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AGENT AGAINST THE GLIOMA STEM CELL SUB-POPULATION OF

GLIOBLASTOMAS
By Deva Sanjeeva Jeyaretna

Glioblastoma remains one of the deadliest of human cancers. A sub-
population of glioblastoma cells, designated glioma stem cells have been
identified as the invasive and adjuvant therapy resistant fraction of the
tumour and are presumed to repopulate glioblastomas following surgical
resection and adjuvant temozolomide and radiation therapy. To date there is
no known cure for glioblastoma. Genetically engineered oncolytic viruses like
G47A have specific mutations that enable them to preferentially replicate in
tumour cells. In this thesis their use against glioma stem cells is examined.

In the first results chapter, the culture and ‘stem-like’ features of glioma stem
cells including their tumour forming capabilities are assessed. The ability of
G47A to successfully infect, replicate and kill glioma stem cells both in vitro
and in vivo is then shown. In the following chapter, co-culture systems
between glioma stem cells and endothelial cells are developed to simulate
the supportive perivascular niche of glioma stem cells. The G47A virus is
‘armed’ with the antiangiogenic transgenic tumstatin using the Flip-Flop HSV-
BAC system. In vitro experiments demonstrate the superior ability of G47A-
tumstatin to disrupt the co-culture of glioma stem cells and endothelial cells.
In vivo testing of the virus demonstrated prolonged survival compared to
mock treatments but not the empty vector G47A-empty.

In the final results chapter, combined G47A and radiation therapy effectively
kills glioma stem cells in vitro and prolongs survival of mice bearing glioma
stem cell orthotopic xenografts. The two agents show synergistic efficacy
against glioma stem cells because G47A is able to capitalise on the DNA
repair machinery of glioma stem cells following irradiation to enhance its
replication abilities and thus its cytotoxic effect. This is the first report of
combined efficacy of an oncolytic vector and radiation therapy against glioma
stem cells.
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Chapter 1: Introduction

1.1.Overview of the pathology and management of glioblastomas

1.1.1. Glioblastoma epidemiology and outcomes

Gliomas are primary intrinsic tumours of the brain. They encompass a
heterogeneous group of tumours with varying clinical and histological
features, degrees of malignancy and responsiveness to available treatments.
Glioblastomas are the most malignant form of gliomas and also the most
prevalent primary brain tumour in adults[1]. The incidence of glioblastoma in
the United States is 3.2 per 100,000 person-years[2]. The United Kingdom
would be expected to have a proportional number of cases per capita. In
recent decades there has been a rise in the incidence of glial tumours,
particularly in the elderly and this has partly been attributed to the greater
availability of intracranial imaging[3]. There remains a gender bias with

glioblastoma being more common in men[4].

Despite the advancements in surgical technique, surgical technology and
research into adjuvant therapies, glioblastoma remains an incurable disease.
The multitude of treatments available prolong the course of the disease but
ultimately never corral it. The most effective strategy at present involves
aggressive surgical resection coupled with post-operative radiotherapy with

concomitant and adjuvant temozolomide[5, 6]. The evidence for the survival



benefit of radiotherapy for glioblastoma has been well established[7, 8].
Temozolomide is an oral alkylating agent which when used with radiotherapy
provides an additional survival benefit[5]. However, the overall survival
remains modest and with best treatment the median survival is 14.6 months,
with only 27% of patients alive at 2 years and 10% alive at 5 years[5, 9]. For
recurrent glioblastoma the prognosis is more severe and the 6-month

progression free survival is less than 20%[10, 11].

Surgical techniques have also advanced in the last two decades with the
use of microsurgical techniques and intraoperative navigation becoming
commonplace in the resection of gliomas. Awake craniotomies,
intraoperative mapping of motor tracks with diffusion tensor imaging and
cortical and subcortical monitoring have enabled neurosurgeons to
aggressively pursue gliomas in areas of close proximity to eloquent cortex,
that were previously considered unresectable. Furthermore, a phase IlI
multicenter randomised control trial using intraoperative 5-aminolevulinic
acid, which causes fluorescence in tumours cells and guides resection,
demonstrated an added 5 month survival benefit for patients receiving a
complete macroscopic resection[12, 13]. This evidence along with studies
investigating the effect of extent of resection on glioblastoma survival
indicate a pivotal role for surgery in glioblastoma[6, 14]. However, given the
invasive nature of glioblastomas, surgery alone is not the answer. As we
have seen, the addition of temozolomide and radiotherapy while also

extending survival still fall far from a cure.



Disappointing as the ultimate clinical outcomes are, the last decade has
witnessed great strides in our understanding of this devastating disease.
While the definitive cell of origin and precise aetiology of glioblastomas
continues to elude us, the investigation into the molecular genetics of

glioblastomas has seen much progress.

1.1.2. Recent progress in the management of glioblastoma

Glioblastoma was selected as the first cancer to be comprehensively
studied by The Cancer Genome Atlas (TCGA) project. In their study, over
600 cancer-related candidate genes were sequenced in 206 glioblastoma
specimens[15]. In addition the investigators examined DNA methylation
status, DNA copy number changes and expression of coding and non-coding
RNA. TCGA identified mutations and activations in key cellular survival
pathways including neurofibromatosis 1 (NF1), epidermal growth factor
receptor (EGFR), phophoinositol 3-kinase (PI3K), phosphatase and tensin
homolog (PTEN), retinoblastoma and p53. The downstream targets of these
pathways fuel the tumour cells and allow for resistance against anti-tumour
regulators of apoptosis and senescence[16, 17]. A further study sequencing
20,661 protein coding genes in 22 glioblastoma samples identified further
molecular targets, most notably the active site of isocitrate dehydrogenase 1

(IDH1)[18]. This mutation has been linked to improved survival in secondary



glioblastomas, which are glioblastomas that are thought to arise from lower

grade glial tumours rather than de novo.

Glioma stem cells have also been identified[19], a sub-population of
glioblastomas that mediate the enhanced tumour proliferation and resistance
to adjuvant therapy that is the hallmark of glioblastomas. Their exact place in
the hierarchy of glioblastomas is unclear, but the study of their biology has
provided many leads in the search for a cell of origin for glioblastomas.

Glioma stem cells will be discussed in more detail in the following section.

The advances above notwithstanding, glioblastoma remains a universally
lethal disease. Its mutations and associated complex molecular pathways
shield a tumour that has thus far withstood all conventional modalities of
treatment. Further work is required to develop novel methods for treating this
deadly disease and many avenues are currently being pursued. One area
that has demonstrated some promise is the use of genetically engineered
oncolytic herpes viruses as anti-tumour agents[20]. These viruses are able to
lyse tumour cells and have a proven safety record. The background to their
use and the fundamental principles of oncolytic therapy will be discussed in

section 1.3.



1.2.Glioma stem cells

1.2.1. Cancer stem cell hypothesis

In the last decade, the cancer stem cell hypothesis has taken a
leading role in the study of a number of tumours including haematopoietic
tumours, breast cancer and glioblastoma. While its newfound prominence
has been a boon to cancer researchers, the premise of cancer stem cells
has in one form or another existed since the 1960s[21]. The fundamental
principle is that a small subset of tumour cells, in this case glioma stem cells,
represent the origins of the tumour and are a self-sustaining and self-
renewing pool of cells that are able to reform the tumour after surgical or
adjuvant therapy. Glioma stem cells are also thought to be resistant to the
major chemotherapeutic agents and radiotherapy and the evidence for this
will be reviewed in the following sections. In addition, they are pleuripotent
and the heterogeneous cell types formed by these glioma stem cells include
astrocytic cells, oligodendroglial cells and neuronal cells. Recent work
showing that glioblastoma cells also contribute to the stroma[22, 23] of the
tumour may yet lead to a further increase in the known differentiation

products of glioma stem cells.

The groundwork for the discovery of cancer stem cells in solid
tumours was laid by research into acute myelogenous leukemia[24, 25],

where researchers perfected the appropriate assays, established the use of



surface epitopes particularly those related to normal stem cells to delineate
cell lineages and hierarchy, and created lineage maps. Following this, work
in solid tumours such as breast and gliomas led to the identification of further
cancer stem cell models[26, 27]. In gliomas this began with in vitro
studies[27] and culminated with the landmark work by Singh et al[19] who
demonstrated that as few as 100 glioma stem cells were able to form
tumours in immunodeficient mice, and that these tumours phenotypically
resembled their parent tumours. In contrast a million non-glioma stem cells
could not reproduce this feat. They also demonstrated the pleuripotent
nature of glioma stem cells and their capacity for self renewal. In addition this
seminal work introduced CD133, a cell surface antigen, as a marker for
glioma stem cells. This marker has since been used in a host of studies on
glioma stem cells[28-32], although as elaborated in the next section it is not

without its detractors[33, 34].

1.2.2. CD133 - aglioma stem cell marker

Due to its origins in hematopoietic research, the study of cancer stem
cells in glioblastomas has largely relied on the use of cell surface markers
and growth in suspension. Glioma stem cells are cultured as spheroids and
in serum-free media with epidermal growth factor and fibroblast growth factor
to enrich for cells bearing the surface marker CD133[19]. CD133 is a
transmembrane glycoprotein with an extracellular epitope AC133 that is

expressed by a number of cells including glioma stem cells, neural stem cells



and endothelial cell precursors[19, 35, 36]. Following its early prominence as
a marker of glioma stem cells, there has been some controversy as to its
validity as a stem cell marker. We will first examine the evidence for CD133
as a stem cell marker and then the studies refuting this as well as new

reports suggesting a hierarchy in glioma stem cell markers.

Singh et al demonstrated that cell populations enriched for CD133 are
highly tumorigenic compared to CD133 negative cells[19]. This was followed
by work demonstrating their chemoresistance[37, 38]. Glioma stem cells
expressing CD133 demonstrated resistance to a range of chemotherapeutic
agents that are and have been used to treat gliomas including etoposide,
cisplatin and temozolomide. Interestingly the authors demonstrated that this
resistance was not due to decreased cellular uptake of drugs or increased

extrusion[37].

In vitro and in vivo studies of glioma stem cells showed an enrichment
of CD133 positive cells following irradiation, suggesting a survival advantage
for this sub-population[29, 39]. Bao et al demonstrated that CD133 positive
cells mediate glioma radioresistance by preferential activation of DNA
damage checkpoint kinases allowing for repair of radiation-induced
injury[29]. A clinical study of 32 patients with WHO grade Il or IV gliomas
undergoing radiosurgery and external beam radiotherapy examined the
distribution of CD133 positive cells in a subset of patients who underwent

surgery for primary and recurrent disease[39]. Examination of recurrent



tumours after gamma knife treatment and external beam radiotherapy
revealed an increase in CD133 positive glioma cells, especially in areas of
necrosis. In comparison there was a relative paucity of CD133 positive cells
in samples of the primary tumour prior to adjuvant treatment. The authors
concluded that the CD133 positive cells survived the high dose radiation
potentially through the mechanisms delineated by Bao et al[29] and

mediated the recurrence of the tumour[39].

Contrary to the early glioma stem cell studies, some investigators
have demonstrated that CD133 negative cells are able to form intracranial
tumours[33, 40, 41]. Serial orthotopic xenotransplantation caused the CD133
negative tumour cells to then become CD133 positive, clouding the issue
further. Work by Jaksch et al has also raised the possibility that the
expression of the CD133 epitope may be dependent on stages of the cell

cycle[42].

