdT reaction mix for 60 minutes 

at 37℃ in a humidified chamber. The reaction was stopped by immersing the slides in 2X 

SSC for 15 minutes. This was followed by 3X wash and counterstained with 1μg/ml DAPI 

for 15 minutes and washed. Finally, the sections were washed and mounted with Prolong 

antifade reagent, sealed in clear nail polish and air dried in the dark. 

 

2.2.5 Statistical analysis: 

Statistical analyses were performed using IBM SPSS statistics 23. Data were presented as 

mean± standard error of the mean (SEM). P values were generated by the student t-test and 

ANOVA for normally distributed data, and Mann-Whitney and Kruskal-Wallis as non-

parametric tests. The P values were considered significant when <0.05 and represented as 

follows: *p<0.05, **p≤0.01, ***p≤0.001. 
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Chapter 3 

 

Characterisation of medulloblastoma and DIPG in vitro 

 

3.1 Introduction 

In vitro cell culture studies have always been valuable tools in the study of tumour biology 

for testing biological hypotheses and enhancing/developing therapeutic strategies. In order to 

maintain high standards for our in vitro model, we used UW228 and Daoy as they are the 

most common and well established medulloblastoma cell lines [147]. Although they both 

belong to the Shh group, these two cell lines represent good models for this study as they both 

originate from paediatric brain tumours. DIPG cell lines are not commercially available and 

the in vitro studies are very limited due to the mortality/ morbidity risk that might be 

associated with biopsies and autopsies. Recently, few groups have succeeded in taking 

biopsies with minimum morbidity and thus further understanding of this aggressive disease 

has increased. The primary DIPG cells used in this study were kindly provided from Hospital 

Sant Joan de Deu Barcelona. 

Expression of integrins plays a major role in tumour progression and survival through 

mediating angiogenesis, promoting tumour growth and invasion through activation of 

signalling pathways [148]. Moreover, they manipulate the tumour microenvironment by 

providing vascular support through angiogenesis. Indeed, Integrin 𝛼𝑣𝛽3 has been shown to be 

selectively overexpressed in angiogenic blood vessels while barely detectable on the normal 
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quiescent blood vessels [149]. These roles of the α/β integrin receptors make them good 

candidate for targeting the tumour environment. The RGD peptides are well known to have a 

high affinity and selectivity for 𝛼𝑣 integrins [150]. Noteworthy, phage-guided gene delivery 

displaying cyclic RGD4C (CDCRGDCFC) has been demonstrated as a successful and 

efficient gene delivery vehicle to tumours via systemic administration [83, 151].  

 Thus, RGD4C ligand-mediated gene delivery is the strategy of choice in this study, we used 

phagemid-AAV that is genetically engineered to express the cyclic RGD4C ligand on the pIII 

minor coat protein to selectively target the tumour environment (tumour vascular endothelium 

and tumour cells) through binding to 𝛼𝑣  integrin receptors. Many approaches have been 

focusing on improving viral vectors for targeting cancer gene therapy in order to overcome 

the main challenges for the success of this strategy that include the appropriate delivery and 

selectivity to the target tumour cells, as well as the viral native tropism for mammalian cells 

[69, 70].  Thus, a hybrid model was constructed by combining two single stranded DNA 

viruses; adeno-associated virus (AAV) and bacteriophage virus M13. The hybrid virus is 

called adeno-associated virus/phage (AAVP) [83]. This hybrid vector was further improved 

by The Phage Therapy lab using a phagemid system instead of phage vectors, Phagemid-AAV 

(PAAV). The use of phagemid has potential advantages over AAVP vector. Production of 

PAAV provides higher viral titer than AAVP. Furthermore, PAAV can accommodate larger 

DNA sequence due to their smaller genome [88]. 

Different strategies have been used to enhance the selectivity and efficacy of gene therapy. 

Combination therapy has always been the strategy for the treatment of cancer to avoid drug 

resistance and enhance the treatment efficacy. The use of chemotherapeutic agents in 

combination with gene therapy can enhance treatment effect either through increasing gene 

expression via transcriptional regulation of promoters or through an additive effect along with 
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the therapeutic gene. Cisplatin, vincristine, temozolomide, and lomustine are anticancer drugs 

that are being used for the treatment of brain tumours. Cisplatin, temozolomide, and lomustine 

are alkylating agents causing damage to the DNA, while vincristine exerts its effect through 

binding directly to tubulin and thus inhibiting mitosis [152]. Cisplatin has been shown to 

induce transgene transcription through promotor induction, where Egr1 promotor- ligated 

TNFα was constructed in adenoviral vector to deliver the cDNA in human eosophageal 

adenocarcinoma and a rat colon adenocarcinoma models [153]. Temozolomide was also 

shown by our group to enhance gene expression through activation of the GRP78 promoter 

in glioblastoma cell lines. Vincristine, on the other hand, was shown to enhance adenoviral 

oncolysis in non-small cell lung cancer [154]. 

In this chapter, we aimed to characterise medulloblastoma and DIPG cells in vitro. 

1) Analyse the expression of 𝛼𝑣, 𝛽3, 𝑎𝑛𝑑 𝛽5 integrins. 

2) Validate the efficacy of phage-guided gene delivery to tumour cells by using the 

reporter gene, Lucia. 

3) Test the toxicity of commonly used chemotherapeutic agents for brain tumours in 

these cell models. 
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3.2 Results 

3.2.1 Integrin expression in medulloblastoma and DIPG cells 

Different human cancer cell lines have been shown to express different levels of 𝛼𝑣 and β 

integrins, which was correlated to the level of metastasis [94]. In order to characterise the 

medulloblastoma cell lines (UW228 and DAOY) and DIPG and test their suitability for 

targeted gene therapy by RGD4C/PAAV, the expression of 𝛼𝑣, 𝛽3, and 𝛽5 was confirmed by 

immunofluorescent staining. As shown in Figure 3.1, UW228 medulloblastoma cell line 

expresses all three integrin subunits. On the other hand, Daoy and DIPG cells show good 

expression of 𝛼𝑣  and 𝛽5 but low levels of 𝛽3.  
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Figure3.1. Immunofluorescent staining of UW228, Daoy, and DIPG cells for 𝜶𝒗, 𝜷𝟑, and 

𝜷𝟓 integrins. The cells were seeded on coverslips, fixed and stained with the primary rabbit 

anti- of 𝛼𝑣, 𝛽3, or 𝛽5 antibodies  ( diluted 1:50 in 2% BSA in PBS tween) for 1hr. Cells were 

then washed and stained with anti-rabbit AlexaFluor-488 secondary antibody and 0.5µg/ml 

DAPI. The control is stained with DAPI and secondary antibody alone. The images were 

taken with a confocal microscope using 65x objective. Scale bar= 25µm. 
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3.2.2. Optimisation of cell transduction by RGD4C/PAAV using vectors carrying the 

Lucia reporter gene 

The secreted luciferase derived from marine bioluminescent organisms, Gaussia princeps, has 

been well established for its use in research. The use of this luciferase is advantages over the 

commonly used firefly luciferase as cell lysis is not required allowing repeated analysis on 

the same cell population and thus allowing more complex experiments with lower technical 

errors. Further, secreted luciferase was shown to be more stable in living cells and generate a 

1000-fold higher bioluminescent signal compared to the firefly luciferase [155, 156]. 

Thus, the efficiency of the targeted vector (RGD4C-PAAV) for gene transduction was 

measured using the Lucia secreted luciferase reporter gene (PAAV-Luc). Secreted luciferase 

in the cell culture medium was measured daily starting from day 2 post vector transduction 

(Figure 3.2). Medulloblastoma cells were transduced with1 × 106 𝑇𝑈/𝑐𝑒𝑙𝑙, and the 

transduction efficiency was enhanced with different concentrations of DEAE dextran. Two 

concentrations of PAAV were tested in DIPG, 1 × 106 𝑇𝑈/𝑐𝑒𝑙𝑙 and2 × 106 𝑇𝑈/𝑐𝑒𝑙𝑙. There 

was no non-specific uptake of vector in cells treated with the control (non-targeted PAAV-

Luc).  The transduction efficiency was enhanced with DEAE dextran for medulloblastoma 

cell lines and DIPG as shown in figure 3.2 and 3.3, respectively.  These data indicate that 

RGD4C/PAAV shows significant efficiency of gene delivery with specificity to 

medulloblastoma and DIPG cells. 
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Figure 3.2. Transduction of UW228, Daoy cells by RGD4C/PAAV-Luc. The cells were 

seeded in 96-well plate and grown to 60-70% confluence then transduced with targeted 

PAAV-Luc (RGD4C) or non-targeted PAAV-Luc control (M13) with different concentrations 

of DEAE dextran (Dex ng/phage protein). Secreted luciferase was measured in the 

supernatant daily starting from day 2 after transduction. The Y-axis represents the relative 
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luciferase activity. Results are shown as mean±SEM of triplicate wells. The experiment was 

repeated twice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Transduction of DIPG by RGD4C/PAAV-Luc. The cells were seeded in 96-

well plate and grown to 60-70% confluence then transduced with targeted PAAV-Luc 

(RGD4C or non-targeted PAAV-Luc control (M13) at two different vector doses of 1x106 or 

2x106 TU/cell with different concentrations of DEAE dextran. Secreted luciferase was 

measured in the supernatant daily starting from day 2 after transduction. The Y-axis represents 

the relative luciferase activity.  Results are shown as mean±SEM of triplicate wells. The 

experiment was repeated twice, N=4. 
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3.2.3 Chemotherapeutic agents cytotoxicity 

The cytotoxicity of cisplatin, temozolomide, lomustine, and vincristine, was assessed on 

UW228, Daoy, and DIPG. The tumour cells were treated with increasing concentrations of 

the chemotherapeutic agents for 72hrs and compared to non-treated cells. All the tumour cells 

were sensitive to cisplatin and vincristine. The lomustine effect on cell killing was obtained 

at IC50 values higher than 60µM. All the cells show high resistance to temozolomide as 

shown in figure 3.4 and figure 3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Effect of Cisplatin, lomustine, temozolomide, and vincristine on DIPG. DIPG 

cells were incubated with increasing concentrations of different drugs. Cell viability was 

assessed using SRB assay after 3 days. Absorbance was read at 490 nm. Data represent the 

mean± SEM obtained from triplicate wells.  
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Figure 3.5. Effect of Cisplatin, lomustine, temozolomide, and vincristine on 

medulloblastoma cell lines (UW228 and Daoy). The cells were incubated with increasing 

concentrations of different drugs. Cell viability was assessed using SRB assay after 3 days. 

Absorbance was read at 490 nm. Data represent the mean± SEM obtained from triplicate 

wells.  

 

 

 

3.3 Discussion 

The search for the ideal brain cancer treatment is very challenging as the current therapeutic 

strategies result in either unfavourable side effects for the survivors or no curative results as 

in the case of DIPG. The field of gene therapy has long been studied to achieve the aim of 

developing high efficiency and low toxicity to deliver therapeutic genetic material to the 

tumour site. The experiments in this chapter were performed to characterise and establish the 

model cell lines for further investigation applying gene therapy using the RGD4C- targeted 

PAAV vector. The RGD4C ligand displayed on helper phage for the construction of targeted 

phagemid-AAV has been established by our group. Two paediatric medulloblastoma, UW228 

and Daoy, and paediatric glioma (DIPG) cells were used as in vitro models for transduction 

with RGD4C/PAAV. First, integrin expression was confirmed by immunofluorescent staining 

using antibodies for 𝛼𝑣, 𝛽3, 𝑎𝑛𝑑 𝛽5 integrin subunits. Next, gene delivery efficacy was 

assessed using RGD4C/PAAV carrying a luciferase reporter transgene to be delivered and 

expressed in transduced cells. Although our data show varied gene expression among different 

cells, this seems to be correlated to the level of integrin expression. Different concentrations 

of DEAE dextran were used to enhance the transduction efficiency with optimum specificity 

[157]. The data indicate that RGD4C/PAAV shows good efficacy with specificity to 

medulloblastoma and DIPG cells. 

We further characterised the cells by assessing their sensitivity to different anticancer drugs 

that are commonly used for the treatment of brain cancer, and in order to use them in our 
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studies in combination treatment with RGD4C/PAAV guided gene therapy. As cisplatin is 

shown to be the most effective drug for all the cell models, we chose this drug as the most 

suitable candidate to be combined with gene therapy. Cisplatin has been shown to activate 

different promoters, such as CMV and Egr1 [111, 153], which further support the theory that 

combination of cisplatin and gene therapy would result in more enhanced cell killing 

compared to the effect either one alone. 

In conclusion, medulloblastoma and DIPG cells were characterised and will be used in this 

study as models for combination therapy with RGD4C/PAAV and cisplatin. 
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Chapter 4 

 

 

RGD4C/PAAV mediates efficient targeted delivery of 

TNFα to DIPG cells, subsequently resulting in tumour 

cell killing  

 

 

 

4.1 Introduction: 

Diffuse intrinsic pontine glioma (DIPG) is the most aggressive paediatric brain tumour arising 

exclusively in children and exhibiting a very poor survival of only 6-10% beyond two years. 

Due to its diffusing nature and its sensitive location in the brainstem, surgical removal is not 

feasible and there is no effective treatment for this type of cancer [158, 159]. The current 

standard treatment for DIPG is radiotherapy, which is not showing any success, as all children 

relapse afterwards, even in combination with radio-sensitizers [160]. Many clinical trials have 

tested the effect of chemotherapy in combination with conventional radiotherapy, yet no 

improvement on increasing the overall survival even when combining high doses of 

chemotherapeutic drugs. This resistance to chemotherapy is due to the intact blood-brain 

barrier [161] as well as the anatomical location of DIPG in the pons making it more difficult 

for any drug to reach the tumour [162]. To overcome this issue, a clinical trial has used the 

convection-enhanced delivery (CED) to deliver the chemotherapeutic agent, topotecan, for 

the treatment of DIPG in two children. In this pilot study, both patients died after treatment 
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although initially there was a reduction in the tumour size [163]. CED is a technique that 

directs the local delivery of chemotherapeutic drugs to the brain tumours, directly, through 

sustained flow. This technique has been used lately in clinical trials to overcome the blood-

brain barrier obstacle to drug delivery [66]. 

It is clear that there is an unmet need for DIPG treatment and development of effective 

therapeutic approaches against DIPG is urgently needed. Targeted therapy for DIPG is 

promising due to the diffusing DIPG and its sensitive location. In an attempt to target DIPG 

tumours, an ongoing clinical trial is applying the concept of targeted radiation through 

labelling a radioactive substance,124I, with 8H9 antibody, which is known to bind selectively 

to cancer cells while sparing the healthy brain cells (clinicaltrials.gov ID NCT01502917) 

[164]. Other candidates to target brain tumours, as suggested by our group (Hajitou’s lab) and 

showed high selectivity in glioblastoma, are the integrins 𝛼𝑣𝛽3 and 𝛼𝑣𝛽5  through the binding 

of RGD-derived peptides as discussed in chapter 3. In fact, RGD targeting DIPG is currently 

being used in an ongoing phase I clinical trial (clinicaltrials.gov ID NCT03178032) using 

DNX2401 as reviewed in chapter 1. Among thirty ongoing clinical trials for DIPG, the 

majority are focused on testing different chemotherapeutic agents and radiotherapy. However, 

various other treatments which showed efficacy in tumour therapy including brain tumours 

have not been tested. For instance, TNFα is an inflammatory cytokine known for its broad 

anticancer activity against various tumour types by mediating apoptosis, necrosis, and 

immune cell activation. Depending on the cell context, it can also induce cell proliferation 

and angiogenesis [165]. Its anti-tumour activity has been studied in many solid tumours 

including colon cancer, oesophageal adenocarcinoma, melanoma, pancreatic cancer and many 

others [166-168]. Yet, the efficacy as a therapeutic agent was very limited due to its significant 

toxicities when administered systemically. This systemic toxicity has restricted the clinical 
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use of TNFα as a therapeutic agent in the form of isolated limb perfusion (ILP) to avoid limb 

amputation for soft tissue sarcoma, melanoma and other non-operable tumours  [145, 169]. 

An attractive advantage of using TNFα in cancer therapy is its ability to work synergistically 

with chemotherapeutic drugs in vivo through targeting the tumour vasculature to disrupt the 

VE-cadherins and subsequently increase the penetration of the chemotherapeutic agents into 

the tumour environment [170]. Consequently, efforts to overcome the limitation of systemic 

toxicity are worthwhile to enhance the safety and therapeutic efficacy of TNFα. One strategy 

to decrease TNFα toxicity and yet retain its anti-tumour activity was reported by making a 

mutant form of TNFα. This mutated TNFα was further targeted to the tumour environment 

by using the RGD peptide and resulted in enhanced efficacy of the chemotherapeutic agents 

in hepatoma and sarcoma allografts [171]. 

 In this study, we used the tumour targeted RGD4C/PAAV to target the delivery of TNFα to 

DIPG in vitro. The display of the RGD4C on the phage capsid should ensure safer, selective 

and efficient gene transfer to DIPG. A drawback in the development of DIPG treatment is the 

limited in vitro studies because of the availability of human tissue is limited, restricting the 

understanding of this devastating type of brain cancer. Thus, investigation of anticancer 

treatments other than chemotherapeutic drugs and radiotherapy, have been limited due to the 

lack of in vitro models. Therefore, we investigated the therapeutic effect of two forms of 

TNFα, transmembrane (tmTNFα) and secreted (sTNFα), against DIPG in vitro. In order to 

understand the mechanism of cell death induced by TNFα, we studied the viability and 

apoptotic activity in response to transduction by RGD4C/PAAV carrying two different forms 

of TNFα, tmTNFα and sTNFα. The apoptotic activity was determined by measuring the 

activity of caspase3/7, caspase 8, and caspase 9. 
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Finally, the effect of the chemotherapeutic agent, cisplatin, was tested in combination with 

the RGD4C/PAAV-TNFα. Thus, in addition to the conventional CMV promoter, we used the 

tumour-activated and chemotherapy inducible promoter of the Grp78. The Lucia reporter 

gene under the control of GRP78 and CMV promoters was used for quantitative analysis of 

gene expression following cisplatin treatment. 

 

 4.2 Results 

 

4.2.1 Transduction of DIPG with PAAV carrying either transmembrane tmTNFα or 

secreted sTNFα transgene 

Transmembrane TNFα and secreted TNFα transgenes were cloned into the RGD4C/PAAV 

vector to generate RGD4C/PAAV-tmTNFα and RGD4C/PAAV-sTNFα constructs 

respectively, followed by the production of targeted (RGD4C) and non-targeted 

(M13/control) viral particles. DIPG cells were transduced and cell viability was measured at 

day 7 post-transduction. The transduction efficiency was further enhanced by using 40ng/µg 

of phage protein DEAE dextran complex. DIPG cells showed a better response to 

RGD4C/PAAV-sTNFα in inducing cell death compared to RGD4C/PAAV-tmTNFα, where 

the former shows about 50% cell death on day 7 compared to only 20% cell death that was 

induced by the transmembrane form as shown in figure 4.1. Together, these data suggest that 

secreted TNFα is a more effective candidate for the TNFα treatment of DIPG. 
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4.2.2 Gene delivery and TNFα expression after DIPG transduction with RGD4C/PAAV 

To gain insight into the differences in DIPG cell killing between tmTNFα and sTNFα, 

RGD4C/PAAV-mediated gene delivery of TNFα was evaluated by measuring mRNA levels 

after transduction. Both forms of TNFα were expressed in the transduced cells with high 

specificity as the non-targeted (M13) vector showed negligible mRNA expression of TNFα 

compared to the targeted PAAV (RGD4C) as shown in figure 4.2A. Importantly, at the protein 

level, ELISA analysis showed that transduction with the RGD4C/PAAV-tmTNFα did not lead 

to secretion of TNFα in the medium (figure 4.2.). Although transduction with both forms 

showed TNFα expression at the mRNA level, only the secreted form of TNFα could be 

detected at the protein level. These findings further confirm that the transduction of the 

transgene was efficient and suggest that the inefficiency of inducing cell death by the 

transmembrane form is either due to the lack of soluble secreted TNFα or to lack of protein 

translation. As the release of sTNFα from the initial membrane-bound form requires the 

enzymatic activity or the expression of TNFα converting enzyme (TACE). TACE enzyme 

expression was measured by western blot and compared with other types of paediatric brain 

tumour cells (medulloblastoma). As shown in figure 4.3, DIPG expresses TACE enzyme 4-

fold lower than that in UW228 and 2-fold lower than Daoy cells. 
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Figure 4.1. Cell killing efficacy of RGD4C-sTNFα and RGD4C-tmTNFα in DIPG. DIPG 

cells were transduced with targeted RGD4C/PAAV (RGD4C) or non-targeted (M13) carrying 

either secreted (sTNFα) or transmembrane (tmTNFα) transgene. The cells were seeded in 96-

well plate. Two days later, the cells were transduced with 2 × 106 TU/cell with 40ng/µg of 

protein DEAE dextran complex. The viability was measured with sulforhodamine B (SRB) 

assay. Statistical significance was determined by student’s t-test. Data are represented as 

mean±SEM. N=3 and the experiment was repeated 3 times. *P≤ 0.05, **P≤0.01. Scale 

bar=100µm 
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Figure 4.2. Expression of TNFα after transduction with RGD4C/PAAV-sTNFα and 

RGD4C/PAAV-tmTNFα. DIPG cells were seeded in 6-well plate and transduced with 

RGD4C and M13 carrying either secreted or transmembrane form of TNFα transgene. A) 

RNA was extracted and expression of TNFα was determined by qRT-PCR. B) The 

supernatant was collected and TNFα in the supernatant was determined by ELISA. Data are 

represented as mean±SEM, n=3. **P≤0.01 ***P≤0.001. Statistical significance was 

determined by student’s t-test. The experiment was repeated twice. N=3. 
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Figure 4.3 Characterisation of TACE expression level in paediatric brain tumour cells. 

A) Equal amount of cell lysates from medulloblastoma (UW228 and Daoy) and DIPG were 

analysed by western blot by using antibodies to TACE and β-actin as a loading control. B) 

The intensity of TACE protein bands were measured by ImageJ and normalised to β-actin 

intensity. The data were collected from three independent samples and presented as 

mean±SEM. N=3. 
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4.2.3 Secreted TNFα induces apoptotic cell death in DIPG: 

To determine the mechanism of RGD4C/PAAV-sTNFα – induced DIPG cell death, the cells 

were transduced with 2 × 106𝑇𝑈/𝑐𝑒𝑙𝑙 RGD4C/PAAV-sTNFα, then annexinV/PI double 

staining was performed at day 4 post transduction using flow cytometry. This double staining 

can distinguish between three populations of live, apoptotic and necrotic cells. As shown in 

figure 4.4, the cells treated with the targeted PAAV (RGD4C-sTNFα) showed the yield of a 

significant population in the upper right quadrant (which reflects late terminal apoptotic stage) 

compared to the control. To further investigate the mechanism of cell death induced by TNFα, 

the activities of caspase3/7, caspase 8, and caspase 9 were measured after the transduction 

(figure 4.5). Both forms of TNFα, tmTNFα and sTNFα, showed an increase in caspase 

activities in a similar manner suggesting the involvement of another mechanism, as the 

transmembrane form does induce a low level of cell death. 

Poly(ADP-ribose) polymerase-1 (PARP-1) is a well-known enzyme that is involved in DNA 

repair. During caspase-dependent apoptosis, caspase 3 is known to catalyse the cleavage of 

the mature PARP-1 (116kDa) resulting in 89kDa and 24kDa fragments and consequently 

PARP-1 inactivation [172]. However, in sTNFα-induced apoptosis in DIPG, PARP-1 shows 

a decreased signal of the mature/uncleaved protein at day 5 post-transduction (figure 4.6). 

Furthermore, PARP-1 was not cleaved as no cleavage products were detected; these findings 

demonstrate that the cell death pathway is through caspases-independent apoptosis. Given 

that the cell death was a late apoptotic event (Figure 4.4 C) and PARP-1 was not cleaved due 

to the lack of 89kDa fragment, the RGD4C/PAAV-sTNFα – induced cell death is caspase-

independent. 
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Figure 4.4. Transduction of DIPG with RGD4C/PAAV-sTNFα induces apoptosis. DIPG 

cells were seeded in 6-well plate and allowed to grow for two days, then transduced with 

PAAV-sTNFα. At Day 4, apoptosis was assessed by AnnexinV/PI and FACS. B) The 

apoptotic ( the early and late apoptosis are combined) and necrotic proportions are shown in 

bar graphs. C) Shows the percentage of early apoptotic cell death (PI/Annexin V+) and late 

apoptotic cell death (PI+/Annexin V+). Data are represented as mean±SEM. **P≤0.01 
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***P≤0.001. Statistical significance was determined by student’s t-test. N=3 and the 

experiment was repeated twice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Transduction of DIPG with RGD4C/PAAV-TNFα increases caspase activity. 

DIPG cells were seeded in 96-well plate and allowed to grow to reach a confluency level of 
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60-70%. The cells were transduced with PAAV-mock, PAAV-sTNFα, or PAAV-tmTNFα 

vectors. Caspase 3/7, caspase8, and caspase9 activities were measured using caspase Glo 

assay at day 6 after transduction. Data are represented as mean±SEM. **P≤0.01 ***P≤0.001. 

Statistical significance was determined by Kruskal-Wallis non-parametric test. N=3 and the 

experiment was repeated twice. 

 

 

 

 

 

 

 

 

 

Combination therapy with RGD4C-sTNFα vector with cisplatin enhance cell death: 
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Figure 4.6. Effect of PAAV-sTNFα on PARP-1 expression. DIPG cells were seeded in 6-

well plate and allowed to grow for two days, then transduced with PAAV-sTNFα. On Day 5, 

the cells were lysed and western blot analysis was carried out for PARP-1 protein. Data were 

collected in quadruplicates from two independent experiments and represented as 

mean±SEM. **P≤0.01. Statistical significance was determined by t-test.  

 

4.2.4 Combination therapy of RGD4C/PAAV-sTNFα vector with cisplatin enhances cell 

death: 

As a strategy to enhance the therapeutic efficiency of RGD4C/PAAV-sTNFα-mediated DIPG 

cell killing, I investigated the effect of cisplatin in combination with RGD4C/PAAV vector. 