A further theory by Chen et al[43], proposes a cellular hierarchy of
self-renewing tumour-initiating cells in glioblastoma. The authors investigated
29 primary glioblastoma specimens and determined that both CD133 positive
and negative cells can self-renew in vitro and successfully generate
orthotopic tumours in immunocompromised mice. They demonstrate a
cellular hierarchy for CD133 negative glioma stem cells suggesting that
previous reports may have been studying mixed populations of cells; one

group of self-renewing, tumour-initiating cells and another group of more



differentiated CD133 negative cells. This may explain the contrasting results
seen in studies of CD133 negative cells. At present no marker has been
identified to further subclassify these cells. The data thus far is a long way
from providing us with a complete picture and the study of glioma stem cells
remains a field in its infancy. Nonetheless, the ability of glioma stem cell
models to mimic human glioblastomas phenotypically, demonstrate
chemoresistance and radioresistance and actively recruit the vasculature
and interact with endothelial cells has provided us with a novel method of
studying gliomas that is superior to the primary glioma cell lines used in the
past. In the next section we will review the intimate relationship between

these cells and the vascular stroma of glioblastomas.

1.2.3. The glioma stem cell perivascular niche

The dependence of tumours on an adequate blood supply for their
substantial metabolic needs has been well established[44]. It has been over
four decades since the first hypothesis for limiting tumour progression by
targeting their vasculature was first published[45]. Since Dr. Folkman’s
seminal paper a range of antiangiogenic agents have reached clinical trials
for a number of tumours including gliomas[46]. Now with the identification of
glioma stem cells, new insights are being made into the role of the tumour

vasculature in supporting solid tumours.



A number of groups have studied the close proximity of glioma stem
cells to the tumour vasculature[47-49]. It has been demonstrated that a
supportive perivascular niche exists that nurtures the glioma stem cells[47,
50]. The interaction between glioma stem cells and endothelial cells is
thought to function synergistically with endothelial cells promoting self-
renewal of glioma stem cells and glioma stem cells secreting growth factors
such as vascular endothelial growth factor (VEGF), stromal derived factor 1
(SDF1) and transforming growth factor-B (TGF-B) to recruit and enhance
endothelial cell survival[30, 51-53]. The complexity of this relationship is
slowly coming to light and there is increasing evidence that in addition to the
above factors, there exist paracrine and autocrine pathways that promote the
survival of both glioma stem cells and endothelial cells. The main protagonist
in this system is nitric oxide, which can be secreted by both endothelial cells

and glioma stem cells[49, 54].

A further factor supporting the close proximity of glioma stem cells to
endothelial cells and their supportive interactions is the presence of tumour
survival pathways triggered by cell surface ligands. The Notch ligands, which
are present on the surface of endothelial cells, have been demonstrated to
enhance proliferation and stem-like characteristics in glioma stem cells[50,
55, 56]. In addition to the crosstalk between glioma stem cells and
endothelial cells, more recent work has demonstrated the ability of glioma
stem cells to transdifferentiate into endothelial cells[22, 23]. This marks a
paradigm shift from the previous theory of an angiogenic switch, in which

gliomas and other cancers were thought to recruit endothelial cells and
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mediate the subsequent formation of the vasculature by inducing endothelial

cell migration and sprouting of new blood vessels[57].

It has now been shown that glioma stem cells are able to
transdifferentiate into endothelial cells[22, 23]. They carry with them the
genetic mutations of tumour cells and thus to a certain degree the resistance
to therapeutic agents. These include mutations in the EGFR and p53
genes[23]. This transformation highlights the many intricate pathways
tumours have developed to shield themselves against conventional
therapies. Nonetheless, this supportive perivascular niche of glioma stem
cells remains a promising target for a range of therapeutics, particularly anti-
angiogenic agents that are currently being employed to treat glioblastoma
patients. Pre-clinical work combining antiangiogenic therapy with cytotoxic
therapy has been shown to successfully target the glioma stem cell fraction
of xenograft tumours in mice[58]. Chapter 4 of this thesis will investigate a
similar strategy using an oncolytic herpes simplex virus armed with an anti-
angiogenic transgene. Together, the virus and transgene are aimed at
targeting glioma stem cells and their supportive perivascular niche.
Tumstatin, an endogenous inhibitor of tumour angiogenesis was chosen as
the anti-angiogenic transgene. Tumstatin and its effects are discussed in

section 4.1.
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1.3.0ncolytic herpes simplex viruses

1.3.1. History and fundamental principles

It has been over a hundred years since the first description of a virus
as an oncolytic agent[59]. In 1904, Dock, a professor of medicine at the
University of Michigan, reported a case of the influenza virus improving the
course of a 42 year old woman’s myelogenous leukemia[60]. Her symptoms
and white cell count improved during a bout of influenza, only to deteriorate
afterwards. After this study, many reports using a host of viruses to treat
cancers were published, not only in preclinical studies but also in clinical

trials[61-68].

The mechanism for accumulation in tumours and tumour-specific
replication of wild-type viruses is yet to be clarified. Work in bacteria and
vaccinia virus suggests that the porous nature of tumour blood vessels
enables the micro-organisms to more easily extravasate from the systemic
circulation and infect tumour cells[69]. Moreover, the paradigm of a cell
infected by a virus is not that dissimilar to a cell undergoing malignant
transformation. They both share a predilection for inactivation of tumour
suppressor genes, apoptotic pathways and the interferon response[70]. This
makes tumour cells a more receptive environment for viruses, be they wild-

type or genetically engineered oncolytic viruses[70].
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Oncolytic viral vectors are genetically engineered viruses that take
advantage of cancer cell pathways to replicate preferentially in cancer cells
while sparing normal cells. In 1991 Martuza et al[71] described the first
genetically engineered virus designed for tumor-selective viral replication.
The herpes simplex virus type 1 (HSV-1) with a deletion in the thymidine
kinase gene was engineered enabling preferential replication in cancer cells
where thymidine kinase activity is upregulated. Cellular thymidine kinase is
required to catalyze the phosphorylation of thymidine to thymidine
monophosphate[72]. Actively dividing cells such as cancer cells upregulate
this pathway. The wild type HSV-1 genome carries the gene required to
produce thymidine kinase which enables HSV-1 to replicate effectively in
quiescent neuronal cells where active DNA synthesis is not occurring. By
deleting the thymidine kinase gene the mutant strain is able to preferentially
replicate in the actively dividing tumour cells but not the quiescent neuronal
cells. As part of the life cycle of the virus, following infection, replication
occurs and infected cells are lysed releasing more viral progeny. This
enables further cancer cells to be infected and in theory this cycle would
continue until all the cancer cells are destroyed. This process is shown

schematically in Figure 1.1.

The promise of this early work was met with hurdles as the thymidine
kinase mutant strains demonstrated residual neurovirulence[73].
Furthermore, the mutant strain was resistant to the standard antiviral agents
acyclovir and ganciclovir leading to safety concerns[73]. This prevented its

use in clinical trials and the search for other mutant strains began[73].
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Nonetheless, this landmark work renewed the interest of cancer researchers

in the use of genetically engineered oncolytic viruses.

Oncolytic .

-

Virus "v* Infection

Normal Cell ® Tumor Cell
Inhibition of
viral Viral Replication
replication

Spread of virus

] S

Tumor Cell Killed

Figure 1.1 Schematic demonstrating viral replication and tumour lysis upon
infection of tumour cells by oncolytic HSV-1 viruses. Theoretically viral
infection, replication, cell lysis and propagation can continue unimpeded until
all tumour cells are killed. Viral cell replication is inhibited in normal cells by

the engineered mutations.

Three major strategies have been employed when targeting oncolytic

viruses to cancer cells. The first is the deletion or inactivation of viral genes
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such as the thymidine kinase mutated strains[71]. Genes responsible for
virulence in normal cells but non-essential for replication in tumour cells are
typically selected. These include anti-interferon and anti-apoptosis proteins,
enzymes involved in nucleotide metabolism and silencing of cellular antiviral
defences[70]. The second strategy employed is to use tumour-specific
promoters to express essential or crucial viral genes[74]. The final strategy
involves engineering viral tropism by developing viral antigens that can bind

to specific tumour cell receptors[75].

When selecting a viral agent for oncolytic therapy the first decision
involves deciding between a replicating and non-replicating agent. The
obvious advantage of a non-replicating vector is the safety afforded by its
lack of virulence. Its anti-tumour effect is achieved by the vector expressing
transgenes whose proteins act on cancer cells. The most commonly used
non-replicating viruses are adenoviruses, retroviruses and the herpes
simplex virus[66]. The safety advantages notwithstanding, the main
disadvantage of a non-replicating virus is its inability to continue to propagate
an anticancer effect beyond the initial treatment dose. Theoretically,
replication competent viruses may continue to propagate their anticancer

effect as long as there are cancer cells available to be infected.

A number of replication competent viruses, either wild strain or genetically
engineered to enable tumour selective replication, have been used in
preclinical and clinical studies. These include the herpes simplex virus type-

1[71, 76, 77], adenoviruses[78], vesicular stomatitis virus[79], poliovirus[80],
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measles[81], Newcastle disease virus[82-84], reovirus[85], West Nile

virus[86-88] and mumps virus[89-91].

1.3.2. Herpes simplex virus as a viral vector

The herpes simplex virus type 1 (HSV-1) was selected for this study
because of a number of advantages it affords researches using oncolytic
viruses. It is a replication competent virus that as part of its life cycle lyses
the host cell and thus by virtue of infecting tumour cells and completing its
life cycle is able exert an anticancer effect. HSV has been extensively
studied and its genome comprehensively examined[92]. It is an enveloped,
DNA virus with a 152kb linear double stranded genome[93]. Figure 1.2
demonstrates the two unique segments, one long and one short, that are
flanked by repeat sequences. The two repeat sequences are orientated in
opposite directions to each other. The genes responsible for virulence in the
herpes virus have been clearly identified[92, 94-98]. Furthermore,
approximately 30kb of DNA is non-essential for viral replication and can be
replaced with transgenes without significant effect on viral replication or
titres[99]. This has led to the development of the field of transgene
expressing oncolytic HSV and the creation of HSV bacterial artificial

chromosome systems which will be discussed later[67].
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Figure 1.2. Schematic representation of the wild type HSV-1 genome. It has
a 152kb linear double stranded genome. Two unique fragments, one long
(UL) and one short (Us) are flanked by repeat sequences (RL and RS) that

are orientated in opposite directions to each other.

For preclinical studies, HSV can be easily generated to high titres
(10™ viral particles/ml) and infects multiple species[100]. It is able to infect a
wide variety of cells including neuronal[101], endothelial[101], epithelial
cells[102] and fibroblasts[103]. Its neurotropism is an advantage in
neurooncology research as it readily infects neural cells and is an effective
method of gene delivery to the nuclei of cells of the central nervous system.
HSV also poses no risk of insertional mutagenesis as it does not integrate
with host DNA but instead persists as an episome, even during latency[104].
Finally, with appropriately selected mutations, the virus retains its sensitivity

to commonly employed antiviral agents, thereby limiting its virulence[73].

Nonetheless, the use of HSV as an oncolytic vector is not without its
challenges. Its large genome makes it difficult to manipulate genetically. Host
innate immunity to the virus remains a challenge especially in human trials.
The majority of human subjects may have a pre-existing immunity to the

virus, which would limit its efficacy both as oncolytic vector and as a vessel
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for gene delivery[105]. The study of the immune response to oncolytic
viruses and virus-infected tumour cells, although beyond the scope of this
study, is a major area of glioma research. HSV’s neurotropism is also a
major concern with the wild type strain, as the resultant untreated
encephalitis from a primary infection or latent reactivation is fatal. In addition,
HSV’'s ability to infect replicating and non-replicating cells with life

threatening consequences needed to be addressed.