Two different promoters were used, GRP78 and CMV, to control the transcription of the 

sTNFα transgene, as our group has demonstrated that chemotherapeutic drugs can enhance 

gene delivery from phage vectors. Our data showed enhanced tumour cell killing effect when 

combining cisplatin with RGD4C/PAAV-GRP78-sTNFα, while the effect in combination 

with RGD4C/PAAV-CMV-sTNFα wasn’t prominent. To understand the mechanism of this 

combinational effect, we combined cisplatin with PAAV vectors carrying the reporter Lucia 

gene to evaluate transgene expression in the presence of cisplatin. Interestingly, both CMV 

and GRP78 promoters were activated by cisplatin (figure 4.7) as there were significant 

increases in luciferase activity after addition of cisplatin. 
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Figure 4.7. Addition of cisplatin enhances transduction with PAAV. DIPG cells were 

transduced with PAAV-Luc (A) or PAAV-sTNFα(B), then three days after transduction 

cisplatin was added to reach a final concentration of 10µM.A) At day 6 luciferase was 

measured. B) At day 7 after transduction, the cells were fixed and viability was assessed using 

SRB assay. Data are represented as mean±SEM. **P≤0.01 ***P≤0.001. Statistical 

significance was determined by ANOVA. The experiment was repeated twice. N=3. 
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4.3 Discussion 

 

Despite the efforts of clinical trials, in the last decades, to find an effective treatment against 

DIPG, patients’ survival has not improved. This is due to the lack of experimental models in 

vitro, which has limited the understanding of this disease. 

The effectiveness of bacteriophage derived vectors for gene delivery to mammalian cells has 

been investigated for the treatment of many cancer models. Indeed, preclinical cancer models 

treated intravenously with targeted RGD4C/AAVP carrying the herpes simplex virus type-I 

thymidine kinase (HSV-tk) gene resulted in tumour suppression in bladder carcinoma, prostate 

carcinoma, and mammary tumour mouse models[83]. Furthermore, RGD4C/AAVP carrying 

the TNFα cytokine showed high efficacy and safety when administered intravenously to pet 

dogs with naturally occurring cancer [173].  

The assessment of the new generation of bacteriophage, PAAV, in targetting and delivering 

a therapeutic transgene in DIPG in vitro is the main aim of this study. Since RGD4C peptide 

has been shown to target tumour and tumour vasculature sparing the healthy tissues in small 

and large animals, this suggests a safe model for future in vivo applications. Here we 

demonstrated the high efficiency of RGD4C/PAAV to deliver TNFα transgene to DIPG cell 

model. These cells express the 𝛼𝑣, 𝛽3, and 𝛽5 integrin subunits, which their dimerisation is 

required for RGD4C binding. DIPG cells transduced with RGD4C/PAAV-TNFα showed high 

expression of TNFα at the mRNA level, the non-targeted (M13),  PAAV-TNFα was used as 

a control, showed no mRNA expression. 

TNFα cytokine was used as a therapeutic gene to be delivered by the targeted PAAV. At first, 

the transmembrane TNFα (tmTNFα) gene was cloned into PAAV and tested for its therapeutic 

effect on DIPG cells. Although the mRNA analyses showed that tmTNFα transgene was 
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efficiently delivered, yet the cell death was minimum and the release of the secreted form was 

below the detectable level indicating the lack of proteolytic cleavage of the membrane-bound 

or the lack of protein expression. Since the release of sTNFα requires the proteolytic cleavage 

of the transmembrane isoform (tmTNFα) by TNFα-converting enzyme (TACE; ADAM-17), 

to verify the expression of TACE in these cells further helped to understand the DIPG 

resistance to PAAV-tmTNFα. The expression of TACE in DIPG was compared to 

medulloblastoma cell lines that demonstrated TACE activity through the release of sTNFα ( 

as shown in the next chapter), and showed a significantly lower TACE expression. These 

findings raised the question of what would be the role of sTNFα and whether it would play 

an anti-tumour activity. Thus, PAAV-sTNFα was generated in order to deliver and 

subsequently produce a solely secretable form of TNFα. Interestingly, sTNFα dramatically 

induced cell death in DIPG suggesting that it is a good candidate for DIPG therapy. 

Although TNFα- induced cell death has been shown in many studies on different tumour 

models through the induction of necrosis, programmed necrosis (necroptosis) or apoptosis 

[174-176], the mechanism by which TNFα- induced cell death in DIPG has to be investigated. 

To define the type of TNFα-induced cell death, the cells were double stained with annexinV 

and propidium iodide (PI), which showed that apoptosis was the main process of cell death.  

The involvement of caspases after transduction with PAAV-tmTNFα and PAAV-sTNFα as 

determined by caspase 3/7, caspase 8, and caspase 9 activity assays may suggest apoptotic 

cell death. Yet, there was not a correlation between the level of cell death and caspase activity, 

as both PAAV-sTNFα and PAAV-tmTNFα showed similar caspase activity but the latter did 

not show significant cell death, suggesting that caspase-dependent apoptosis might not be the 

main cell death pathway. This might suggest the overexpression of IAPs (inhibitor of 

apoptosis proteins), resulting in the interference with the caspase activity in these cells. As a 
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matter of fact, high grade gliomas were shown to express high level of IAPs leading to 

resistance to the therapeutic agent TMZ [238]. Moreover, PARP-1 was not cleaved in 

response to PAAV-sTNFα treatment, which further confirms that despite the activity of 

caspases, the mechanism of cell death is caspases independent. Interestingly, the uncleaved 

PARP-1 showed significantly lower protein level, suggesting that the treatment either reduced 

the expression of PARP or induced the degradation of this enzyme. Thus, further future 

investigation of PARP-1-mediated cell death will help to understand the mechanism of cell 

death. To further define the mechanism of cell death, PAAV-sTNFα_ transduced DIPG were 

double stained with AnnexinV and propidium iodide (PI). AnnexinV/PI showed that the main 

mechanism was apoptotic cell death, suggesting caspases-independent apoptosis. 

Cisplatin is a common chemotherapeutic drug used for the treatment of paediatric brain 

cancer. As with other chemotherapeutic drugs and radiotherapy, its use is limited by high 

toxicity. Thus, we sought to enhance the efficacy of cisplatin while reducing its dose/toxicity 

through combination with PAAV-sTNFα -targeted gene therapy. One way by which TNFα 

can enhance the efficacy of cisplatin is through targeting cisplatin to the tumour site. Indeed, 

TNFα has been reported to increase the permeability of the tumour vasculature through VE-

cadherin disruption [170]. On the other hand, Cisplatin has been reported to enhance gene 

expression through activation of CMV and Egr1 promoters [177, 178]. Here, I have shown 

the activating effect of cisplatin on both CMV and GRP78 promoters in DIPG. This effect was 

shown using Lucia reporter gene and sTNFα under the control of GRP78 and CMV promoters. 

Thus, the effect of cisplatin on CMV promoter in DIPG was in agreement with other reports. 

More interestingly, for the first time, we showed that GRP78 promoter can be activated by 

cisplatin resulting in higher cell death when combined with sTNFα. 
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In Summary, I showed that RGD4C/PAAV is a suitable vector for delivering therapeutic 

genes for the treatment of DIPG. The secreted form of TNFα was efficient in inducing cell 

death in DIPG through mechanisms independent of caspases. Combination of cisplatin 

chemotherapeutic agent with RGD4C/PAAV-sTNFα showed a higher effect when GRP78 

promoter was used to lead transgene expression through cisplatin-induced GRP78 promoter 

activity. 
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Chapter 5 

 

 

Combination treatment of PAAV-delivered TNFα with 

cisplatin in medulloblastoma in vitro 

 

 

 

5.1 Introduction 

Medulloblastoma is the most common paediatric brain tumour that originates from cerebellum 

stem cells. It accounts for 15-20% of paediatric brain cancer and is the leading cause of 

cancer- related death in children. The current therapeutic treatment for medulloblastoma 

include surgical resection of the tumour, chemotherapy, and radiotherapy for older children 

[179, 180]. Children with medulloblastoma have 60-70% 5-year survival rate, which 

decreases to less than 50% in patients with disseminated disease, and 30-40% for patients 

experiencing tumour recurrence [181]. Although the current therapeutic strategy is 

advantageous for older children, younger children and children with disseminated disease 

have a very high morbidity rate. Moreover, due to the aggressiveness of existing treatment, 

the survivors suffer from life-long side effects. Thus, novel non-invasive and safer therapeutic 

strategies are needed to reduce the toxicity and enhance therapeutic efficacy. 

Cancer gene therapy has been a promising strategy to target therapeutic gene delivery to the 

tumour environment. Bacteriophage-based vectors have shown promise as tools for targeted 

and efficient gene delivery in prostate and breast cancers, soft tissue sarcomas, gliomas, and 
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pancreatic cancer [83, 85, 87, 182]. These studies used the first generation of the hybrid 

bacteriophage AAV/phage (AAVP), which was targeted by a specific RGD4C motif 

expressed on the bacteriophage capsid to specifically target tumours while sparing the normal 

tissues through targeting 𝛼𝑣𝛽3 𝑎𝑛𝑑 𝛼𝑣𝛽5 as reviewed in chapter 1. Indeed, many studies target 

these integrins for the treatment of cancer. The integrin inhibitor, cilengitide, has been tested 

in clinical trials and has improved the overall survival of patients with solid tumours such 

as glioblastoma [183, 184]. Another strategy to deliver targeted gene therapy to cancer 

cells, is through transcriptional targeting. This can be achieved by placing therapeutic 

transgenes under the control of cancer-specific promoters such as GRP78 [69, 101]. The 

use of promoters, such as CMV promoter, has been well characterised for transgene 

expression in a constitutively active form. Although it lacks the selectivity to cancer cells 

and can be silenced by eukaryotic cells, it has high transcriptional activity compared to the 

inducible GRP78 promoter, thus it is a good candidate especially for in vitro studies and 

its activity can be induced by radiotherapy and cisplatin [111]. Chemotherapy-induced 

gene therapy is a developing therapeutic strategy to improve the therapeutic index of 

currently used compounds for cancer treatment as well as minimising toxicity of 

chemotherapeutic drugs by reducing the administered dose.  

TNFα cytokine has been reported for its anticancer activity in different types of cancer. It 

is known for its induction of necrosis in certain tumour types while apoptosis in others. It 

has also been involved in activating autophagy that can either antagonise with apoptosis or 

mediates apoptosis as in trophoblastic cells [185]. Despite these properties, Its clinical use 

has been limited to regional perfusion due to its high systemic toxicity and short half-life 

[145]. To overcome this limitation, we aimed to apply targeted gene delivery of TNFα as 

a solution to overcome the short half-life of this cytokine and its systemic toxicity.  
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Thus, the main aim of this chapter is to assess the efficacy of RGD4C/PAAV-guided TNFα 

gene delivery in medulloblastoma. The specific aims are: 

1) Test and compare between the efficacy of transmembrane and secreted TNF-α in 

inducing death of medulloblastoma cells.  

2) Test combination of the current clinical chemotherapeutic agent, cisplatin, with the 

RGD4C/PAAV-TNFα. 

3) Investigate the mechanism of RGD4C/PAAV-TNFα-induced cell death in 

combination with cisplatin. 
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5.2 Results 

 

5.2.1. Induction of cell death in medulloblastoma cells treated with RGD4C/PAAV 

carrying either the transmembrane tmTNFα or secreted sTNFα transgene: 

To investigate the therapeutic effect of TNFα in medulloblastoma as well as the transduction 

efficacy in delivering the therapeutic gene, targeted PAAV (RGD4C/PAAV) was used to 

deliver two different forms of TNFα, sTNFα and tmTNFα. Medulloblastoma cells, Daoy and 

UW228, were transduced with targeted (RGD4C) or non-targeted (M13) PAAV-CMV-sTNFα 

and PAAV-CMV-tmTNFα carrying secreted sTNFα or transmembrane tmTNFα, respectively. 

The expression of TNFα transgene is under the control of cytomegalovirus promoter (CMV) 

as it is constitutively active. RGD4C/PAAV-CMV-tmTNFα induced significant cell death in 

both medulloblastoma cell lines. On the other hand, RGD4C/PAAV-CMV-sTNFα induced 

significant cell death in UW228 but was less efficient against the Daoy cells (Figure 5.1). As 

it has been previously reported that tmTNFα may exert less side effects than sTNFα in vivo 

[186]. Since tmTNFα shows anti-tumour activity in both medulloblastoma cell lines, we chose 

the transmembrane tmTNFα as the therapeutic TNFα candidate to use in successive 

experiment against medulloblastoma. 
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Figure 5.1. Targeted TNFα gene delivery to paediatric medulloblastoma using 

RGD4C/PAAV. UW228 and Daoy cells were grown on multi well-plates, then transduced 

with RGD4C/PAAV vector carrying either sTNFα or tmTNFα transgenes. Untreated cells or 

cells treated with the non-targeted vector (M13) were used as negative controls. Cell viability 

was measured at day 6 after transduction using sulphorhodamine B assay and images of the 

cells transduced with PAAV-tmTNFα were taken using a 20X objective. Data are represented 

as mean±SEM. **P≤0.01, *** P≤0.001. All the data were repeated twice. Scale bar=100µm 
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5.2.2 Gene delivery and TNFα expression in medulloblastoma cells following treatment 

with PAAV: 

To evaluate TNFα gene delivery and expression in medulloblastoma cells by PAAV 

transduction as well as selectivity of targeted delivery, the non-targeted M13/ PAAV-CMV-

tmTNFα was used as control and the targeted RGD4C/PAAV-CMV-tmTNFα was used to 

deliver the therapeutic tmTNFα transgene. Cells transduced with M13/ PAAV-CMV-tmTNFα 

exhibited undetectable levels of mRNA TNFα expression in Daoy or negligible levels in 

UW228 as determined by the real-time PCR (Figure 5.2 A). Importantly, high levels of 

mRNA were obtained in both UW228 and Daoy cells transduced with the RGD4C/PAAV-

CMV-tmTNFα. The relative expression of TNFα in transduced cells was further confirmed by 

ELISA. TNFα released in the cell culture medium after RGD4C/PAAV-CMV-tmTNFα 

transduction was detected on day six at approximately 30pg/ml for Daoy and approximately 

100pg/ml for UW228 (Figure 5.2B). 

In order to determine whether RGD4C/PAAV-CMV-tmTNFα –mediated cell death through 

caspase-dependent apoptosis, the activation of apoptotic pathway was assessed by 

determining caspase-8, caspase-9 and caspase-3/7 enzymatic activities in Daoy and UW228 

cells transduced with RGD4C/PAAV-CMV-tmTNFα and compared to M13 and 

RGD4C/PAAV vector control. We found that the RGD4C/PAAV-CMV-tmTNFα vector did 

not increase the levels of caspase8, caspase-9, and caspase-3/7 activities when compared to 

controls (Figure 5.3). 

To further investigate in the mechanism of PAAV-tmTNFα –induced cell death, I sought to 

select and establish stable medulloblastoma cell lines expressing tmTNFα gene. 
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Figure 5.2. Expression of TNFα after PAAV-tmTNFα transduction. (A) UW228 and 

Daoy cells were seeded in 6-well plate and transduced with 1 × 106 TU/cell with DEAE 

dextran complex then RNA was extracted and expression of TNFα was determined by qRT-

PCR. (B) UW228 and Daoy were seeded in 96-well plate and transduced with 1 × 106 

TU/cell with DEAE dextran complex, the supernatant was collected day 6 and TNFα was 

determined by ELISA. Data are represented as mean±SEM. All experiments were repeated 

twice. Shown are data from a representative experiment. 
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Figure 5.3. Caspase activity in response to transduction of medulloblastoma cells with 

PAAV-tmTNFα. UW228 and Daoy cells were seeded in 96-well plate and allowed to grow 

to reach a confluency level of 60-70%. The cells were transduced with non-targeted (M13) 

and targeted (RGD4C) PAAV-tmTNFα. Caspase 3/7, caspase8, and caspase9 activities were 

measured using caspase Glo assay at day 6 after transduction. Data are represented as 

mean±SEM. All experiments were repeated twice. Shown are data from a representative 

experiment. N=3 
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5.2.3 Cisplatin treatment of paediatric medulloblastoma cells enhances transgene 

expression from PAAV vectors: 

Cisplatin (CDDP) is a commonly used chemotherapeutic agent for the treatment of 

medulloblastoma and is part of chemotherapy regimen to improve the overall survival [187, 

188]. Herein, we aimed to investigate the effect of low concentration of cisplatin in 

combination with PAAV-TNFα gene therapy. First, we sought to investigate the effect of 

cisplatin in inducing the CMV as well as GRP78 promoters. These two promoters have been 

shown to be induced by chemotherapeutic drugs. In in vivo study, it was reported that cisplatin 

significantly induced the CMV promoter leading to upregulation of GFP transgene expression 

in fibrosarcoma and mammary carcinoma in tumour bearing mice [111]. On the other hand, 

GRP78 promoter has been shown by Hajitou’s group to be activated by temozolomide in 

glioblastoma models (under revision for publication).  

To test the effect of cisplatin on CMV and GRP78 promoters, firstly UW228 and Daoy cells 

were transduced with RGD4C/PAAV-GRP78-Luc-𝑃𝑢𝑟𝑜𝑅 or RGD4C/PAAV-CMV-Luc-

𝑃𝑢𝑟𝑜𝑅 carrying the Luciferase reporter gene (Luc) and selected with Puromycin to obtain 

stably luciferase expressing cells. The cells were then treated with 5µM and 10µM cisplatin 

and Lucia was measured after 24hrs and 48hrs. Cisplatin treated Daoy-CMV-Luc and Daoy-

GRP78-Luc significantly increased the expression of Lucia, where the former showed ~2X 

increase at 24hrs and ~3.5X increase at 48hrs with 10µM cisplatin, while the latter showed 

~1.5 X increase at 24hrs and about ~2.4X increase at 48hrs with 10µM CDDP. These results 

were further confirmed with cisplatin-treated UW228-CMV-Luc and UW228-GRP78-Luc. 

UW228-CMV-Luc treated with 10µM CDDP showed ~1.5X increase in Lucia expression after 

48hrs of CDDP treatment, while UW228-GRP78-Luc showed ~1.5X and ~1.6X increase in 

Lucia expression at 24hrs and 48hrs, respectively (Figure 5.4). 
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Figure 5.4. Addition of cisplatin enhances transgene expression under the control of 

CMV and GRP78 promoter. UW228 and Daoy cells were transfected with PAAV-GRP78-

Luc-𝑃𝑢𝑟𝑜𝑅 or PAAV-CMV-Luc-𝑃𝑢𝑟𝑜𝑅 and selected with puromycin. The cells were seeded 

in 96-well plate and then treated with cisplatin. Released luciferase was measured 24hrs and 

48hrs after cisplatin treatment. Then, the cells were fixed and viability was assessed using 

SRB assay and the data were normalised to the percentage of viable cells. Data are represented 

as mean±SEM. *P≤0.05, **P≤0.01, ***P≤0.001. Statistical significance was determined by 

factorial ANOVA with Tukeys post hoc test.  All experiments were repeated twice. Shown are 

data from a representative experiment. N=4 
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5.2.4 Combination treatment with Cisplatin and PAAV-TNFα:  

Having shown that GRP78 promoter significantly induced the expression of reporter 

transgene in the presence of cisplatin in UW228 and Daoy medulloblastoma cells, we sought 

to investigate the effect of combining the therapeutic TNFα gene with a low concentration of 

cisplatin. Thus, UW228 were stably transduced with PAAV-GRP78-TNFα-𝑃𝑢𝑟𝑜𝑅 and 

selected with puromycin, as a control UW228 were stably transduced with PAAV-GRP78-

mock-𝑃𝑢𝑟𝑜𝑅 and selected with puromycin. Although both promoters, CMV and GRP78, were 

induced by cisplatin, selection with CMV promoter is not applicable due to its strong and 

constitutive activity resulting in death of the selected cells.  

UW228-GRP78-TNFα were treated with 1µM and 5µM of cisplatin, then the cell viability 

was measured with SRB assay at 16hrs, 24hrs, 48hrs and 72hrs post treatment. UW228-

GRP78-TNFα in combination with 1µM and 5µM CDDP showed higher cell killing compared 

to cisplatin or TNFα alone (Figure 5.5 A). TNFα production was also tested in UW228-

GRP78-TNFα 72hrs following exposure to 1µM and 5µM cisplatin using ELISA. No TNFα 

protein was determined using the control UW228- GRP78-mock-𝑃𝑢𝑟𝑜𝑅. By contrast, a 

significant increase of the TNFα protein was detected in UW228-GRP78-TNFα when treated 

with cisplatin (Figure 5.5 B). This combined treatment of UW228-GRP78-TNFα with 1µM 

and 5µM cisplatin showed ~5- and ~12-fold increase in TNFα protein expression, respectively. 
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Figure 5.5. Combination therapy of TNFα cytokine with cisplatin. Medulloblastoma cells 

carrying GRP78-TNFα transgene were seeded in 6-well plate and allowed to grow for two 

days, then treated with 1 µM or 5µM of cisplatin. A) The viability was measured at 16hrs, 

24hrs, 48hrs and 72hrs using SRB assay. B) TNFα expression was measured with ELISA. 

Data are represented as mean±SEM. N=3 and the experiment was repeated twice. 

*P≤0.05,**P≤0.01,***P≤0.001. Statistical significance was determined by student’s t-test. 
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5.2.5 Potential involvement of necroptosis in cisplatin-induced TNFα in 

Medulloblastoma: 

 Previous studies have reported that the ability of cancer cells to escape caspase-dependent 

apoptosis would trigger necroptosis as an alternative programmed cell death[189, 190]. 

Moreover, necrotic cell death was induced in fibrosarcoma and colon cancer tissue in response 

to TNFα treatment[189, 191]. Thus, we sought to investigate the mechanism of cell death 

triggered by TNFα-induced cisplatin in UW228 cells.  

The finding that TNFα-induced cell death in medulloblastoma is caspase-independent 

(Figure5.3) suggests the ability of these cells to escape caspase-dependent apoptosis. First, 

the involvement of necroptosis incidence was assessed using necrostatin-1, a specific inhibitor 

for necroptosis. UW228-GRP78-TNFα were treated with 5µM cisplatin with or without 20µM 

necrostatin-1 and the viability was measured with SRB assay. Necrostatin-1 completely 

inhibited Cisplatin-induced TNFα cell death without affecting the level of cell death induced 

by cisplatin alone (Figure 5.6). The necrotic cell death was further confirmed by dual staining 

of AnnexinV and propidium iodide (PI) (Figure 5.7). Cisplatin alone and in combination with 

TNFα induced apoptotic cell death, which was not inhibited with necrostatin-1. On the other 

hand, necrotic cell death was ~3-fold higher in the combined treatment, and this effect was 

inhibited by necrostatin-1 (Figure 5.7).  

Caspase-independent cell death has been linked to poly (ADP -ribose) polymerase-1 (PARP-

1) hyperactivation [192]. PARP-1 activation would subsequently lead to DNA damage-

induced necrotic cell death due to ATP depletion [193]. Thus, as a hallmark of cell death, 

PARP-1 cleavage was investigated by western blot analysis.  As shown in Figure 5.8, PARP-

1 was cleaved in response to cisplatin treatment to produce an 89-kDa fragment. The level of 
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cleaved PARP-1 was further increased in cisplatin-treated UW228-GRP78-TNFα. The 

cleavage of PARP-1 into an 89-kDa fragment is a hallmark of caspase-dependent apoptotic 

cell death [139, 194].  These results indicate that combination of cisplatin with TNFα cytokine 

gene therapy results in apoptotic and caspase-independent programmed cell death that are 

responsible for enhancing the cell killing effect of this combination therapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Figure 5.6. Effect of necrostatin-1 in cisplatin-induced TNFα-dependent cell death. 

UW228-GRP78-TNFα were seeded in 6-well plate and allowed to grow for two days, then 

treated with 5µM cisplatin with or without 20µM necrostatin-1. Data are represented as 

mean±SEM. ***P≤0.001. Statistical significance was determined by factorial ANOVA. The 

experiment was repeated twice. Shown are data from a representative experiment. N=3 
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Figure 5.7. Induction of necrosis in cisplatin-treated UW228-GRP78-TNFα (dual 

staining with Annexin V and propidium Iodide (PI)). UW228-GRP78-TNFα were treated 

with 5µM CDDP with or without 20µM necrostatin-1 for 72hrs. AnnexinV+/PI-: early 

apoptosis; AnnexinV+/PI+: late apoptosis; AnnexinV-/PI+: necrosis. Data are represented as 

mean±SEM. **P≤0.01. Statistical significance was determined by factorial ANOVA with 

Tukey's post hoc test. The experiment was repeated twice. Shown are data from a 

representative experiment. N=3 
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Figure 5.8. Western blot analysis of PARP-1. UW228-GRP78-TNFα was treated with 5µM 

CDDP for 72hrs. Data are represented as mean±SEM. *P≤0.05. Statistical significance was 

determined by t-test. The experiment was repeated twice. Shown are data from a 

representative experiment. N=3 
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5.2.6 The role of autophagy in cisplatin-induced TNFα combination therapy in 

Medulloblastoma: 

TNFα has been implicated in activation of autophagy, which can either play a protective role 

as in colorectal cancer or sensitise the cells to apoptosis as it was reported in prostate cancer 

[195, 196]. Thus, I investigated the effect of autophagy inhibition on cisplatin-enhanced 

TNFα- induced cell death in medulloblastoma. UW228-GRP78-TNFα and UW228-GRP78-

mock (control) were treated with 5µM cisplatin with or without 100nM Bafilomycin-A1, a 

well-known inhibitor of autophagy. UW228-GRP78-TNFα treated with Bafilomycin-A1 

showed a significant increase in cell death compared to untreated UW228-GRP78-TNFα or 

Bafilomycin-A1 treated UW228-GRP78-mock. Bafilomycin-A1 showed a similar effect in 

cisplatin-treated UW228-GRP78-TNFα as it significantly augmented the level of cell death 

compared with cisplatin-treated UW228-GRP78-TNFα (without Bafilomycin-A1 treatment) 

as shown in Figure 5.9 A&B.  Subsequently, autophagy induction was investigated in 

response to combination treatment of cisplatin with TNFα gene therapy. Bafilomycin-A1 

inhibited autophagy through the interference of autophagosome-lysosome fusion resulting in 

the accumulation of autophagosomes, which can be seen by the accumulation of LC3-II 

protein [197]. Western blot analysis was carried out to measure the autophagic flux in 

response combination treatment. UW228-GRP78-TNFα alone or treated with cisplatin 

showed increased accumulation of LC3-II compared to control cells (Figure 5.10). LC3II 

protein accumulation was measured in the presence of Bafilomycin-A1 protease inhibitor. 