The genetic modification of HSV viral genes to rectify these problems
has been studied and Table 1.1 lists the viral genes that have been altered to
satisfy safety concerns and to selectively target tumour cells while sparing
normal cells[67]. The majority of HSV-1 oncolytic vectors have inactivating
mutations in the ICP6 (infected cell protein 6) gene (UL39) or one or both

copies of the ICP 34.5 gene (Y34.5) or both[73, 106, 107].

The main vector used in this thesis was G47A, a triple mutated HSV-1
virus with ICP6, Y34.5 and ICP47 mutations[76]. This virus was the result of
multiple mutations created to enhance selective tumour cell killing and satisfy
safety concerns regarding the intracranial use of the herpes simplex virus.
Table 1.2 lists the more common mutant HSV-1 strains that have been
tested in clinical trials. G47A originated from the mutant virus strain R3616, a
mutant derived from the HSV F-strain backbone with a 1kb deletion in both

copies of the Y34.5 gene[96].
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Viral Viral protein | Essential Function
gene
UL23 TK No Thymidine kinase
UL39 ICP6 No Large subunit of ribonucleotide
reductse
Y34.5 ICP34.5 No Neurovirulence, blockade of cell
immunity and autophagy
a0 ICPO No Silencing interferon induction
US3 US3 No Anti-apoptotic
US11 US11 No Blockade of cell immunity
US12/047 ICP47 No Inhibits MHC class | antigen
presentation
uL2 ub No Uracil DNA glycosylase
o4 ICP4 Yes Viral transcriptional activator

Table 1.1. Viral genes that have been deleted enable selective replication of

oncolytic vectors in tumour cells and enhance the safety of normal cells. The

protein produced by the gene is listed as is its function. A gene is listed as

essential if it is required for viral growth in vitro.
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Mutated virus genes Backbone
Parental . Marker | Marker gene - .
Vector ] - wild-type Clinical trial
ICP6 ICP34.5 ICP47 Expression | ICPO US3 ICP4 Others virus strain gene promoter
(UL39) (y34.5) (047/US12) of US11 (a0) (ad)
LacZ ins 956 bp
G-207 [107] - .
; (into the del (Truncation ICP6 (UL39)
(Melgllcg)ene 2nd BamHl| (BstEII- * Late * * * of UL3)* R3616 F Lacz (endogenous) Phase |
site) Stul)
LacZ ins
hrR3 [108] -
(Medigene (into the + + Late + + + KOS KOS Lacz ICP6 (UL39) Phase |
Inc) 2nd BamHl| (endogenous)
site)
LacZ ins 956 bp
G-47A [76] ) . .
: (into the del _ Immediate (Truncation ICP6 (UL39)
(Melgllcg)ene 2nd BamH| (BstEll- early * * * of UL3)* G207 F Lacz (endogenous) Phase |
site) Stul)
HF10 [109]
(M's Science + + + Late + + + See gelow HF HF None None Phase I /1l
Corp/ Nagoya
University)
HSV-1716
[110] . 75 d9e|bp
(Crusade (125213 + Late + + + 17+ 17+ None None Phase Il
Laboratories 125972)
Ltd)
NV1020 [111]
(R7020; + +/- + Late W+ +- | Seebelow | p7617 F None None Phase II
Medigene
Inc)

Table 1.2 Oncolytic HSV-1 vectors undergoing clinical trials. (-) signs represent deletional mutations in the gene described. * These
mutations were originally unintended when the vectors were constructed. Truncation of UL3 in G207 and G47A is theoretically
predicted, but not confirmed. ** Deletion of UL56, duplication of UL53, UL54, and UL55. Syncytial mutant. *** Inactivation of UL24.
Deletion of UL56, one copy of ICPO (a0), LAT, ICP4 (a4). Duplication of UL5, UL6. Insertion of HSV2 glycoproteins G, D and I.
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1.3.2.1. Y34.5 mutations

Y34.5 was originally deleted because of its role in neurovirulence and
its mutants were able to retain the ability to replicate in tumours[62, 96, 112].
Its gene product ICP34.5 was later determined to inhibit the RNA-dependent
protein kinase pathway (PKR)[113]. Double-stranded RNA produced by HSV
activates this protective cellular pathway and allows the host cell to shut
down protein synthesis in response to HSV infection[114]. Despite loss of
Y¥34.5, these HSV mutants were able to demonstrate preferential replication
in tumour cells[115, 116], although the precise mechanisms remain unclear.
Early work indicated that tumour cells had a suppressed PKR pathway
thereby enabling Y34.5 mutants to infect and replicate in these cells[66, 117,
118]. Further studies demonstrated that the PKR pathway was activated
rather than suppressed but that viral replication occurred because of a
marked increase in the protein synthesis machinery in tumour cells resulting

in continued viral replication[115, 119, 120].

The main mutated herpes vector that was trialed in human gliomas
was G207[107]. This virus contained the Y34.5 mutations discussed above
and an inactivating insertion of the E. coli lacZ gene in the UL39 locus[107].
The UL39 locus codes for infected cell protein 6 (ICP6), which is the large
subunit of ribonucleotide reductase (RR), an enzyme required for viral DNA

synthesis. In herpes simplex viruses this inactivation leads to inefficient viral
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DNA replication in a similar manner to the earlier thymidine kinase

mutants[106].

1.3.2.2. ICP6 mutation

Ribonucleotide reductase is a heterodimeric enzyme comprising an
88kDa R1 subunit and a 44kDA R2 subunit. Its function is to catalyse the
conversion of ribonucleioside diphosphates (NDPs) to deoxyribonucleioside
diphosphates (dNDPs). dNDPs are subsequently converted by nucleoside
diphosphate kinase to deoxyribonucleotide triphosphate (ANTPs). dNTPs are
the building blocks of DNA and an essential substrate during replication of
both mammalian cells and herpes simplex viruses. The mutation in the ICP6
coding gene was added to enhance the safety of mutated herpes viruses that
ultimately would be injected intracranially. As a result of this mutation the
virus preferentially replicates in cells where the mammalian ribonucleotide
reductase levels are elevated such as tumours and is replicatively deficient in

quiescent cells such as neurons[121].

Furthermore, lacZ is a reporter gene that can be used to monitor the
spread of the virus in preclinical studies[121]. Double mutants of ICP6 and
¥34.5 were chosen for clinical trials as their combined mutations were
deemed to be safer for use in humans[107, 122]. This is because single-
mutation viruses potentially may select for second site mutations that would
enable them to overcome replication restrictions of the first mutation. In

addition, short viral replication times, the millions of viral progeny produced
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and random viral DNA polymerase mutations may all exert a selection
pressure to overcome single mutations[122]. The concern with dual
mutations though, is the restrictive effects of the mutations on oncolytic viral

efficacy against gliomas.

1.3.3. G47A

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 kP

I 1 1 T 1 I 1 T 1 1 1 1 1 I I I

IcP IcP us12
34.5 345 US1  (ICP47)

AT nﬂ: IcPe 7: ! Y

1kb +

1kb
del del 312 bp
LacZ del
insertion
Us12
(IE4/5)
promoter
-
——¥Es
Us11 Us12
(ICP47)

Figure 1.3. Schematic demonstrating the G47A oncolytic vector and its
engineered mutations. Both Y34.5 genes in the inverted repeat sequences,
flanking the unique long segment have 1kb deletions. There is also a LacZ
insertional inactivation of the ICP6 gene. Finally there is a 312bp deletion in
the US12 gene bringing the US11 gene under the control of the immediate-

early US12 promoter.

One important strategy with oncolytic herpes viruses has been to

employ the virus to trigger or enhance the host immune response to tumour
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cells. This was the fundamental idea behind the creation of the next
generation oncolytic vector G47A[76]. The pathway targeted for this next
generation vector was the inhibition of immune presentation by herpes
simplex viruses. Viruses, like cancers, are adept at shielding themselves

from the host immune system[123, 124].

Following infection by HSV-1 there is a reduction in the expression of
major histocompatibility complex (MHC) class | molecules on the surface of
host cells[125, 126]. This effect is mediated by the product of the immediate
early gene a47 (US12), which binds to the transporter associated with
antigen presentation (TAP) and interferes with antigen processing in the
endoplasmic smooth reticulum and subsequent antigen presentation by MHC
class | molecules to CD8+ T cells[125, 127]. The efficacy of the protein
produced by a47, infected cell protein 47 (ICP47), is species specific. It has a
predilection for larger mammals and is highly effective in preventing T-cell-
mediated cell killing in a range of animal models including pigs, dogs and
monkeys[128]. Herpes simplex virus ICP47 is also highly efficacious in
humans as a result of its high affinity for human TAP but is significantly
weaker in murine models as its binding to murine TAP can be a hundred-fold
lower[129, 130]. This is an important consideration when translating work
performed in murine models with oncolytic vectors without an a47 deletion to
human studies, as a47 expression would be expected to attenuate cytotoxic
T-cell responses to virus infected cells in humans but not in mice with an

intact immune system.
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Based on the above data and using the backbone of the double-
mutated G207, a third mutation was added by deleting the non-essential a47
gene[131] and G47A was born. The aim was to stimulate the host T-cell
response to infected tumour cells via the immune presentation mechanisms
discussed above. The deletion of the a47 gene also provided G47A with a
further advantage over its predecessor G207. a47, also known as US12, is
one of the five immediate early genes expressed at the start of HSV
infection. Immediate early genes help regulate two further sets of genes that
are chronologically expressed in waves and known as early and late genes.
Deletion of the a47 gene resulted in the neighbouring US11 gene coming
under the control of the US12 immediate early promoter[76]. US11 is
normally expressed much later in the infection process and like Y34.5 inhibits
the RNA-dependent protein kinase pathway[132]. Thus, expression of US11
at this early stage compensates for the replication deficiencies seen in Y34.5

mutants[133, 134]

The improved replicative ability of a47 mutants like G47A is not
associated with reacquisition of neurovirulence[76]. To allay safety concerns
this has been tested using Patton backbone mutants with either Y34.5
mutations alone, or double mutations in Y34.5 and a47 (SUP1). SUP1 was
able to replicate effectively in a glioblastoma cell line that was not permissive
for its parental Y34.5 mutant but remained equally attenuated for
neurovirulence[122]. The genetic separation in Y34.5 mutants of
neurovirulence and PKR suppression and the ability to capitalize on this has

enabled the creation of more robust oncolytic vectors like G47A. G47A would
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be expected to replicate more efficiently then its parental strain G207 while

maintaining the safety profile of G207.

1.3.4. Safety evaluation of oncolytic viruses

A significant portion of the preclinical data on glioma virotherapy
involves the use of G207 and G47A. Both these viruses are derived from the
wild type HSV strain F. When inoculated into the central nervous system,
wild type HSV strain F is one of the least virulent of HSV strains [135]. Safety
testing of G207 in mice was carried out at intracerebral and intraventricular
doses of 10’ particle forming units (pfu) which is at or above doses
demonstrating efficacy in mouse tumour studies[136]. In this study, the
inoculated BALB/c mice survived for over 20 weeks with no ill effects. Two
control mice groups were infected with 1.5 x 10° pfu of HSV1 wild type strain
KOS or 10* pfu of wild type strain F. 80% of mice injected with the KOS

strain and 50% of mice injected with strain F died within 10 days.