The autophagic flux was measured in three different ways as shown in figure 5.10. It has been 

suggested by Mizushima et al that the ratio of LC3I and LC3II might not be appropriate as 

LC3II is more sensitive and more easily detected by western blot compared to LC3I [197]. 

Thus figure 5.10B represent the most reliable data and, therefore, there was significant 
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autophagic flux in response to the combinational therapy. These data indicate that TNFα- 

induced autophagy in UW228 has a protective role and thus inhibiting autophagy would 

further enhance cell death. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Figure 5.9. Effect of autophagy induction in UW228-GRP78-TNFα treated with CDDP. 

UW228 were treated with 5µM CDDP for 72hrs with or without 100nM Bafilomycin-A1 for 

24hrs. The cell viability was measured with SRB assay (B). C & D) Western blot analysis of 

LC3. Graph data are represented as mean±SEM, N=3. ***P≤0.001. Statistical significance 

was determined by ANOVA. The experiment was repeated twice. Scale bar=100µm 
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Figure 5.10. Induction of autophagy UW228-GRP78-TNFα treated with CDDP. UW228 

were treated with 5µM CDDP for 72hrs with or without 100nM Bafilomycin-A1 for 24hrs 

and autophagy activation was assessed by western blot analysis (A). Quantification and 

statistics are represented in three different ways; LC3II normalised to β-actin (B), LC3II/LC3I 

without normalising to β-actin (C), and LC3II/LC3I normalised to β-actin. The experiment 
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was repeated twice. Graph data are represented as mean±SEM, N=3. **P≤0.01, n.s= not 

significant. 

 

5.3 Discussion: 

 

The search for the ideal brain treatment against medulloblastoma is definitely required as the 

current therapeutic strategies result in a life long unfavourable side effects. Therefore, the 

development of new less toxic and targeted therapeutic strategies that can be tolerated by 

children with medulloblastoma are needed.  The field of gene therapy has long been studied 

with the aim of developing high efficiency and low toxicity by delivering foreign therapeutic 

genetic material to the tumour site. Herein, I used the tumour-targeted RGD4C/PAAV to 

deliver TNFα, as a therapeutic gene. As shown in the previous chapter, targeted 

RGD4C/PAAV showed high efficacy in delivering TNFα gene to DIPG brain cancer model. 

TNFα has been shown to exert antitumour activity in many tumour models such as glioma, 

colon cancer, and pancreatic cancer [85, 189, 198]. On the other hand, other reports have 

shown an opposing effect of TNFα inducing tumour growth in other cancer models such as 

melanoma [199]. Whether TNFα exerts tumour regression or progression, it seems to be 

dependent on the tumour type and the form of TNFα,  soluble or transmembrane, all of which 

could play a critical role in this conflicting effect of TNFα on cancer. Thus, we sought to first 

define the role of TNFα in pediatric medulloblastoma using UW228 and Daoy 

medulloblastoma cell lines.  The cells were transduced with PAAV-CMV-tmTNFα and 

PAAV-CMV-sTNFα and viability was assessed with SRB. Both forms of TNFα induced 

significant cell death in UW228, while the tmTNFα was more efficient in inducing cell death 

in Daoy compared to sTNFα form. TNFα gene delivery was confirmed at mRNA level using 
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qPCR and protein level using ELISA, which further confirmed the efficacy and the specificity 

of RGD4C/PAAV to deliver therapeutic genes.  

Combination of TNFα gene therapy with chemotherapy is a promising strategy to sensitise 

cancer cells to chemotherapeutic agents. The synergistic antitumour effect of combination of 

TNFα with melphalan, a chemotherapeutic drug, in isolated limb perfusion was associated 

with TNFα-induced tumour vasculature destruction that resulted in sensitising the tumour 

tissue to melphalan [200]. Others have shown that some chemotherapeutic drugs can enhance 

gene therapy through activating transgene promoters. For instance, Cisplatin has been shown 

to induce the activity of early growth response-1 (Egr1) promoter [108]. A similar effect of 

cisplatin on CMV promoter activity has been observed in fibrosarcoma and mammary 

carcinoma [111]. 

Cisplatin is commonly used for the treatment of paediatric medulloblastoma due to its relative 

efficacy especially in combination with other chemotherapeutic drugs, vincristine and 

lomustine. Although this drug is highly advantageous for the treatment of medulloblastoma, 

it has a dose-related ototoxicity resulting in hearing loss [201]. Thus efforts in reducing the 

dose of cisplatin, yet maintaining the overall survival is being investigated in clinical trials 

for medulloblastoma. Here, we sought to study the effect of low concentrations of cisplatin ( 

lower than the IC50) in inducing TNFα gene therapy.  First, to study the effect of cisplatin on 

inducing promoter activity, Luciferase reporter gene expression under the control of GRP78 

inducible promoter or CMV promoter was monitored after cisplatin treatment. Daoy and 

UW228 expressing PAAV-CMV-Luc and PAAV-GRP78-Luc were selected and then treated 

with cisplatin. Interestingly, cisplatin significantly enhanced the luciferase expression in both 

medulloblastoma cell lines through the induction of GRP78 as well as CMV promoters. 

Although cisplatin activated both promoters in Daoy, its effect on inducing CMV promoter 
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was more than 10-fold higher compared to cisplatin–induced GRP78 as measured by Lucia 

expression. This effect of cisplatin was confirmed using the other medulloblastoma cell line, 

UW228, which showed induction of both promoters after treatment with cisplatin. Indeed, 

although CMV promoter activity is higher than GRP78 promoter activity, upon cisplatin 

treatment, both promoters induced Lucia reporter gene at a similar level. These data suggest 

that UW228 would be a better candidate to study the mechanism induced by combination 

therapy. UW228 were selected by puromycin to carry the PAAV-GRP78-TNFα DNA 

cassette, selection with PAAV-CMV-TNFα is not feasible due to its constitutive activity 

resulting in total cell death. Cisplatin treatment of UW228-GRP78-TNFα resulted in a higher 

cell death effect, which was correlated with significantly higher level of TNFα expression. 

This strategy, provides a means to enhance the effectiveness of cisplatin at low concentration 

while controlling the expression of therapeutic transgene expression.  

Apoptosis and necroptosis are two different mechanisms of TNFα-induced cell death that 

have been reported in different disease models [172, 176]. Furthermore, autophagy has been 

shown to be involved in TNFα-induced apoptosis in osteoblasts and trophoblastic cells, where 

it has a protective role in the former and it induced apoptosis in the latter [185, 202]. In this 

study, the role of these three mechanisms has been investigated for the first time in 

medulloblastoma in response to the combined chemo-gene therapy model. To define the 

potential involvement of necroptosis in cell death, necrostatin-1 was used to specifically 

inhibit necroptosis in cisplatin-induced TNFα cell death. The inhibition of necroptosis 

protected from TNFα-induced cell death as it reduced the level of cell death to be the same as 

cisplatin only-induced cell death indicating the involvement of two distinct cell death 

pathways. Thus, AnnexinV/PI double staining was carried out to differentiate between the 
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involvement of necrosis or apoptosis. Both necrosis and apoptosis were significantly activated 

in the combined treatment model.   

PARP-1 plays critical role in different forms of cell death. For instance, PARP-1 cleavage 

due to  caspase-3 was shown to be induced by TNFα in fibroblasts [203]. On the other hand, 

PARP-1 over-activation was reported to induce necrotic cell death due to NAD+ and ATP 

level depletion [204]. Here we confirmed the activation of caspase-dependent apoptosis as 

PARP-1 cleavage at 89kDa was significantly higher compared to nontreated cells indicating 

the activity of caspase-3. Apoptosis seems to be involved mainly due to cisplatin treatment, 

as the increase in apoptosis was not significant compared to cisplatin treatment alone.  

PARP-1 activation in response to alkylating agent MNNG was reported to activate autophagy 

in mouse embryonic fibroblasts [203]. On the other hand, autophagy was shown to mediate 

apoptosis in TNFα-treated trophoblastic cells [185]. Thus, the role of autophagy was 

investigated through inhibiting the formation of autophagosomes by Bafilomycin-A1 

treatment. The cell viability was significantly decreased when autophagy was inhibited in 

TNFα treatment and this effect was further augmented in cisplatin-induced TNFα treatment 

condition. The activity of autophagy was further confirmed by autophagic marker LC3II 

marker by western blot analysis, where the combination therapy showed induction of LC3II 

indicating the accumulation of autophagosomes. These findings suggest that in this model the 

induction of autophagy serves as a protective role. 

In conclusion, I demonstrated that RGD4C/PAAV-TNFα vector shows high specificity and  

efficiency as a gene therapy vector against medulloblastoma. The combination of 

RGD4C/PAAV-TNFα with cisplatin shows enhanced cell death in medulloblastoma through 

the following mechanisms: 
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1) Cisplatin enhanced expression of the therapeutic transgene (TNFα) through its ability 

to enhance CMV and GRP78 promoter activities. 

2) This model activated two distinct molecular cell death mechanisms, apoptosis and 

necrosis. 

3) Furthermore, we have defined the role of autophagy as a protective mechanism, thus 

inhibition of autophagy further enhances the therapeutic effect of our model. 
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Chapter 6 

 

 

In vivo PAAV-guided cytokine gene therapy in 

combination with cisplatin against paediatric 

medulloblastoma 

 

 

6.1 Introduction 

In vivo studies are crucial for characterising the behaviour of tumours and the efficacy of 

therapeutic strategies. They provide more accurate models to overcome the limitations of in 

vitro models by reflecting the contribution of the tumour microenvironment such as invasion 

and angiogenesis. Mouse models have been very useful tools in understanding human cancers 

in vivo. Thus, many studies have been focusing on developing medulloblastoma mouse 

models for preclinical studies. Two main models for medulloblastoma are being used in 

preclinical studies: 

➢ Genetically modified medulloblastoma mouse models: medulloblastoma mouse 

models have been established through targeting genetic mutations of the tumour 

suppressor gene (TP53), the hedgehog targeting gene patched 1 (Ptch), and poly 

(ADP-ribose) polymerase (PARP) [3, 205]. Most of the studied models have been 

established through targeting the sonic hedgehog (SHH) signalling pathway. SHH is 

produced in the cerebellum by Purkinje neurons and play a role in the development of 

the cerebellum ( reviewed in chapter 1). Generation of hemizygous Ptch mice models 
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(𝑃𝑡𝑐ℎ+/− ) or Smo mutated models results in induction and constitutive activation of 

SHH signalling, and consequently the development of cerebellum tumours with 

similar characteristics to medulloblastoma tumours and thus a reliable model for SHH 

medulloblastoma subgroup [3, 206].  

Other models with typical features of human medulloblastoma are the PARP-1 and 

TP53 double knockout mice (𝑃𝐴𝑅𝑃1−/−𝑇𝑃53−/−). These genetically modified 

models result in high frequency of cerebellar tumours resembling human 

medulloblastoma  [207].  

➢ Xenograft models: Daoy medulloblastoma cell lines are the most commonly used to 

establish xenografts in nude mice. The advantage of this model over the previous one 

above is the ability to label the cells with reporter genes, such as GFP or luciferase, 

before implanting them into the mice. This feature allows the visualisation of tumour 

growth, metastasis, and regression throughout the study. In addition, this model allows 

the control of the site of tumour cell implantation in order to establish subcutaneous 

or orthotopic tumours. However, the xenograft models have limitations due to the use 

of immunocompromised mice, resulting in the absence of the anti-tumour immune 

effect [208].  

In the previous chapter, we have demonstrated the efficacy of tmTNFα in inducing 

cell death in medulloblastoma in vitro. Using two different types of promoters, the 

constitutively active CMV promoter and the inducible GRP78 promoter were shown 

to be efficient in combination with cisplatin which enhanced the activity of both 

promoters.  

In this chapter, we used an in vivo preclinical model of medulloblastoma by generating 

subcutaneous tumours, implanting the Daoy cells into SCID/NOD immunodeficient 
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mice. Since CMV promoter showed much higher activity level in Daoy cells in vitro 

than the GRP78 and was further activated in response to cisplatin, we decided to use 

the PAAV-CMV-tmTNFα for systemic in vivo therapy. 

The aim of this chapter is to evaluate the targeting and efficacy of RGD4C/PAAV-

CMV-tmTNFα for the treatment of medulloblastoma in vivo following intravenous 

administration and investigate the effect of combining low dose of cisplatin with 

RGD4C/PAAV-CMV-tmTNFα. 

 

6.2 Results 

 

6.2.1 Generation of Daoy/GFP-Luc stable cell lines 

To monitor the tumour growth and response to therapy in vivo for RGD4C/PAAV-TNFα in 

combination with a low cisplatin dose, I established a stable Daoy cell line constitutively 

expressing GFP and luciferase reporter genes.   

Daoy cells were infected with a lentiviral vector carrying double reporter genes, GFP and 

Luciferase, under the control of CMV promoter at 10 MOI (Multiplicity of infection). Cells 

were monitored under fluorescent microscopy for the expression of GFP (Figure 6.1 A). 

Transduced Daoy cells were expanded, and GFP positive cells were sorted with a 

fluorescence-activated cell sorter. Cell sorting for double labelled Daoy was further confirmed 

with a luciferase assay for firefly luciferase expression, and FACS for detection of GFP 

reporter protein expression (Figure 6.1 B, C).  
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Figure 6.1. Generation of stable Daoy/GFP-Luc for long-term non-invasive in vivo 

imaging. A) Fluorescent images showing GFP expression at day 6 post transduction with 

lentivirus/GFP-Luc at multiplicity of infection, MOI=10. B) FACS analysis for the expression 

of GFP after cell sorting. C) Luciferase assay for measuring luciferase reporter gene 

expression after sorting the cells. RLU (Relative Luminescence Units). Scale bar=50µm 
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Figure 6.2. In vivo therapeutic experiment plan for medulloblastoma tumour-bearing 

mice. Daoy medulloblastoma cells were subcutaneously injected into NOD/SCID mice and 

were monitored for tumour growth. Tumour-bearing mice were randomly assigned to either 

a control group, cisplatin group, M13-TNFα (non-targeted) group, M13-TNFα with cisplatin 

group, RGD4C-TNFα with cisplatin group, or RGD4C-TNFα group only. 
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6.2.2 Randomisation and experimental design: 

Mice were injected with the labelled Daoy medulloblastoma subcutaneously and the tumours 

were allowed to grow (as mentioned in chapter 2). The mice were monitored daily for any 

signs of stress and the tumour growth was measured daily. Once the tumour reached 200𝑚𝑚3, 

the viability of the tumour was further confirmed with BLI and assigned randomly to six 

different cages (six different experiment groups). The mice were allocated in different cages 

in a blind way to avoid selection bias. 

 

6.2.3 Systemic administration of RGD4C/PAAV-TNFα to tumour-bearing mice 

generates selective TNFα expression in medulloblastoma: 

To evaluate transduction efficacy of RGD4C/PAAV-CMV-TNFα, TNFα transgene expression 

was quantified at the mRNA level. NOD/SCID mice bearing subcutaneous tumours were 

injected twice with 5 × 1010𝑇𝑈/𝑚𝑜𝑢𝑠𝑒  with targeted and non-targeted vectors at three days 

interval between the two injections, then the mice were culled. The tumours and organs were 

harvested and homogenised to extract the RNA. The qRT-PCR analysis of TNFα gene 

expression in the tumours and control organs identified TNFα mRNA in tumours harvested 

from RGD4C/PAAV-TNFα_ treated mice, not in the control mice (treated with non-targeted) 

and with no TNFα expression in the control organs from all the experimental groups (Figure 

6.3).  
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Figure 6.3. Expression of TNFα after PAAV-tmTNFα administration. RNA was extracted 

from tissues and expression of TNFα was determined by qRT-PCR. Tumour bearing mice 

were injected with 5×1010TU/mouse with targeted (RGD4C) and nontargeted (M13) PAAV-

TNFα. After four days the mice were sacrificed, and the organs were collected. Data are 

represented as mean±SEM. N=3 
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6.2.4 RGD4C/PAAV-TNFα particles target medulloblastoma in tumour-bearing mice 

following intravenous administration: 

To further confirm targeting of the vector to the tumour site, the phage vectors were injected 

intravenously 24hrs before the tumour-bearing mice were sacrificed and the tumours were 

snap frozen in OCT medium for histological studies.   Immunofluorescence staining for the 

vector and blood vessels was performed for vector visualisation within the tumours. As it is 

well established that 𝛼𝑣𝛽3 integrin is highly expressed in angiogenic blood vessels [93], we 

assumed that the RGDC/PAAV should target both the tumour blood vessels as well as the 

tumour cells. Three colour immunostaining were used for CD31 antibody (in red) as a marker 

for blood vessels, DAPI (in blue) for the nucleus, and Phagemid vector staining (in green). 

The data showed that RGD4C/PAAV localised with the tumour cells as well as tumour 

vasculature (Figure 6.4). These data together with TNFα expression in tumours in mice treated 

with RGDC/PAAV-TNFα supported our hypothesis that this vector is highly efficient in 

targeting tumours as well as delivering the therapeutic transgene upon intravenous 

administration.  
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Figure 6.4. Targeting medulloblastoma with RGD4C/PAAV-TNFα. Tumour sections 

from mice treated with the targeted vector (RGD4C/PAAV-TNFα) with or without cisplatin 

were stained with primary antibodies for CD31 (red), phage (green) and 0.5µg/ml DAPI 

(blue). Scale bar=50µm. 
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6.2.5 BLI monitoring of tumour bearing mice throughout the course of combined 

therapy 

The Daoy/GFP-Luc cells were injected subcutaneously into the right flank of 

immunodeficient NOD/SCID immunocompromised mice and allowed to grow for a few days 

to reach 200𝑚𝑚3 tumour size. In vivo BLI with d-luciferin was performed before therapy to 

ensure the formation of viable tumours. The targeted and non-targeted PAAV-CMV-TNFα 

vectors were then injected systematically into the tail vein (1 × 1011TU/mouse), the PAAV 

dose was based on previous study using AAVP vector [85]. For the control group, the vehicle 

saline was injected intravenously. Figure 6.2 shows the plan for the in vivo study. After 

administration of the vector twice, at days 0 and 4, 1mg/kg cisplatin was given intraperitoneal 

(I.P.) at day 7 together with the vector (PAAV-TNFα). We hypothesized that this therapeutic 

strategy would allow the expression of TNFα in the tumour cells and tumour environment and 

thus enhancing the penetration of cisplatin into the tumour tissue. Tumour signals measured 

by BLI show a reduction of tumour size both in RGD4C/PAAV-CMV-TNFα alone group and 

in combination with cisplatin as (Figure 6.5 A).  In addition, the weight of the mice was 

monitored during the experiment and showed no weight loss throughout the course of therapy 

(Figure 6.5 C). 

Histological analysis of the tumour sections stained with Haematoxylin and eosin (H&E) 

revealed tumour damage in tumours collected from mice treated with RGDC/PAAV-TNFα. 

This effect was significantly enhanced by combining RGDC/PAAV-TNFα with 1mg/kg 

CDDP, as demonstrated by the presence of more necrotic areas in the tumour sections. 

Tumours from control mice and mice treated with non-targeted vector did not show any signs 

of necrosis as shown in Figure 6.6.   
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Figure 6.5. Visualisation of subcutaneous tumour growth in vivo over the course of 

treatment. A) In vivo bioluminescent imaging of Luc expression at day 7 and day 14 of the 

treatment. B) Tumour viability measured by bioluminescent imaging. C) Weight of 

individual animals during the experiment. The number of mice in each group is 4. 
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Figure 6.6. Histological analysis of medulloblastoma tumours after therapy. 

Haematoxylin and eosin (H&E) staining of representative tumour sections. The arrows show 

necrotic regions in the tumour sections. The images were taken using light microscope with 

20X objective. Scale bar100µm. 
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6.2.6 RGD4C/PAAV-TNFα effect on the tumour microvasculature and tumour cells: 

TNFα treatment is known to cause vascular damage through disruption of VE-cadherins and 

consequently induce tumour necrosis [209, 210]. Therefore, immunofluorescent staining of 

blood vessels in tumour sections was performed by using a CD31 antibody (Figure 6.7). The 

amount of blood vessels in tumours collected from mice treated with the targeted 

RGD4C/PAAV-TNFα alone or in combination with cisplatin was clearly less compared to the 

control, CDDP, and non-targeted (M13/PAAV-TNFα) groups. These data indicate that TNFα 

selectively damaged the tumour vasculature in mice treated with RGD4C/PAAV-TNFα, 

leading to increased permeability of tumour vasculature, thus enhancing the penetration of 

cisplatin.   

Permeabilization of the tumour vasculature should increase apoptotic cell death induced by 

enhanced penetration of cisplatin. Thus, we sought that combination of targeted TNFα gene 

therapy with cisplatin would enhance the apoptotic index induced by cisplatin. To determine 

the apoptotic cell death, I used the TUNEL assay to detect apoptotic DNA fragmentation in 

tumour sections.  There was no difference in apoptotic index among the control groups (saline 

only or non-targeted/PAAV) that were not treated with cisplatin. The cisplatin alone and non-

targeted/PAAV with cisplatin showed similar levels of apoptosis, which was dramatically 

increased when combined with cisplatin was combined with RGD4C/PAAV-TNFα. The 

RGD4C/PAAV-TNFα group showed low level of apoptosis compared to cisplatin alone or to 

combination treatment (Figure 6.8). 
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Figure 6.7. Histological analysis of tumours. Tumour sections were stained with an anti-

mouse CD31 (red), as a blood vessel marker and DAPI (blue). Scale bars=50µm. 

Figure 6.8. Detection of apoptosis by terminal deoxynucleotide transferase dUTP nick 

end labelling (TUNEL) assay in tumour sections. Sections after treatment were stained 
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with TUNEL assay. The images were taken using confocal microscope with 20X objective. 

CDDP: cisplatin. Scale bar=50µm 

 

6.2.7 Toxicity study:  

Tumour-bearing mice were under daily observation throughout the treatment. No signs of 

toxicity or stress were noticed through the course of treatment with no weight loss, as shown 

in Figure 6.3C. To further clarify whether the treatment resulted in any damage of the normal 

tissues, the heart, liver, kidney, spleen, lung, and pancreas were collected and frozen in OCT 

medium. Sections of 5-7µm were stained with haematoxylin and eosin (H&E) for microscopic 

examination. The sections from the mice that were treated with cisplatin showed minor 

toxicity as some necrotic areas were observed in the liver, spleen and kidney. No significant 

pathologic changes were observed in heart, spleen, liver, kidney, lung, and pancreas that were 

collected from the mice that were not treated with cisplatin (Figure 6.9).  
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Figure 6.9. H&E staining for toxicity observation. Sections from all experiment groups of 

heart, liver, spleen, kidney, lung, and pancreas were stained with H&E and imaged with 

light microscope using 10X objective. Scale bar=100µl 

 

 

6.3 Discussion: 

 

Medulloblastoma is an attractive type of cancer for the development of novel therapeutic 

approaches or improvement of existing treatments, as it is the most common brain cancer in 

the developing brains; in children, to apply a safe therapeutic strategy. Based on the previous 

chapter, combining phagemid-guided TNFα gene therapy with cisplatin showed high 

efficiency in in vitro models. Thus, we sought to carry this treatment strategy to the next level; 

in vivo, using immunodeficient NOD/SCID mice in order to elucidate the effect of the 

treatment on tumour growth, tumour environment, the targeting of RGD4C phagemid and the 

safety of the treatment for the healthy tissues.  

One central factor in tumour progression is angiogenesis, which is the formation of new blood 

vessels to provide nutrients and oxygen required for tumour growth. Like with other types of 

cancer, angiogenesis plays an important role in the development of medulloblastoma [211]. 

Indeed, antivascular therapies have been suggested for the treatment of 

medulloblastoma[212]. Furthermore, antiangiogenic treatment strategies for children with 

recurrent medulloblastoma are currently being studied in a clinical trial (ID: NCT01356290 ). 

In this study, I used RGD4C/PAAV to target and bind the angiogenic blood vessels, as well 

as tumour cells, through binding the 𝛼𝑣𝛽3, which is a hallmark for the angiogenic blood 

vessels. Additionally, the vector carried TNFα as a therapeutic gene to be delivered 

specifically to the tumour environment to induce a localised effect. TNFα has been shown to 

increase the permeability of blood vessels [209, 213], thus allowing the leakage of 

https://clinicaltrials.gov/show/NCT01356290
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chemotherapeutic drugs into the tumour tissue. Despite its current limited clinical use to the 

treatment of sarcoma or melanoma in the form of isolated limb perfusion, TNFα in 

combination with melphalan has shown success in rescuing the affected limbs [200, 214].  

TNFα gene therapy was shown to reduce tumour size and prolong the survival in preclinical 

transgenic mice with pancreatic neuroendocrine tumours and melanoma mice model, where 

endothelium apoptosis and tumour necrosis leading to significant reduction in tumour size in 

response to systemic delivery of AAVP-TNFα [215]. Our data showed that treatment with 

RGD4C/PAAV-TNFα resulted in significant reduction in tumour-associated blood vessels, 

thus playing a role as an antiangiogenic treatment. Furthermore, this treatment resulted in 

necrosis of the tumour that was augmented when combined with cisplatin. 