Safety evaluation of G207 in primates began in the late 1990s with
intracerebral injections of G207 in the New World owl monkeys Aotus
nancymae. This species of primate is highly sensitive to HSV infection[137-
139]. In the G207 primate safety study, Aotus nancymae were injected with
107 to 10° pfu of G207 intracerebrally[140]. There were no deaths caused by
G207 and post inoculation magnetic resonance imaging did not reveal
evidence of encephalitis. Contrastingly, the control primate that received 10°

pfu of wild type strain F developed severe herpes encephalitis with
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symptoms including hemiparesis, meningitis and hemorrhage in the basal

ganglia. The primate died quickly thereatfter.

A subgroup from the initial cohort were reinoculated a year later with
10" pfu of G207 at the same stereotactic coordinates[140]. They
demonstrated no sequelae and remained healthy for a further two years after
the second dose of G207. Following this study, the biodistribution and
shedding of G207 viral particles was investigated. Aotus nancymae were
inoculated intracerebrally with 107 to 10° pfu of G207[141]. Post infection,
serum anti-HSV antibody titres were raised but neither infectious viral
particles nor viral DNA were present in saliva, tears or vaginal
secretions[141]. Furthermore, post-mortem analysis demonstrated that G207
DNA was restricted to the brain. The findings from this study suggest that
family members living in close proximity to patients receiving oncolytic viral
therapy and health care workers treating these patients are at minimal risk of

contracting the virus as a result of viral shedding.

The results from the G207 human phase | dose escalation studies of
21 patients with malignant gliomas were published in 2000[62]. G207 was
inoculated into human gliomas at doses ranging from 10° pfu at one location
to 3 x 10° pfu at five intracerebral locations. Clinically none of the patients
developed herpes encephalitis and at post mortem examination there were
no signs of encephalitis[62]. None of the deaths were attributable to G207
and at the time of reporting, three glioblastoma patients were alive. The

Y¥34.5 mutant HSV 1716 which was developed from the wild type strain 17+

29



was also evaluated for its safety in two clinical trials. In the first trial, patients
with recurrent malignant gliomas were treated with 10° pfu of HSV 1716 with
no evidence of encephalitis or other ill effects[142]. In the second HSV1716
trial, 12 patients with high grade gliomas underwent surgical resection and
HSV1716 was injected into the walls of the tumour cavity[61]. Once again,

there was no toxicity associated with viral inoculation.

1.3.5. Clinical trials and future strategies

While the safety record of the oncolytic viruses was demonstrated in
the clinical trials discussed above, the maximum tolerated dose was never
reached. In addition, the true effect on human tumours has not been clearly
established[20]. To date, no phase Il trials involving oncolytic herpes
simplex viruses have been completed. In theory, the perpetual replication
and lysis of tumour cells would result in complete eradication of tumors.
Unfortunately, this was not born out in preclinical and clinical study[20, 32].
This failure has been attributed to a number of factors including insufficient
viral growth and spread, host immunity, or tumor growth rate outpacing the
viral growth rate[143]. Nevertheless, the potential and promise of oncolytic

virotherapy is too great to dismiss it.
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1.4. Purpose of the proposed studies

The work in this thesis aims to investigate the utility of glioma stem
cell models for assessing novel anti-glioma therapeutics and developing new
therapeutic options for a disease that is thus far universally fatal. The
emphasis is on the use of G47A, the latest generation genetically engineered
oncolytic herpes simplex virus vector developed by our group. The effects of
G47A will be tested on glioma stem cells both in vitro and in vivo. In addition,
two strategies to augment the anti-tumour effect of G47A will be tested. The
first will be the addition of the anti-angiogenic protein tumstatin as a
transgene expressed by G47A. An anti-angiogenic agent was chosen as the
transgene to specifically target the supportive perivascular niche of glioma
stem cells. The second strategy will be combining radiation treatment with
G47A to assess their combined efficacy against glioma stem cells. This
strategy was selected because radiation therapy is the most commonly
employed therapeutic option in human glioblastomas and the combined

effect with G47A if successful, could inform future clinical trials with G47A.
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Chapter 2: Materials and Methods

2.1.Cell culture and glioma stem cells

2.1.1. Cell lines and reagents

Human GBM cell line U87 and the African green monkey kidney cell line
(Vero cells) used in the studies were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). MRC5 human lung
fibroblasts were obtained from Dr. Wendy Kallas, Massachusetts General
Hospital. Cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Invitrogen, Grand Island NY) supplemented with 10% foetal calf
serum (FCS, Invitrogen) at 37°C and in 5% CO,. Human umbilical vein
endothelial cells (HUVECs) and their culture medium EGM-2 were obtained
from Cambrex (Walkersville, MD, USA) and cultured as per the vendor
protocols. The BT74 cell line, which was originally obtained from Dr. C.
David James (University of California, San Francisco, San Francisco, CA,
USA, referred to as GBM6 in Pandita A, Genes Chrom Cancer 2004[144]),
and then was maintained as subcutaneous xenografts in mice at Brigham

and Women's Hospital, Boston, Massachusetts.
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2.1.2. Isolation and culture of glioma stem cells

Glioblastoma surgical specimens were obtained at Massachusetts General
Hospital, Boston, with approval from the Institutional Review Board. Tissues
were mechanically minced then digested with 0.1% Trypsin and 10 U/mL of
DNasel at 37°C for 45 min. Digested tissues were washed, triturated and
passed through a 100-um cell strainer. Cells were plated in EF medium
which consisted of Neurobasal medium (Invitrogen) supplemented with 3
mmol/L L-Glutamine (Mediatech, Manassas, VA), 1x B27 supplement
(Invitrogen), 0.5x N2 supplement (Invitrogen), 2 pg/mL heparin (Sigma, St
Louis, MO), 20 ng/mL recombinant human EGF (R & D Systems,
Minneapolis, MN), 20 ng/mL recombinant human EGF2 (Peprotech, Rocky
Hill, NJ), and 0.5x penicillin G/streptomycin sulfate/amphotericin B complex
(Mediatech). In addition, a portion of the digested tissue was grown in DMEM
supplemented with 10% FCS to produce standard primary adherent cell
cultures. The glioma stem cell cultures were fed once every three days with
1/3 volume of fresh medium. Cell passaging was performed by dissociation
of the neurospheres using NeuroCult Chemical Dissociation kit (StemCell

Technologies, Vancouver Canada).

34



2.2.Viral assays

2.2.1. Virus and infection studies.

The wild-type strain F virus of HSV-1 (obtained from Dr. B. Roizman,
University of Chicago, IL, USA) and its derivatives G207 and G47A, have
been described. G207 (y34.5, ICP6 ) was derived from the R3616 virus by
an inactivating insertion of Escherichia coli lacZ into UL39 (ICP6)[107]. G47A
(y34.5, ICP67, ICP47") was derived from G207 by deleting a47 and the
US11 promoter (placing the late US11 gene under control of an immediate-
early a47 promoter)[76]. The ICP6 mutant (FAG) is a strain F—derived
recombinant with an ICP6-inactivating lacZ insertion, created by co-
transfection of strain F DNA with the Xbal-Hindlll fragment of pKX2-
BG3[107]. G47ABAC virus was generated by homologous recombination
between G47A DNA and pBAC-ICP6EF, and contains a cytomegalovirus
promoter—driven enhanced green fluorescent protein (EGFP) in place of lacZ
in G47A[145]. G47A-empty has the BAC and EGFP sequences removed
from G47ABAC as described by Fukuhara and colleagues[146]. d120BAC
virus was generated from d120, which contains a deletion in both copies of

ICP4, by insertion of EGFP into the ICP6 locus[147].
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2.2.2. Replication assays

Cells were placed in 12-well plates and adherent cells were infected at 70-
80% confluency. Glioma stem cells were infected 24 hours after seeding.
After 2 hours, cells were washed with PBS and fresh media provided. For
replication assays, cells and media were harvested at the indicated times

post-infection and processed using three freeze-thaw cycles and sonication.

2.2.3. Virus titration

Monolayer cultures of Vero cells were grown in 6-well plates and infected
with serial dilutions of the virus for 45 minutes at 37°C. Following removal of
the inoculum, the cells were incubated in DMEM supplemented with 1% FCS
and 0.1% pooled human immune globulin (BayGam, Bayer Corporation,
Elkhart, IN, USA) at 37°C for 3 to 4 days until visible plagues appeared. The
cells were then fixed with methanol for Giemsa staining or with 0.5%
glutaraldehyde-2% paraformaldehyde for X-Gal histochemistry. Plaques
were counted and the average number of plaques determined from 2 wells.

Viral titres were documented as plague forming units (pfu).
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2.2.4. Infection spread assay.

Cells were infected with EGFP-expressing vectors d120BAC or G47ABAC.
Cells were grown in EF medium and at the indicated timepoints EGFP
fluorescence levels were measured using a standard fluorescence plate

reader.

2.2.5. Viral cytotoxicity assay.

GBM-SC spheres were dissociated, cells resuspended at 5-10 x 10° cells/mL
and infected at the indicated multiplicity of infection (MOI) for 45 min at 37°C.
After centrifugation to remove unadsorbed virus, cells were seeded in 24-well
plates at 2 x 10* cells per well in EF medium. The cells were harvested at
fixed timepoints, dissociated with trypsin/EDTA, and viability assessed using
flow cytometry, the MTS assay (Promega, Madison, WI, USA) or using viable

trypan blue-excluding cells counted on a haemocytometer.

37



38



2.3.Construction of G47A-Tumstatin

The vector pBLAST42 bearing the human Tumstatin gene was obtained from
Invivogen (San Diego, CA, USA). The subcloning of the tumstatin gene into
the shuttle vector using restriction endonucleases is described in section

4.2.1.

2.3.1. Integration of the human tumstatin shuttle vector with

pG47A-BAC using Cre recombination

1.5ug of pG47A-BAC and 150ng of shuttle vector DNA were mixed with Cre
recombinase (Invitrogen, Grand Island, NY, USA) in a total of 10ul and
incubated for 1 hour at 37°C. The Cre recombinase is then heat inactivated
at 70°C for 10 minutes. The recombined DNA is ethanol precipitated and
dissolved in 5ul of distilled water. Electrocompetent DH10B cells (Invitrogen)
were transformed with the recombinant DNA using a Gene Pulser Il (Bio-
Rad, Hercules, CA, USA) and chloramphenicol and kanamycin double

resistant clones were isolated.
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2.3.2. Production of recombinant virus using FLP recombination

Vero cells (1.5 x 10° cells/well) were plated in a 24-well plate. They were co-
transfected with 1ug of pG47ABACTumstatin DNA and 100ng of FLPe using
Lipofectamine PLUS (Invitrogen) as per the vendor’s protocols. 5 to 7 days
later when viral cytotoxic effects were noted in the cells, the cells were
harvested and lysed by three freeze-thaw cycles and sonication.
Recombinant virus was purified on Vero cells by limiting dilution. G47A-

Empty was created using the steps above with an empty shuttle vector.
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2.4.Differentiation induction and immunocytochemistry.