Part of the treatment regimen for paediatric medulloblastoma is chemotherapy, which 

generally aims to induce killing of tumour cells as well as inhibit their proliferation. Cisplatin 

is a common chemotherapeutic drug that is being used for the treatment of many types of 

cancer including medulloblastoma. Cisplatin is known to exert its cytotoxic effect by 

induction of DNA damage and apoptotic cell death [216]. Despite its high efficacy in inducing 

tumour cell killing in many different types of cancer, cisplatin is known for its toxicity on 

different organs. Chemo-gene therapy strategy was shown to enhance the effect of 

temozolomide in combination with adenoviral-delivered TNFα in preclinical glioblastoma 

intracranial xenograft mice model resulting in enhanced tumour apoptosis and prolonged 

survival [106]. Here we showed that the combination of cisplatin with TNFα gene therapy 

augmented the level of apoptosis, which could be due to TNFα-induced permeabilization of 

blood vessels allowing cisplatin leakage into the tumour tissue. Further, TNFα gene was under 

the control of CMV promoter, thus the augmented cell death in response to combination 

therapy could be due to cisplatin-enhanced activity of the CMV promoter resulting in 
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increased expression of TNFα in the tumour as shown by enhanced necrosis.  Noteworthy, 

cisplatin was reported to activate the CMV promoter resulting in the transgene upregulation 

in vitro and in vivo [111]. 

In conclusion, we demonstrated that RGD4C/PAAV-CMV-TNFα vector is specific in 

targeting and delivering the therapeutic gene TNFα to the tumour in vivo upon intravenous 

administration, with high efficiency in inducing tumour necrosis and reducing tumour-

associated blood vessels. Combining the targeted RGD4C/PAAV-CMV-TNFα with CDDP 

augmented necrosis in the tumours and enhanced the apoptotic cell population. 
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Chapter 7 

 

 

General Discussion 

 

 

Central nervous system tumours are the leading cause of death in children. Despite the 

advances in cancer-related research, the treatment of these children remains challenging due 

to significant side effects, especially in the very young population. This is because irradiation 

is excluded from treatment strategy due to its high adverse effects that lead to growth and 

developmental defects in children younger than three years of age [159, 217]. The current 

treatment strategy for medulloblastoma includes surgical resection of the tumour, 

radiotherapy, and chemotherapy, which has been standardised since the early 1990s [218]. 

Despite the improved prognosis after treatment, 20-30% of patients will relapse with poor 

prognosis [219]. In addition, infants have poor prognosis due to exclusion or delayed 

radiotherapy in this group of patients [220].  

While there is a treatment strategy for medulloblastoma, DIPG patients fail to respond to 

current therapeutic strategies with less than 1% of five-year survival rate [221]. Thus, new 

therapeutic strategies are urgently needed for the treatment of childhood brain tumours. 

The major obstacle in the treatment of brain cancer through the blood circulation is the blood-

brain barrier (BBB). Among the four groups of medulloblastoma (WNT, SHH, group 3 and 
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4), WNT is known to be the most responsive to the treatment with the best prognosis. Phoenix 

et al has identified differences in BBB among medulloblastoma subtypes, showing that the 

WNT subtype lacks the BBB leading to better penetration of chemotherapeutic agents and 

consequently better response to treatment compared to the other subtypes that have intact 

BBB [22]. Besides medulloblastoma, intact BBB presents a greater challenge for DIPG 

treatment as this intact BBB was associated with DIPG resistance to therapy. Indeed, different 

attempts to use drugs that enhance the permeability of BBB have been implicated in research 

for the treatment of brain tumours to allow the penetration of chemotherapeutic agents. Such 

attempts include the use of RMP-7, which cause permeability of the blood-brain tumour 

barrier, as well as the use of P-gp inhibitors, which resulted in high toxicity in phase 1 clinical 

trial [222, 223]. Due to this limitation, only 1-10% of plasma drug concentration reaches the 

brain. Given this, high systemic levels of therapeutic drugs are required to achieve therapeutic 

concentrations within the tumour, which are correlated with systemic toxicities [224]. To 

solve this obstacle, the development of a targeted delivery strategy that crosses the BBB 

would be of a great advantage in the field of brain cancer therapy. One such strategy is the 

use of M13 phage as a therapeutic delivery vehicle, which has been shown for its ability to 

successfully cross the blood-brain barrier through the display of targeted peptides [225].  

In this study, we aimed to investigate the efficacy of phage-guided gene therapy for the 

treatment of childhood brain tumours. The PAAV vector used in this study is genetically 

engineered to express a cyclic RGD ligand named RGD4C on the phage capsid; RGD-derived 

peptides are the most characterized ligands for targeting the tumour endothelium as well as 

tumour cells. This targeting is through the binding of RGD4C to 𝛼𝑣 receptors that are highly 

expressed in angiogenic blood vessels as well as in tumour cells in most tumour types. Indeed, 

this peptide has been applied to targeted imaging and showed successful targeting of brain 
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tumours in vivo [226]. TNFα has been used in this study as a therapeutic gene. TNFα is known 

for its anti-tumour activity and toxicity on tumour vasculature, yet its application for the 

treatment of cancer has been hindered by its high systemic toxicity limiting its use to local 

administration in the form of isolated limb perfusion, ILP [145, 227]. Different in vivo studies 

have shown the anti-tumour effect of TNFα through either local administration of the 

recombinant protein or local TNFα gene delivery by injecting TNFα gene locally to the 

tumour site leading to tumour regression trough targeting both tumour cells as well as the 

tumour endothelium [228]. Thus, the use of targeted RGD4C/PAAV as vehicle will allow the 

delivery of TNFα systemically and locally to the tumour and limit the toxicity to the tumour 

site. Here for the first time, I tested TNFα as a therapeutic gene for the treatment of childhood 

brain tumours. The targeted vector should ensure the binding to the tumour vasculature and 

TNFα should warrant tumour sensitivity to chemotherapeutic agents through enhancing the 

leakage of tumour vasculature, thus overcoming the BBB obstacle. Indeed, TNFα has shown 

to enhance vascular permeability through downregulating vascular endothelial- cadherin 

[209], and thus works synergistically by enhancing the uptake of therapeutic agents such as 

melphalan and doxorubicin for the treatment of sarcoma in ILP [229, 230]. Further, 

Villeneuve et al showed that TNFα is essential for recruiting macrophages and microcyst 

formation resulting in a reduction of the tumour in glioma mice model [231]. It was later 

shown by Kratochvill et al that TNFα blocks the gene expression of the pro-tumour M2 

macrophages and suppress IL-13 expression from tumour infiltrative eosinophils and thus 

plays a regulatory role within the tumour environment balancing the anti-tumour M1 and pro-

tumour M2 macrophages [232].  

In this study, it has been shown that the targeted vector delivered exogenous genes (reporter 

Lucia gene and TNFα therapeutic gene) efficiently to the tumour cell models used. In DIPG, 
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the tmTNFα induced a low level of cell killing compared to medulloblastoma, which was 

more sensitive to tmTNFα. Thus, the secreted sTNFα gene was also used in this study to test 

for its efficacy in inducing cell death. In DIPG, sTNFα induced a higher level of cell death 

compared to tmTNFα, this is due to the low expression of the TACE enzyme in these cells 

compared to medulloblastoma, which showed a high response to tmTNFα. Due to these 

findings, we investigated the mechanism of TNFα action in DIPG using sTNFα, while we 

used the tmTNFα to test the mechanism of action in medulloblastoma. Both sTNFα and 

tmTNFα have been shown by different reports to induce tumour cell death through different 

mechanisms. In vivo studies have shown that tmTNFα inhibited tumour growth and metastasis 

through upregulation of Fas in tumour cells. On the other hand, sTNFα was shown to cause 

lymphocytes infiltration into the tumour resulting in tumour regression [186]. Zhang et al 

studied the effect of the two different forms of TNFα using Raji cells. The expression of 

tmTNFα was shown to inhibit the translocation of NF-κB to the nucleus and suppress NF-κB 

activity resulting in the down regulation of cIAP and cell death. Yet sTNFα expression did 

not lead to cell death corresponding to the constitutive activity of NF-κB in these cells and 

thus inhibition of NF-κB sensitized these cells to sTNFα. Interestingly, TACE was reported 

to play a critical role as its inhibition was shown to activate NF-κB in response to tmTNFα 

expression  [233]. 

In DIPG, we showed that the main mechanism of cell death induced by RGD4C/PAAV-

sTNFα is through induction of apoptosis. Yet, this apoptotic cell death does not seem to be 

caspase-dependent, because both forms of TNFα show the same level of activation of caspases 

despite the different level of cell death induction. To further investigate the involvement of 

caspases in the apoptotic pathway, we investigated the activity of PARP1 in response to the 

treatment. PARP1 is a DNA repair enzyme that is highly expressed in primary tumours and 
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is cleaved by caspases during apoptosis resulting in its inactivation [234]. PAAV-sTNFα –

treated DIPG showed uncleaved, yet lower level of PARP1.  These findings further confirm 

that the cell death pathway is caspase-independent, and the treatment resulted in either 

degradation or decreased expression level of PARP1. Indeed, PARP1 has been suggested as 

one of the main targets in DIPG due to its high expression, corresponding to cell survival 

[235]. This suggests that this treatment strategy could play an important role in sensitising the 

cells to other DNA damaging therapy such as ionising radiation. Further understanding of the 

role of PARP1 in TNFα –induced cell death in DIPG is of interest for future investigation. 

The investigation of the mechanism of induced cell death in DIPG was challenged by the 

heterogeneity of the cells after transduction. As with many primary cells, the selection of cells 

expressing cell killing gene, sTNFα, is extremely difficult. 

Both forms of TNFα (transmembrane and secreted) induced cell death in medulloblastoma, 

but we investigated the mechanism of cell death induced by the transmembrane form. PAAV- 

tmTNFα -induced cell death was caspase-independent. To further investigate the involved 

mechanism, we selected the cells for the expression of TNFα. To do so, tmTNFα was cloned 

under the control of the inducible GRP78 promoter. First, we tested whether cisplatin induces 

the activity of GRP78 promoter using Lucia reporter gene and compared this with the 

constitutively active CMV promoter. We found that in medulloblastoma as well as DIPG, 

cisplatin activated both promoters, yet the expression of Lucia at basal level was much lower 

with GRP78 promoter. Thus, cisplatin would be a good candidate to combine with PAAV-

guided gene therapy. Previously, chemotherapy, as well as radiation, were used in 

combination with gene therapy to enhance the therapeutic index of chemotherapeutic agents 

through the control and induction of transgene expression [106, 111]. Here it has been shown 

that combination of cisplatin with TNFα gene therapy increased the level of cell death 
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synergistically through promoter activation resulting in higher expression of TNFα. This 

combination strategy resulted in two forms of cell death, apoptotic and necrotic cell death. 

The programmed necrosis was reversed by necrostatin-1, which is a specific inhibitor of 

necroptosis. Apoptosis, induced by cisplatin, was further augmented when combined with 

TNFα. This was further confirmed with PARP-1 cleavage, suggesting the involvement of 

caspase-dependent apoptosis in cisplatin and TNFα combination therapy. A number of studies 

have suggested that autophagy plays a protective role in response to TNFα treatment [202], 

yet it is also a form of programmed cell death. Indeed, many clinical trials are targeting 

autophagy to enhance the efficacy of current therapeutic strategies [236]. In a previous study, 

autophagy inhibition did not enhance the efficacy of cisplatin-induced cell death in 

medulloblastoma [237]. In response to combination therapy, we showed that autophagy plays 

a protective role as the inhibition of autolysosomes resulted in the accumulation of 

autophagosomes and subsequently more cell death.  These findings suggest that combining 

autophagy inhibitors would further enhance this targeted cisplatin-induced TNFα gene 

therapy in medulloblastoma. 

To further study the efficacy of this chemo-gene therapy combination strategy, we performed 

experiments in vivo using SCID mice. To show a proof of efficacy, experiments were carried 

out in mice carrying subcutaneous Daoy/medulloblastoma xenografts. The human 

medulloblastoma Daoy cell line is commonly used for in vivo experiments. According to the 

in vitro data, cisplatin induction of CMV promoter in Daoy cells was much higher than that 

of the GRP78 promoter, thus in vivo TNFα gene delivery was under the control of CMV 

promoter. The targeted vector, RGD4C/PAAV-CMV-tmTNFα, was administered 

intravenously and the data showed high selectivity to the tumour, as the expression of TNFα 

was found only in the tumour, and no TNFα expression was detected in the healthy tissues. 
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Histological analysis revealed an efficient targeting of RGD4C/PAAV vector to the tumour.  

Treatment with RGD4C/PAAV-TNFα resulted in tumour necrosis that was further augmented 

when combined with cisplatin. Consistent with previous reports, RGD4C/PAAV-TNFα gene 

therapy resulted in significant reduction of tumour blood vessels. Also, combination of 

cisplatin with RGD4C/PAAV-TNFα showed high level of apoptosis compared to each 

treatment alone. Although cisplatin concentration used in this study was the lowest 

concentration that has been used in vivo in the literature, minimum toxicity was observed in 

liver, lung, and spleen. Further optimisation of the cisplatin dose, by testing the efficacy of 

lower doses, will be considered in future experiments.  We are currently planning, for future 

experiments, to use an orthotopic medulloblastoma mouse model. This model not only grows 

medulloblastoma tumours in the cerebellum but is also immunocompetent, which will allow 

to study the immune response to TNFα gene therapy and further evaluate the suitability of 

this gene therapy for future clinical applications. 

Taken together, we have applied and tested a newly developed targeted vector for the delivery 

of the therapeutic gene, TNFα, and evaluated the efficacy of the vector in vitro and in vivo for 

the treatment of childhood brain tumours. The combination with current commonly used 

therapeutic agents, cisplatin, is a promising strategy for enhancing the therapeutic index at 

lower and safer cisplatin doses. This therapeutic strategy should ensure a more effective and 

safer treatment regimen.  
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Appendix A 

Reagents Preparation: 

 

PEG/NaCl   168g of PEG (MW 8000) and 196.46g NaCl in 800 ml 𝑑𝑑𝐻2𝑂 

and store at 4℃. 

2XYT broth   31.6g of 2XYT powder in 1000 mL of 𝐻2𝑂, then autoclaved. 

2XYT agar   12.64g of 2XYT powder and 6g Agar Bacteriological 

in 400 ml of 𝑑𝐻2𝑂, then autoclaved, let the agar cooling to ~60℃, 

then add antibiotics before pouring into plates. 

50% tri-chloroacetic acid (TCA) 500g of TCA powder in 454 ml of 𝑑𝐻2𝑂 and stored at 

4℃. 

0.4% SRB  0.4g of SRB powder in 100 ml 1% acetic acid stored at 

RT in the dark. 

10mM Tris pH 10.5  1.21g of Tris base dissolved in 800 ml of 𝑑𝐻2𝑂, and 

adjusted to pH 10.5. Then top up 𝑑𝐻2𝑂 to reach a final 

volume of 1000 ml. 

Running Buffer  28.8g of glycine, 6g Tris base, 2g SDS, 𝑑𝐻2𝑂 to 2000 

ml. 

Tris Buffered Saline with Tween  4.86g Tris base, 16.12g NaCl, Adjust pH to 7.6 and 

𝑑𝐻2𝑂 to 2000 ml, then add 1g Tween 20. 

Stripping Buffer  15g glycin, 1g SDS, 800 ml 𝑑𝐻2𝑂, 10 ml Tween 20, 

adjust pH to 2.2 and top up 𝑑𝐻2𝑂 to 1000 ml. 

Coating Buffer   8.4 g NaHCO3, 3.56 g Na₂ COᴈ, add 𝑑𝑖𝐻2𝑂 to 1.0 L, 

pH to 9.5. 

Proteinase K buffer  100mM Tris-HCl (pH 8.0), 50mM EDTA. 

100mM Tris-HCl pH 8.0  10.899g Tris base dissolved in 800 ml 𝑑𝐻2𝑂, and 

adjusted to pH 8.0 with HCl. Then top up to reach a final 

volume of 1000 ml. 

100mM EDTA  1.86g of EDTA in 40 ml 𝑑𝐻2𝑂, adjust to pH 8.0 and 

add 𝑑𝐻2𝑂 𝑡𝑜 50 𝑚𝑙. 

Sulfuric acid (2N)  85 ml of 𝐻2𝑆𝑂4 added slowly to 250 ml of 𝑑𝑖𝐻2𝑂, 

then top up with165 ml 𝑑𝑖𝐻2𝑂. 
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Appendix B 

 

Cationic polymers toxicity study: 
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Appendix C 

 

Nucleic Acid sequence for transmembrane TNFα: 

5’ 

ATGAGCACTGAAAGCATGATCCGGGACGTGGAGCTGGCCGAGGAGGC

GCTCCCCAAGAAGACAGGGGGGCCCCAGGGCTCCAGGCGGTGCTTGT

TCCTCAGCCTCTTCTCCTTCCTGATCGTGGCAGGCGCCACCACGCTCTT

CTGCCTGCTGCACTTTGGAGTGATCGGCCCCCAGAGGGAAGAGTTCCC

CAGGGACCTCTCTCTAATCAGCCCTCTGGCCCAGGCAGTCAGATCATC

TTCTCGAACCCCGAGTGACAAGCCTGTAGCCCATGTTGTAGCAAACCC

TCAAGCTGAGGGGCAGCTCCAGTGGCTGAACCGCCGGGCCAATGCCC

TCCTGGCCAATGGCGTGGAGCTGAGAGATAACCAGCTGGTGGTGCCAT

CAGAGGGCCTGTACCTCATCTACTCCCAGGTCCTCTTCAAGGGCCAAG

GCTGCCCCTCCACCCATGTGCTCCTCACCCACACCATCAGCCGCATCG

CCGTCTCCTACCAGACCAAGGTCAACCTCCTCTCTGCCATCAAGAGCC

CCTGCCAGAGGGAGACCCCAGAGGGGGCTGAGGCCAAGCCCTGGTAT

GAGCCCATCTATCTGGGAGGGGTCTTCCAGCTGGAGAAGGGTGACCG

ACTCAGCGCTGAGATCAATCGGCCCGACTATCTCGACTTTGCCGAGTC

TGGGCAGGTCTACTTTGGGATCATTGCCCTGTGA 3’ 

Nucleic acid sequence for IL2-sTNFα: 

5’ 

ATGTACAGAATGCAACTCCTGTCTTGTATTGCACTAAGTCTCGCACTTG

TCACAAACAGTGAATTCGTCAGATCATCTTCTCGAACCCCGAGTGACA

AGCCTGTAGCCCATGTTGTAGCAAACCCTCAAGCTGAGGGGCAGCTCC

AGTGGCTGAACCGCCGGGCCAATGCCCTCCTGGCCAATGGCGTGGAG

CTGAGAGATAACCAGCTGGTGGTGCCATCAGAGGGCCTGTACCTCATC

TACTCCCAGGTCCTCTTCAAGGGCCAAGGCTGCCCCTCCACCCATGTG

CTCCTCACCCACACCATCAGCCGCATCGCCGTCTCCTACCAGACCAAG

GTCAACCTCCTCTCTGCCATCAAGAGCCCCTGCCAGAGGGAGACCCCA

GAGGGGGCTGAGGCCAAGCCCTGGTATGAGCCCATCTATCTGGGAGG

GGTCTTCCAGCTGGAGAAGGGTGACCGACTCAGCGCTGAGATCAATC

GGCCCGACTATCTCGACTTTGCCGAGTCTGGGCAGGTCTACTTTGGGA

TCATTGCCCTGTGA 3’ 
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Nucleic acid sequence for Lucia reporter gene 

5’ 

ATGGAAATCAAGGTGCTGTTTGCCCTCATCTGTATTGCTGTTGCTGAG

GCAAAACCCACTGAAATCAATGAAGACCTCAATATAGCTGCTGTGGCC

TCCAACTTTGCCACCACAGATCTTGAGACTGACCTGTTCACCAACTGG

GAGACCATGAATGTGATTAGCACTGACACAGAGCAGGTGAACACAGA

TGCTGACAGGGGCAAGCTGCCTGGCAAAAAACTCCCCCCAGATGTCCT

GAGGGAGCTGGAGGCCAATGCCAGAAGGGCTGGTTGCACAAGAGGCT

GCCTCATTTGCCTCTCCCACATTAAGTGCACCCCTAAGATGAAGAAAT

TTATCCCTGGCAGGTGCCACACTTATGAAGGTGAAAAGGAGTCTGCTC

AGGGAGGGATTGGAGAGGCAATTGTTGATATCCCAGAGATTCCTGGCT

TCAAGGATAAGGAGCCACTGGACCAGTTTATTGCTCAAGTGGACCTCT

GTGCTGATTGCACCACTGGCTGTCTGAAGGGCCTTGCCAATGTCCAGT

GCTCTGACCTCCTGAAGAAGTGGCTTCCCCAGAGGTGTACCACTTTTG

CCAGCAAGATTCAGGGTAGGGTGGACAAAATCAAGGGTCTGGCTGGG

GACAGATGA 3’ 
 

Nucleic acid sequence for CMV promoter gene: 

5’ 

AACAGCGTGGATGGCGTCTCCAGCTTATCTGACGGTTCACTAAACGAG

CTCTGCTTATATAGACCTCCCACCGTACACGCCTACCGCCCATTTGCGT

CAATGGGGCGGAGTTGTTACGACATTTTGGAAAGTCCCGTTGATTTAC

TAGTCAAAACAAACTCCCATTGACGTCAATGGGGTGGAGACTTGGAA

ATCCCCGTGAGTCAAACCGCTATCCACGCCCATTGATGTACTGCCAAA

ACCGCATCATCATGGTAATAGCGATGACTAATACGTAGATGTACTGCC

AAGTAGGAAAGTCCCATAAGGTCATGTACTGGGCATAATGCCAGGCG

GGCCATTTACCGTCATTGACGTCAATAGGGGGCGTACTTGGCATATGA

TACACTTGATGTACTGCCAAGTGGGCAGTTTACCGTAAATACTCCACC

CATTGACGTCAATGGAAAGTCCCTATTGGCGTTACTATGGGAACATAC

GTCATTATTGACGTCAATGGGCGGGGGTCGTTGGGCGGTCAGCCAGGC

GGGCCATTTACCGTAAGTTATGTAACGCCTGCAGGTT AATT 3’ 
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Nucleic acid sequence for GRP78 promoter gene: 

5’ 

CGCGTGCAGGGCCCACTAGTCGGGAGCGCGTACTTCTTCCGAGTGAGA

GACAGAAAGAGAGGACCCGAGTCTCACAGCCCTGAGGGAACTGACAC

GCAGACCCCACTCCAGTCCCCGGGGGCCCAACGTGAGGGGAGGACCT

GGACGGTTACCGGCGGAAACGGTTTCCAGGTGAGAGGTCACCCGAGG

GACAGGCAGCTGCTCAACCAATAGGACCAGCTCTCAGGGCGGATGCT

GCCTCTCATTGGCGGCCGTTAAGAATGACCAGTAGCCAATGAGTCGGC

CTGGGGGGCGTACCAGTGACGTGAGTTGCGGAGGAGGCCGCTTCGAA

TCGGCAGCGGCCAGCTTGGTGGCATGAACCAACCAGCGGCCTCCAAC

GAGTAGCGAGTTCACCAATCGGAGGCCTCCACGACGGGGCTGCGGGG

AGGATATATAAGCCGAGTCGGCGACCGGCGCGCTCGATACTGGCTGT

GACTACACTGACTTGGACACTTGGCCTTTTGCGGGTTTGAGAGGTAAG

CGTCGCGGCCTGCTTCCAGGCCTACCCTGATTTTGGTTCGTGGCTCCTC

CTGACCCTGAGACCTCTGTCGCCCTCAGATCAGAACCGTCGTCGCGTT

TCGGGGCTACAGCCTGTTGCTGGACTCTGTGAGACACCTGACCGACCG

CTGAGCGACTGACTGGTCCACAGCGCCGGCACCATGGGGGGTTCTCAT

CATCATCATCATCATGGTATGGCTAGCATGACTGGTGG 3’ 

 

Nucleic acid sequence for puromycin-resistance gene: 

5’ 

CTCAGGTTTAAGCTCCAGGCTTCCTTGTCATGCACCAAGTTCTTGGGCC

TTCTGGAACCTCAACATCAGCTGTCACAGTGAATCCCAGTCTTTCATA

AAAAGGCAGGTTTCTGGGAGCAGAAGTTTCCAGAAAGGCAGGAACTC

CAGCCCTTCAGCAGCTTCAACTCCAGGCAGAACAACAGCAGATCCCA

GACCCTTTCCCTGGTGGTCAGGGCTCACTCCAACAGTTGCCAGAAACC

AAGCTGGCTCTTTTGGCCTGTGTGGTGCCAGCAGACCTTCCATTTGTTG

TTGTGCTGCCAGCCTGCTTCCAGAGAGCTCAGCCATTCTTGGTCCAATT

TCAGCAAAAACAGCACCAGCTTCAACAGACTCAGGTGTTGTCCAAACT

GCAACAGCAGCTCCATCATCTGCAACCCAAACTTTTCCAATGTCCAGT

CCCACTCTGGTGAGGAAGAGTTCTTGCAGTTCTGTCACCCTCTCAATGT

GCCTGTCAGGGTCAACTGTGTGCCTTGTTGCAGGGTAGTCTGCAAAAG

CAGCAGCCAGTGTTCTCACAGCTCTTGGAACATCATCTCTGGTTGCCA

GCCTCACTGTGGGTTTGTACTCAGTCAT 3’ 
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Scientific contributions 

 

Conferences and scientific meetings 

-Poster presentation: “Novel Vector-Guided Gene Therapy for Childhood Brain Tumors”  

        Children with cancer UK, 5th to 7th September 2016 

-Poster Presentation: “Selective cytokine gene therapy for the treatment of paediatric brain 

cancer” BSGCT Annual Conference, 19th to 21st April 2017 

-Poster Presentation: “Combination of targeted gene therapy with low dose chemodrug for 

the treatment of paediatric brain cancer”        Rising Scientist day, 5th February 2018  

-Oral Presentation: “Synergistic effect of targeted gene therapy with cisplatin for the 

treatment of medulloblastoma”                      British Neuro-Oncology Society Conference, 

4th to 6th July 2018 

 

Publications 

E. Tsafa, M. Al-Bahrani, K. Bentayebi, J. Przystal, K. Suwan, and A. Hajitou, "The natural 

dietary genistein boosts bacteriophage-mediated cancer cell killing by improving 

phage-targeted tumor cell transduction," Oncotarget, Jul 18 2016. 

 

Patent Application 

Title: “Phagemid-guided cancer immunotherapy” 

PCT Application no: PCT/GB2018/051070  
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