To induce differentiation, dissociated cells were plated onto fibronectin/poly-I-
ornithine—coated coverslips and grown in 1% FCS-containing medium
without EGF or FGF2 for 10 to 14 days. Cells were then fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton-X, washed and blocked
with 10% goat serum then incubated overnight with primary antibodies at
4°C. Antibodies used were rabbit anti-GFAP (1:200), monoclonal anti-MAP2
(1:150) and rabbit anti-Nestin 130 (1:50)[148]. Cy3-conjugated secondary
antibodies (1:400) were incubated at 4°C for 4 h to Vvisualize
immunoreactivity before microscopic observation. Antibody manufacturers

are listed in Table 2.1.
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2.5.Flow cytometric analysis.

Glioma stem cell cultures were dissociated and stained with phycoerythrin
(PE)-conjugated anti-CD133/2 according to manufacturer's instructions
before analysis with FACScalibur (BD Biosciences, San Jose, CA) or LSRII
(BD Biosciences, San Jose, CA). oHSV infection, cell death, and CD133
expression status were examined simultaneously by three-color flow
cytometric analysis. G47ABAC- or mock-infected cells were collected on
days 1 and 3, stained with phycoerythrin-conjugated anti-CD133/2, washed
and nonviable cells labeled with 7-AAD (BD Biosciences) before the samples
were subjected to flow cytometric analysis. Data were analyzed by FlowJo
software (Tree Star, Ashland OR). Antibody manufacturers are listed in Table
2.1. All other flow cytometric antibodies were used as per the vendor’s
protocols. Flow cytometric based cell sorting was performed on the FACS

Aria (BD Biosciences, San Jose, CA).
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2.6.Western blotting

2.6.1. Protein extraction and quantification

Cultured cells were harvested using 200ul of radioimmunoprecipitation assay
(RIPA) buffer (Boston Bioproducts) containing an added 2ul of protease
inhibitor cocktail (Sigma, St Louis, MO). Cells were sonicated for 30 seconds,
before incubating for 30 minutes on ice. Cells were centrifuged 10,000rpm
for 15 minutes and protein expression in the supernatant quantified using the
bicinchoninic acid assay (BCA, Sigma) by measurement of absorbance at
562nm of each sample relative to a standard curve in a standard

fluorescence microplate reader according to manufacturer’s instructions.

2.6.2. Gel electrophoresis and Western blotting

20ug of protein from each sample was run on NUPAGE Novex 10% Bis-Tris
gels (Invitrogen) under denaturing reducing conditions at room temperature
at 150V for 45 minutes. Protein transfer from gel to membrane was carried
out at 4°C overnight (approximately 16 hours) at 22V in the transfer blot
module (XCell Il Blot Module, Invitrogen) according to manufacturer’s
instructions. Membranes were subsequently blocked with 10ml 2.5% wi/v

non-fat dry milk for 1 hour at room temperature, washed, then incubated with
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primary antibody in PBST for 2 hours at room temperature or overnight at
4°C, in concentrations recommended by the individual antibody
manufacturers. Membranes were then washed and incubated with 10ml of
diluted secondary antibody to the appropriate species for 1 hour at room
temperature in concentrations recommended by the individual antibody
manufacturers. Antibody manufacturers are listed in Table 2.1. The
membrane was covered with 4ml of enhanced chemiluminescence solution
(ECL, GE Healthcare, Piscataway, NJ) and exposed to according to
manufacturer’s instructions for varying durations depending on the antibody
used. B-Actin was used as the housekeeping gene to control for protein
loading. The film was scanned using a Canoscan 4200F plate scanner
(Canon, Lake Success, NY) and ArcSoft Photostudio V5.5 software (ArcSoft,

Fremont, CA).
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2.7.Antibodies used for protein expression

Protein

Antibody Manufacturer

Modality

Collv

Santa Cruz Biotechnology,
Santa Cruz, CA, USA

Western blotting

Integrin aVR3

eBioscience, San Diego CA,
USA

Western blotting

PAKT (Ser4d73)

Cell Signaling Technology,
Danvers, MA, USA

Western blotting

PTEN

Cell Signaling Technology,
Danvers, MA, USA

Western blotting

Total AKT

Cell Signaling Technology,
Danvers, MA, USA

Western blotting

Ribonucleotide
reductase M2

Genway Biotech, San Diego,
CA, USA

Western blotting

Dr Raghu Kalluri, Boston, MA,

Tumstatin USA Western blotting

. Dr. Ron McKay, Bethesda, . .
Nestin MD, USA Immunohistochemistry
GFAP Sigma, St Louis, MO, USA Immunohistochemistry
MAP2 Chemicon, Billerica, MA, USA Immunohistochemistry

CD133, Phycoerythrin
conjugated

Miltenyi Biotech, Auburn, CA,
USA

Flow cytometry

Olig2, Phycoerythrin
conjugated

R&D Systems, Minneapolis,
MN, USA

Flow cytometry

CD44 Phycoerythrin
conjugated

Invitrogen, Grand Island, NY,
USA

Flow cytometry

CD24 Allophycocyanin
conjugated

Miltenyi Biotech, Auburn, CA,
USA

Flow cytometry

Human HLA-ABC
Phycoerythrin
conjugated

BD Bisciences, NJ, USA

Flow cytometry

Table 2.1: List of antibodies used for Western blotting, immunohistochemistry

and flow cytometry
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2.8.Secondary neurosphere formation assay.

Seven days after virus infection, counts of trypan blue—stained cells were
determined on a haemocytometer. Viable cells were resuspended in fresh
EF medium and seeded into 96-well plates at 1 or 10 cells per well. 14 days
later, the number of wells containing neurospheres (diameter, >60 ym) was

recorded.
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2.9.Angiogenesis and endothelial cell assays

2.9.1. Tumstatin

Human tumstatin protein and antibodies were obtained from Dr Raghu

Kalluri, Harvard Medical School, Boston, MA, USA.

2.9.2. Matrigel assay

300ul of Matrigel (BD Biosciences, New Jersey, USA) was plated in wells of
a 24-well plate and allowed to set for 30 minutes. 80,000 HUVECs in 500pl
of media was added. A further 30 minutes was allowed for endothelial cell
branching to take place. For co-culture experiments day 5 glioma stem cell

spheres were added in 500ul of media.

2.9.3. Transwell co-culture assay

Transwell co-culture assays were performed in 12-well co-culture plates (BD
Biosciences, New Jersey, USA) with transwell inserts with 0.4um diameter
membrane pores that allow the passage of diffusible molecules but not cells.
40,000 endothelial cells were seeded in bottom well in 1ml of media. 24
hours later 80,000 glioma stem cells in a single cell suspension were placed
in the top well in 1ml of media. Therapeutic agents were added 24 hours

later.
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2.9.4. Migration and apoptosis assays

The endothelial cell migration assay was performed using the Calbiochem
(Billerica, MA, USA) Innocyte Migration Assay as per the vendor protocols.
Apoptosis was measured using an Annexin V apoptosis detection kit (BD
Biosciences, New Jersey, USA) and flow cytometric analysis as per the

vendor’s protocols.

2.9.5. Vascular endothelial growth factor (VEGF) measurement

VEGF levels were measured using the human VEGF Quantikine ELISA
Immunoassay from R&D Systems (Minneapolis, MN, USA) as per the vendor

protocols.

2.10. Chou-Talalay analysis

Dose response curves and EC50 values (50% effective concentration

values) were calculated using the MTS assay (Promega, Madison, WI, USA).
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Fixed ratios of virus and radiation treatment were delivered in combination.
Combined dose response curves were fitted to Chou-Talalay lines derived

from the law of mass action[149, 150]. The equation describing this is:

log(Fa/Fu) = mlogD - mlogDp,

where F, is the fraction of dead cells, F, is the fraction of unaffected cells, D
is the dose, Dy, is the median effect dose and m is the coefficient signifying
the shape of the dose response curve. Combination index (CI) values were

calculated using the equation:

Cl = (D1/D x 1) +(D2/D x 2) + (D1)(D2) / [(D x 1) (D x 2)],

where D x 1 and D x 2 are radiation and G47A doses that are required to
achieve a particular F,; and D1 and D2 are the doses of the 2 agents in
combined treatments that are required to achieve the same F,. A Cl value of
1 indicates an additive effect. A value of less than 1 indicates synergism and

a value above 1 indicates antagonism.
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2.11. In vivo experiments

2.11.1. Acquisition and maintenance of mice

Nude mice (athymic NCr-nu/nu) were obtained from the National Cancer
Institute (NCI, Frederick, MD) and maintained under standard conditions. All
mice used were aged between 7 and 9 weeks at the time of experimentation.
Mice were housed at the animal research facility at the Simches building at
Massachusetts General Hospital in full accordance with the rules and
regulations of the Centre for Comparative Medicine at Massachusetts
General Hospital. All in vivo procedures described below were approved by
the Subcommittee on Research Animal Care at Massachusetts General

Hospital.

2.11.2. Tumorigenicity studies and immunohistochemistry.

Mice were anaesthetized by intraperitoneal injections of 50mg/kg of
pentobarbital in 0.1 ml saline using 1 ml tuberculin syringe with 28G1/2”
needle. Sterile techniqgue was observed at all times with alcohol skin prep,
the use of sterile instruments and technique and the use of appropriate

clothing such as cap, mask and sterile gloves. Surgery was carried out in a
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laminar flow hood. Dissociated glioma stem cells were stereotactically
implanted into the brains (right striatum, 2.5mm lateral from bregma and
2mm deep) of athymic mice under anesthesia. To do this, the mice were
placed on a KOPF stereotactic frame and a skin incision of approximately 1
cm made in the midline of the scalp. A burr hole of approximately 1.5 mm in
diameter was made at 1.5 mm to the right to the midline and 1 mm anterior
to the coronal suture using an electric high-speed drill with a diamond burr.
50,000 glioma stem cells in a volume of 2ul were injected over 5 minutes at a
depth of 2mm from the brain surface using a 10-microliter Hamilton syringe
with a needle. The needle was then retracted over 5 minutes. The burrhole
was closed with bone wax and the wound closed with a clip applier. Mice
were wrapped in 4” x 4" gauze to keep their body temperature warm.
Respiration and the colour of their body (especially eyes and the tail) were
closely observed. Mice were monitored for signs of discomfort or
neurological deterioration and their overall health checked every 2 to 3 days.
Mice were sacrificed when they developed significant weight loss or
neurological symptoms including hemiparesis. Formalin-fixed, paraffin-

embedded sections of brain were stained with Haematoxylin and eosin.

2.11.3. In vivo treatment studies.

2.11.3.1. Intracerebral tumor treatment
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At a fixed timepoint after tumor implantation (described in detail in each
results section), oncolytic virus was inoculated into the tumours. Preoperative
procedures were identical to the implantation methods described above.
Mice were placed on the same KOPF stereotactic frame. The wound was
reopened, and the same burr hole used. Virus was injected at doses of 2 x
10° pfu in a volume of 2ul at the same coordinates in exactly the same
manner as tumor cell implantation. The wounds were reclosed with a clip
using a clip applicatour. Mice were wrapped in 4” x 4" gauze to keep their
body temperature warm. Respiration and the colour of the body (especially
eyes and the tail) were closely observed. Animals were followed for survival
as described above. Upon sacrifice, the brains were fixed in 4%

paraformaldehyde and frozen sections obtained.

2.11.3.2. Radiation therapy

Radiation therapy to glioma stem cells in vitro and in in vivo mice
experiments was delivered from a Cesium 137 radioisotope from a sealed
source in the Centre for Comparative Medicine at the Simches Building at
Massachusetts General Hospital. Radiation therapy was delivered to the
mice while they were placed in a radiation shield (provided by Dr.
Kamalakannan, Ohio State University) to protect their bodies from receiving

a dose of radiation.
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2.12. Statistics.

Comparisons of data in cell survival and viral yield assays were performed
using a two-tailed Student's t test (unpaired) and ANOVA with post-hoc
Tukey analysis where appropriate. Survival analysis was conducted by
Kaplan-Meier curves, and their comparison was determined by log rank test.
P values of <0.05 were considered significant. Statistical analysis was

performed using Prism (GraphPad Software, La Jolla, CA).
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Chapter 3: Establishing glioma stem cell cultures, creating in vivo

xenograft models and the efficacy of G47A against glioma stem cells

3.1.Introduction

One of the major areas of focus for glioma researchers is the creation of
pre-clinical models that mimic human glioblastomas as precisely as possible.
Accurate models of glioblastomas are necessary to allow dissection of its
intricate survival and proliferation pathways and investigation of novel
therapeutics, as well as testing imaging and drug delivery techniques with
maximal translational relevance. The preclinical stage of glioblastoma
research has largely focused on commercially available glioma cell lines that
have been established and propagated in serum containing media (fetal calf
serum) for decades. These cell lines, grown as adherent cells, are a poor
representation of the genetic and phenotypic diversity seen in human

glioblastomas[151, 152].

Another method employed has been the development of transgenic
mouse models engineered with mutations in various genes such as NF1,
EGFR and platelet-derived growth factor (PDGF), which result in the
formation of spontaneous gliomas in mice. While this method has its merits,
these models to an extent reflect our current understanding of glioblastomas

and are only as good as the mutations they bear. The complexity of the
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engineered tumours is therefore partly restricted by our understanding of the
triggering mutations in glioblastoma. Furthermore, development of these
models requires considerable time, funding and expertise. In addition,
current transgenic mouse models are wunable to model recurrent
glioblastomas satisfactorily[153]. This is a particular weakness as in the
clinical setting, recurrent disease is an area of intense study and the focus
for development of novel therapeutic agents. Recurrent glioblastoma is also

ultimately the cause of death in human patients.

While both these models have certainly aided the study of glioblastomas,
the development of glioma stem cell models has provided a further avenue
for investigation. As discussed in section 1.2, the tumours formed by these
cells resemble their human clinical counterparts in a number of important
areas including their pro-angiogenic capabilities and their resistance to
chemotherapeutic agents as well as radiation therapy. Furthermore, analysis
of their transcriptome and in vivo phenotypes indicates that glioma stem cells
grown as spheres most closely resemble their human counterparts
compared to conventional cell lines or adherent primary culture cells[151,
152]. The culture of glioma stem cells also allows for clinical correlations to
be made with the original tumour’s histological features and the patient’s
clinical course which in the future may help stratify further subtypes of
glioblastomas with distinct clinical outcomes. The action of novel therapeutic
agents such as oncolytic herpes simplex virus vectors both in vitro and in

vivo in this new preclinical model of glioblastoma was still unknown. Thus,
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glioma stem cell models were established to test the effect of oncolytic

vectors, particularly the latest generation vector G47A.
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3.2.Glioma stem cells

3.2.1. Establishing glioma stem cell cultures

Glioma stem cell lines were created from primary glioblastoma
surgical specimens that were taken immediately from the operating rooms to
the pathology department where a sufficient quantity of tissue for histological
and molecular analysis was excised for clinical analysis. The remainder of
the specimen was taken to the laboratory for dissociation and culture as
glioma stem cells. A histological diagnosis of glioblastoma (World Health
Organisation Grade V) in the original patient tissue samples was
retrospectively confirmed in all of the specimens used to create glioma stem
cell cultures. The processing of the samples in the laboratory began within

an hour of the tumour specimens being removed from the patients.

Tissue specimens were mechanically minced and digested with 0.1%
trypsin. Dissociated surgical specimens grown in glioma stem cell culture
medium typically gave rise to neurosphere formation in 5 to 14 days. The
culture medium (EF medium) contains the growth factors epidermal growth
factor (EGF) and fibroblast growth factor (EGF) that have previously been
shown to promote the growth of glioma stem cells[19]. Once stable cell lines
were established they could be chemically dissociated and passaged for

more than 3 months. All experiments were conducted on primary cultures of
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glioma stem cells between passages 3 and 8 to limit the effects of in vitro

selection pressures on the cultures.

3.2.2. In vitro assessment of glioma stem cells

Once the glioma stem cell cultures were established they were tested
for their stem-like characteristics including sphere formation assays, self-
renewal, multipotency, the presence of putative stem cell markers and in vivo
tumorogenicity. Only cell lines that met these criteria were selected for
further experiments. Figure 3.1la demonstrates the sphere forming
capabilities of these cells when grown in EF media. Not all the surgical
specimens robustly formed spheres in EF media. Figure 3.1b demonstrates
a cell line that formed very small spheres. Self-renewal of glioma stem cell
spheres was tested by plating a single cell suspension into the wells of a 96-
well plate containing EF media. 14 days later the wells were examined for
spheres and in a mean of 9% (range 5% to 21%) of wells, spheres would
form from a single cell suspension demonstrating the ability of these cells to
self-renew. These spheres retained the stem-like characteristics of their

parent cells.
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Figure 3.1 Glioma stem cell neurospheres (A,B). Phase microscopy of
glioma stem cell neurospheres seen at 10X magnification. Cells are grown in

media enriched with FGF and EGF. Day 7 neurospheres are shown.

Next the glioma stem cells were tested for putative stem cell markers,
firsty CD133. Flow cytometric analysis of in vitro cultures for the surface
epitope AC133 demonstrated varying quantities of the surface protein
(2.35% to 97.82%). Figure 3.2 shows the varying quantities of the AC133
surface epitope in the glioma stem cells. Flow cytometric analysis was also
used to identify the presence of oligodendrocyte transcription factor (Olig2), a
neural stem cell marker which has been implicated in the growth regulation
of glioma stem cells[31, 154]. Figure 3.3 demonstrates the Olig2 expressing
population of glioma stem cells in one cell line. Immunohistochemistry testing
of Nestin, a marker of primitive neuronal stem cells, was positive in these
cells as was glial fibrillary acidic protein (GFAP), a marker for astrocytes and

neuronal stem cells[155] (Figure 3.4).
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Figure 3.2 Flow cytometric data from three different cell lines demonstrating the varying percentages of CD133 positive cells. A, B
and C represent glioma stem cell lines GBM8 (98% CD133 positivity), GBM4 (27%) and GBM18 (2%) respectively, demonstrating
the range of CD133 expression by glioma stem cells. D, E and F show histograms of CD133 expression in GBM8, GBM4 and

GBM18 respectively. The isotype control is in red and the CD133 positive population is in green.

69



70



e 0 - T

0 10? 10° 104 10° 0 102 10° 10* 10°

Figure 3.3 Expression of Olig2 marker in glioma stem cells (BT74). (A)
demonstrates the 23.8% Olig2 positive population of glioma stem cells in. B
demonstrates a histogram of the expression of Olig2 (blue). A histogram for

the isotype control (red) is also shown.
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Figure 3.4 Nestin, GFAP and MAP2 expression in glioma stem cells. (A)

Immunohistochemical staining in glioma stem cells grown in EF media for the
neural/glioma stem cell marker Nestin (red). (B) The astrocytic marker GFAP
(red) and (C) neuronal marker MAP2 (red) staining in glioma stem cells
grown in serum-containing media to induce differentiation. Nuclei are stained

with 4',6-diamidino-2-phenylindole (DAPI, blue).

Once the presence of these markers was established, the glioma
stem cells were placed in serum-containing media to induce differentiation
and produce cells of neuronal or glial lineage. In this media the cell lines
consistently changed morphologically and demonstrated the glial marker
GFAP and the neuronal marker MAP2 (Figure 3.4). In keeping with their
differentiation into neuronal and glial lineages, a concurrent reduction in
nestin staining and CD133 positivity was seen. Figure 3.5 shows the
reduction in CD133 expression following differentiation of the cells in serum

containing media.
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Figure 3.5 CD133 expression in glioma stem cells. GBM4 grown in (A) EF
media alone and (B) EF media then subsequently grown in serum-containing
media. Expression of CD133 is reduced (63.3% to 9.71%) when glioma stem

cells media is changed to serum-containing media.

3.2.3. In vivo assessment of glioma stem cells

The cultured cells were then implanted orthotopically in nude mice to
evaluate tumorogenicity. Nude mice, in this case the NCr-nu/nu mice, are
genetically mutated immunocompromised mice. Their genome contains a
mutation in the forkhead box protein N1 (Foxnl) gene making them athymic
and thus unable to generate mature T-lymphocytes. This results in a severe
restriction of their ability to mount T-cell based immune responses including
the rejection of xenografts, thereby making them an ideal host for the human
glioma stem cells. The glioma stem cells that were to be implanted were
washed and implanted in phosphate buffered saline (PBS). They were not

implanted in growth media containing FGF and EGF to prevent any

75



extraneous growth promoters influencing their ability to form tumours in this

orthotopic model.

Once a cell line was demonstrated to form tumours in 100% of mice
with 50,000 cells and met the criteria above, it was used for further
experiments. Despite the range in CD133 positivity seen in these cells
(2.35% to 97.82%), 90% of the cell lines were capable of forming orthotopic
tumours in immune compromised mice and this ability was not related to the
degree of CD133 expression (personal communication Dr. Hiroaki
Wakimoto, Harvard Medical School, Boston, USA). Histopathological
analysis of orthotopic tumours formed by the glioma cell lines demonstrated
recapitulation of the phenotypic features of astrocytic glial tumours seen in

humans.

Figure 3.6 demonstrates some of these features. Two major subtypes
of tumours were formed. They were either diffusely infiltrating along white
matter tracts or formed more discrete, circumscribed tumours. Figure 3.6A
illustrates one tumour that is haemorrhagic, crosses the midline and exerts
significant mass effect. Figure 3.6B shows a 10x magnification of a more
circumscribed tumour, but even this tumour has cells extending beyond its
borders invading into normal brain. Figure 3.6C, also at 10x magnification,
demonstrates an invasive tumour infiltrating white matter tracts of the brain.
Both figures 3.6 B and C show features of primitive malignant cells with high

nuclear to cytoplasm ratios, pleomorphic nuclei and mitotic figures.
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Figure 3.6 In vivo tumours formed by glioma stem cells. (A) GBM18
demonstrating the haemorrhagic tumours that can be formed by glioma stem
cells. The black arrow shows the area of haemorrhage and the green arrows
indicate the areas where the tumour crosses the midline and the
considerable mass effect on the contralateral ventricle. (B) and (C) are 10x
magnifications of GBM4 and GBMS8 respectively. Figure 3.6A demonstrates
the more circumscribed tumours formed by the GBM4 subtype while GBM8
(B) is more invasive and does not have distinct histological borders. In B the
red arrow shows glioma cell invading into normal brain and the red arrow in

C demonstrates a mitotic figure.
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3.3.Effect of oncolytic HSV on glioma stem cells in vitro

3.3.1. Infection and replication of G47A in vitro

Having established the glioma stem cell in vitro and in vivo models,
the efficacy of the oncolytic vector G47A was tested. First, the ability of the
vector to infect and replicate in glioma stem cells in vitro was tested. Herpes
simplex viruses infect cells by initially binding to glycosaminoglycan (GAG)
chains on the surface of cells. The GAG heparan sulphate is the commonly
employed binding receptor and is present on a range of cells[156]. Virus
glycoproteins gB and gC mediate the binding of the virus to heparin sulphate.
Following binding, interaction between the viral glycoprotein gD and entry
receptors such as nectin-1, nectin-2 and herpesvirus entry mediator are used
to cause fusion of the virus with the cell membrane and enable entry into the

cell[157].

Herpes viruses are known to be able to infect a range of cell types
and rather than test for the presence of above receptors, a functional assay
was employed. Virus strains expressing the enhanced green fluorescent
protein (EGFP) gene driven by the cytomegalovirus (CMV) promoter were
used. The CMV promoter was chosen because of its ability for consistent
and strong expression of genes in mammalian cells[158]. A replication-
competent G47A with a bacterial artificial chromosome (BAC) system and

EGFP tag (Figure 3.7) was compared to a control virus strain d120BAC.
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d120BAC is a replication deficient strain with a similar BAC and EGFP tag.
d120BAC is able to infect cells but does not replicate in them. The lack of
replication in the d120 strain is a result of a 4.1kb deletion in both copies of
the immediate early ICP4 gene[159]. ICP4 is essential for HSV-1 replication
but not infection. Therefore, its mutants can infect but not replicate in cells. In
addition to testing infection, various MOIs were used including very low

concentrations of the virus to allow for detection of multiplication of the virus.

/
pGA7delta-BAC
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Figure 3.7. Schematic representation of the G47ABAC strain. Enhanced
green fluorescent protein gene (EGFP) has been inserted in the ICP6 region
of the unique long (UL) segment of the genome. The gene is driven by a

cytomegalovirus (CMV, denoted CM in the figure) promoter.

Figure 3.8 below shows fluorescent images demonstrating the
presence of fluorescent green glioma stem cells infected by G47ABAC.
Similar findings were seen in cells infected with d120BAC indicating the

ability of the virus to successfully infect glioma stem cells. Wells with
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G47ABAC demonstrated increasing amounts of fluorescence with time. This
was not seen in the replication-deficient d120BAC infected cells indicating
that the G47A strain is able to infect and replicate in glioma stem cells. This
was quantified by measuring the level of fluorescence in the infected cells

with time.

Figure 3.8 Fluorescence microscopy (10x magnification) demonstrating

glioma stem cell spheres infected with EGFP expressing G47ABAC.

Figure 3.9 demonstrates the increase in fluorescence seen with time
following infection by G47ABAC. The fall in fluorescence seen at the latter
time points particularly with higher multiplicities of infection is due to the virus
killing glioma stem cells. The green fluorescent protein expressed by the

infected cells only occurs in live infected cells. Figure 3.10 demonstrates the
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fluorescence activity of d120BAC infected cells. The fluorescence levels are
unchanged over time because d120BAC is able to infect glioma stem cells,
but unlike G47ABAC it is replication-incompetent. Thus the self-propogation
seen with oncolytic vectors, where continued replication and cell lysis

continues unabated until all the live tumour cells are lysed, is not seen here.
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Figure 3.9 Fluorescence measurements in glioma stem cell cultures (GBM8) following infection with G47ABAC. Increases in
fluorescence are seen with time indicating infection and replication. At the higher multiplicities of infection (MOI) the fluorescence

diminishes at later time points because of cell killing.
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Figure 3.10 Fluorescence measurements in glioma stem cells (GBM8) following infection with the replication incompetent

d120BAC. No change in fluorescence is seen in this control experiment because of the inability of d120Bac to replicate.
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This experiment demonstrated the ability of the virus to infect gliomas
stem cells and indicated that the virus was able to replicate and kill these
stem cells. To confirm the replicative abilities of G47A and other HSV-1
strains, infection and viral yield assays were performed. Figure 3.11 below
demonstrates that wild type HSV-1, the ICP6 mutant virus (FAG) and G47A
are all able to replicate in glioma stem cells in in vitro conditions. All 3 of the
viruses demonstrate logarithmic increases in viral yield and this continued
self-propagation of the virus is a major advantage of this therapy compared
to conventional adjuvant treatments. As expected the wild-type virus,
unconstrained by safety mutations, produced the greatest yield at the final
timepoint. Nonetheless, the final yield from G47A demonstrated its ability to
satisfactorily infect and replicate in glioma stem cells. G207 with its deletions
in the Y34.5 genes demonstrated poor replicative abilities in the glioma stem

cells.
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Figure 3.11 Viral yield assays with wild type HSV-1 and mutated oncolytic vectors. (A) All vectors except G207 demonstrated
logarithmic increases in viral replication. (B) 48 hour viral yields. Viral yields at 48 hours were statistically different for all 4 viruses
(ANOVA with Tukey post-test, p<0.05). Wild type HSV-1 and the ICP6 mutant demonstrated higher replication yields than G47A,

while the yield from G207 was significantly poorer.
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3.3.2. Oncolytic HSV abrogates the self-renewal of glioma stem

cells in vitro

The above experiments confirmed the ability of G47A to infect and replicate
within glioma stem cells. Next the effect of G47A on the glioma stem cell
spheres and their ability to self renew were tested. Figure 3.12 shows
microscopy images taken of glioma stem cell spheres after infection with
G47A. The cells no longer form symmetrical spheres and now aggregate to
form distorted clumps of cells. Also visible were single cells that under the
microscope did not appear viable, as well as cellular debris. The self-renewal
capacity of glioma stem cells that survived infection were tested using the
self-renewal assay described earlier in Chapter 2. Post-infection single cell
suspensions were plated into wells of a 96 well plate. In contrast to pre-
infection glioma stem cells, none of the cells were able to form spheres post-

infection.
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Figure 3.12 Glioma stem cells spheres following infection with G47A. Phase
microscopy pictures at 10X magnification demonstrating the appearance of
glioma stem cell spheres following infection with an oncolytic virus. The
morphology of the spheres are altered and with a loss of symmetry (black
arrow) and the formation of irregular clumps of cells (white arrow). Cellular

debris is present (dashed arrows) and the cells do not appear viable.

To confirm that the dead cells were virus-infected cells, the
experiment was repeated using the G47ABAC virus and flow cytometric
analysis undertaken. Figure 3.13 shows the results of 2-colour flow
cytometry demonstrating GFP infected cells and staining for 7AAD, a marker
for loss of cell viability. Figure 3.13A shows glioma stem cells expressing
GFP following infection with G47ABAC. The majority of the cell population is
viable. The assay was repeated 5 days later (Figure 3.13B) and flow
cytometric analysis demonstrates that the majority of cells are dead and very

little GFP expression is seen (12.6%) as only live cells can express GFP.
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Figure 3.13 Infection and cell killing by G47ABAC. The x-axis denotes GFP

expression and the y-axis represents the cell death marker 7-AAD. (A) GFP
expression following infection with G47ABAC. (B) 5 days later the cells are
shifted to the right indicating cell death. GFP expression is reduced because

only live cells can emit GFP.

3.3.3. Viral cytotoxicity on glioma stem cells

Next we examined the direct cytotoxic efficacy of the viruses using a
dose response assay. The virus delivers its cytotoxic effect as part of its life
cycle. To complete its replication cycle, herpes simplex viruses lyse the host
cell and release further infective particles to restart this cycle. Having
demonstrated that the wild type virus and its mutants FA6 and G47A are able

to infect and replicate in glioma stem cells with subsequent flow cytometric
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evidence indicating that infected cells are killed, dose response curves were

constructed (Figure 3.14-3.15).
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Figure 3.14 Dose response curve for killing of glioma stem cells by G47A
(FU is the unaffected fraction and equivalent to survival). G47A efficiently
killed glioma stem cells and the EC50 (Dose at which 50% of the cells are

killed) value for G47A was a MOI of 0.0057.
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Figure 3.15 Dose response curves for killing of glioma stem cells by (A) wild type HSV-1 and (B) ICP6 mutant (FA6). The ICP6

mutant demonstrated similar killing efficiency to G47A.
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As with the viral yield assays, the wild type virus was most aggressive at
killing the glioma stem cells (Figure 3.15A) with an EC50 in a logarithmic
range higher than G47A (Figure 3.14). The ICP6 mutant and G47A both
demonstrated efficacy at killing glioma stem cells at a similar range of doses
(Figure 3.15B and 3.14). The EC50 for G47A which is the dose required to
kill 50% of the cells was a multiplicity of infection (MOI) of 0.0057. This
relatively low dose of the virus, in cell culture models is able to significantly

reduce the number of viable glioma stem cells.
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Figure 3.16 Direct comparison of the cytotoxic efficacy of wild type HSV-1
and its derived oncolytic vectors the ICP6 mutant, G47A and G207. G47A
had a similar efficacy to the ICP6 mutant. The wild type strain demonstrated
the highest killing with a mean of 89% cell death compared to 68% by G47A.
G207 was the least effective vector with a mean cell death of 28% which was

significantly lower than G47A (p>0.05, ANOVA with Tukey post-test).
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Having established dose response curves, a direct comparison of the
cytotoxic effects of oncolytic HSV against glioma stem cells was investigated.
Figure 3.16 demonstrates the cell death of glioma stem cells following
infection with the herpes viruses. Dissociated glioma stem cells were placed
in 24-well plates in EF medium and infected with viruses the following day. A
multiplicity of infection of 0.2 was used to allow the virus to demonstrate its
ability to infect, replicate and kill by completing its life cycle and then infecting
more cells. At seven days post infection, flow cytometric analysis was used
to determine the percentage of dead cells in each group. As predicted by the
dose response curves, wild type F-strain HSV-1 had the greatest cell killing
(Figure 3.16). Its cytotoxic effect was significantly better than G47A (p<0.05,
ANOVA with Tukey post-test). G47A had a similar cytotoxic effect as the
ICP6 mutant and was markedly more effective than G207 (p>0.05 and
p<0.05 respectively, ANOVA with Tukey post-test). Overall the cytotoxic
effect of G207 was poor, in keeping with its weak replicative abilities in
glioma stem cells. Having demonstrated effective infection, replication and
killing by G47A in vitro, an in vivo study using the orthotopic xenograft model

of glioma stem cells was performed.
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3.4.Effect of G47A on an in vivo model of glioma stem cells

Dissociated human glioma stem cell spheres were implanted
intracranially in the basal ganglia of athymic immunocompromised Ncr-nu/nu
mice as described in Chapter 2. Seven days after implantation the tumours
were injected with G47A or mock-treated. The mock-treated group
underwent all the steps of viral treatment including the insertion of a needle
into the tumour and injection of a similar volume of phosphate buffered
saline. No deaths were seen as a result of tumour implantation or viral or

mock treatment.

Figure 3.17 illustrates the Kaplan-Meier survival curves for the two
groups of mice. The median survival for the mock-treated group was 66 days
(range 63-74 days) compared to 84 days (range 64 to 102 days) for the
G47A treated mice. Statistical comparison of the two survival curves using
the Log-rank analysis demonstrated that the mice treated with G47A had a
statistically significant survival advantage compared to mock treatment
(p<0.005). Despite the enhanced survival with G47A, no mice were cured
and all of the mice in this study died. Upon death their brains were harvested
and all of the brains demonstrated increase in size of the gliomas. Therefore,
treatment with G47A in this model appears to retard the growth of glioma

stem cells but was not able to completely eradicate the tumours.
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Figure 3.17 Survival following G47A treatment in vivo. Kaplan-Meier in vivo survival curves of orthotopic xenografts of glioma stem
cells (GBMS8) in nude mice (n=8 in each group), treated with either 2 x 10° pfu of G47A (green) or mock treated (red). G47A treated
mice demonstrated a significant survival advantage (median survival 84 days compared to 66 days for mock treated mice, p<0.005
Log-rank).
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3.5.Discussion

The isolation and stable culture of human glioma stem cells provides
an excellent model for in vitro and in vivo testing of anti-glioma therapeutic
agents as demonstrated here. A number of studies have described the
problems with the traditional xenograft model of glioblastomas where cell
lines that have been repeatedly passaged in serum culture are used[151,
152, 160]. These tumours do not recapitulate the invasive phenotype of
glioblastomas, a feature seen in glioma stem cell models[152, 161].
Transcriptome analysis demonstrated that glioma stem cells were able to
maintain the proneural expression signatures of parent tumours[151]. The
mesenchymal drift of glioma cells grown in serum-containing media is well
established[162, 163]. Interestingly studies of glioma stem cells grown in
serum-free conditions but as adherent cultures also display this drift when
compared to cells grown as spheres[151]. It is possible that a yet
unexplained feature of three dimensional growth of the glioma stem cells (as
described in Section 3.2.2) is required to preserve the expression of specific
genes. One possible hypothesis is that a feature of anchorage-independent
growth which is characteristic of transformed cells, is responsible for

maintaining glioma stem cell gene signatures.

More recent work comparing the histological features of some of the
glioma stem cell lines described in section 3.2, to their parent patient

samples has shown that glioma stem cell xenografts maintain distinctive
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cytological and histological features of their parent tumours including
primitive  neuroectodermal tumour, giant cell and gemistocytic
characteristics[161]. The same study demonstrated that genetic mutations
harboured by glioma stem cells were a result of mutations in the parent
tumour rather than an artifact of in vitro culture. Furthermore, it has been
shown that fluid attenuation inversion recovery (FLAIR) MR imaging
characteristics of patient tumours correlate with the histological phenotype of

glioma stem cell tumours[161].

Glioma stem cell models are not without their weaknesses. The
number of in vitro passages that glioma stem cells can sustain is significantly
shorter than for traditional glioma cell lines. However, this in vitro propagation
may result in accumulation of genetic and phenotypic changes that cause the
cells to no longer resemble their parent tumours. For this reason only low
passage glioma stem cells were used in all the experiments. Furthermore,
large cell numbers (50,000) were used in the xenograft model to form
tumours, as this rapidly and predictably generates intracranial tumours. This
method is in contrast to the formation of glioblastomas in humans, which like
all cancers is postulated to originate from a single cell that has acquired
multiple genetic mutations. While this single cell method would be difficult to
recapitulate in a xenograft model, the GBM8 cell line is able to form tumours
with only 50 cells[32]. Another inherent weakness of glioma stem cell
xenografts in mouse models is the requirement for immunocompromised
hosts to enable the tumour growth. This weakness of any xenograft model is

one all cancer stem cell researchers must accept. The loss of immune
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surveillance, and in nude mice the loss of interaction between the tumour
and T-cells, is an important factor to consider when interpreting results from

xenograft models.

These limitations notwithstanding, the overall evidence points to
glioma stem cell models as a more accurate representation of human
glioblastomas. This, and the ability to correlate clinical features of the
disease in patients to the glioma stem cells, may ultimately lead to the ability
to test personalized, novel therapeutics on patients’ glioma stem cells and

then deliver tailored treatments to glioblastoma patients.

The cell lines used comprise a combination of CD133 positive and
negative cells as the cells were not sorted for CD133 positivity prior to
experimentation. As discussed previously there exists some controversy as
to the pre-eminence of CD133 as a stem cell marker. Moreover, the
possibility of stem-like cells in the CD133 negative sub-population continues
to be investigated and in this series the 50,000 unsorted cells consistently
formed tumours in immunocompromised mice. As stated above, one cell line
(GBM8) with greater than 90% CD133 positivity was able to consistently
initiate tumours with just 50 cells implanted intracranially[32]. Overall these
cell lines have consistently demonstrated tumorogenicity with as few as 50-
500 cells[32]. Furthermore, BT74, another glioma stem cell line in this
laboratory has been reported to recapitulate the endovascular proliferation

and pseudopalisading necrosis seen in human glioblastomas[32]. In addition
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to CD133 expression and in vivo tumour formation, a number of stem cell
assays were employed to determine the stem-like quality of the cell lines
used prior to employing them to test the efficacy of the oncolytic viruses.
While the cell cultures used met all these criteria, the precise definition of
what constitutes a glioma stem cell continues to evolve and this remains a

field that is still in its infancy.

The glioma stem cells are a stable and reproducible model for testing
the efficacy of oncolytic vectors derived from the herpes simplex virus. The
multi-mutated virus G47A was able to successfully infect, replicate and Kkill
glioma stem cells in culture. Moreover, cells surviving the viral infection lost
their clonal abilities to reform spheres from single cell suspensions. In vivo
G47A extended the survival of immunocompromised mice harbouring
tumours formed by the glioma stem cells. The wild type strain F virus was
used as a positive control in the in vitro experiments and aggressively
infected, replicated and lysed the cells. The ICP6 mutant that lacked the
large subunit of RR was able to successfully complete its life cycle indicating
the presence of an adequate pool of ANTP substrates for the virus in glioma

stem cells.

G207 with its deletion of the Y34.5 genes had markedly restricted
replication and hence killing of glioma stem cells. The presumed mechanism
for this lack of activity of the virus is the ability of the glioma stem cells to

activate the RNA-dependent protein kinase pathway (PKR) and enable host
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cell shutdown of protein synthesis in response to HSV infection. G47A also
contains the Y34.5 deletion but the additional deletion of the a47 gene
suppresses the attenuated replicative properties of Y34.5 mutants. The US11
gene, which is normally expressed late in infection and also inhibits the PKR
pathway, is expressed earlier in G47A as described previously in Chapter 1.
This is because as a result of the a47 deletion, the neighbouring US11 gene
is under the control of the immediate early US12 promoter resulting in very
early expression of US11 following infection. This early expression

compensates for the loss of Y34.5 functions.

This deficiency of Y34.5 mutants in glioma stem cells has clinical
implications as the majority of oncolytic herpes vectors trialed in humans
have been Y34.5 mutants that do not possess the compensating o47
deletion[61, 62, 142, 164, 165]. This data underpins the need for more
efficacious vectors like G47A to progress to human trials. Nonetheless,
despite its increased cytotoxicity against glioma stem cells, G47A did not
result in any cures in the in vivo trial. The following chapters will investigate
two different strategies aimed at targeting this problem and enhancing the

anti-glioma effect of G47A.
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Chapter 4: Developing glioma stem cells - endothelial cells co-cultures
and investigation of in vitro and in vivo effects of G47A-Tumstatin on

glioma stem cells

4.1. Introduction

4.1.1. Antiangiogenic properties of tumstatin

Angiogenesis is a key aspect of tumour behaviour that contributes
significantly to the proliferative ability of malignant cells[44]. The
supportive perivascular niche of glioma stem cells is therefore an
important therapeutic target, and antiangiogenic agents have already
been shown to suppress glioma stem cells in murine xenografts[58].
Tumstatin is an endogenous antiangiogenic agent formed from the non-
collagenous (NC1) domain of the a3 chain of type IV collagen (Col IV).
Tumstatin inhibits tumour angiogenesis by limiting the proliferation
capacity of endothelial cells and preventing blood vessel formation in vitro
and in vivo[166-168]. Endogenous tumstatin is formed by the cleavage of
Col IV in the vascular basement membrane by matrix metalloproteinase-9
(MMP-9). This cleavage is part of a complex regulation of angiogenesis
that also sees the release of the potent pro-angiogenic factor VEGF and

other anti-angiogenic agents such as endostatin and angiostatin.
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Human tumstatin inhibits the proliferation of both human and mouse
endothelial cells and induces apoptosis in proliferating endothelial
cells[167-169]. It exerts its activity by binding to a family of heterodimeric
cellular receptors known as integrins, particularly integrin aVB3[170]. In
addition, studies of the anti-tumour effects of tumstatin, independent of
angiogenic pathways have also been reported[171-174]. These include
work on glioma cell lines where expression of aV3 by tumour cells on

the periphery of glioblastomas has also been reported[174, 175].

The last chapter reviewed the effect of G47A on glioma stem cells and
noted in particular its ability to prolong survival in vivo but its failure to
eradicate the tumours. To enhance the efficacy of G47A and improve its
antiglioma effect, tumstatin was inserted as a transgene to enhance the
effect of the virus, particularly on endothelial cells. The aim was to target
the supportive perivascular niche of glioma stem cells that was discussed
in section 1.2.3. The use of other anti-angiogenic transgenes in oncolytic
herpes virus to enhance its anti-tumour effect has been successfully
trialled before, but never in a glioma stem cell model[176-178]. Tumstatin
was inserted into the virus using the Flip-Flop HSV BAC system[146,

147).
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4.1.2. Bacterial Artificial Chromosome (BAC) system and

insertion of transgenes

Historically, the creation of a recombinant herpes simplex vector
required homologous recombination in mammalian cells with co-
transfection of viral DNA and a plasmid containing the appropriate DNA
sequence flanking homologous sequences. This process was protracted
and required extensive screening of the products to determine if the
appropriate recombination had occurred. Advances in BAC technology
have markedly expedited the process by enabling the entire herpes virus
genome to be cloned as a BAC plasmid and manipulated in E. coli[147,

179, 180].

Part of the BAC cloning process involves insertion of replication origin
sequences and antibiotic resistance genes. The addition of these extra
sequences can inhibit the replicative properties of the final virus produced
and thus they are excised as part of the recombination process. In
addition to BAC technology, site-specific recombination enzymes were
used to precisely control the recombination process. Two distinct and
independent site-specific recombination methods were used; digestion
with Cre enzymes at loxP sites (Cre/lloxP) and FLP at FRT sites
(FLP/FRT). These two processes were performed sequentially. Figure 4.1
illustrates the steps involved; and Figure 4.2 shows a detailed view of the

transgene.
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Figure 4.1 Schematic representation of the 2-step recombination processes
involved in creating the transgene vector G47A-Tumstatin and the control
vector G47A-Empty. The first step involves Cre recombination at loxP sites.
The second step involves the removal of excess sequences using FLP/FRT

recombination.
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Figure 4.2 Schematic representation of G47A, G47A-Tumstatin and G47A-Empty. The transgene is inserted into the UL39 gene
locus.
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4.2.Creating G47A-Tumstatin and G47A-Empty

4.2.1. Constructing the virus

The first step in creating G47A-Tumstatin and the control vector G47A-
Empty, was to construct a shuttle vector with the tumstatin sequence. The
standard shuttle vector used was pFLS-Express #4 and the creation of the
tumstatin containing shuttle vector is shown in Figure 4.3. The tumstatin DNA
sequence was cut out of the plasmid using the restriction endonucleases
Nhel and SgrAl. Gel purification was used to separate the 818bp band. The
pFLS-Express #4 plasmid was digested with the enzymes Avrll and Xmal
and the resultant 10634bp product was gel purified. These specific restriction
endonucleases were chosen because they produce compatible 5’ overhangs
with each other, enabling the products to be ligated to form pFLS-hTum

(Figure 4.3).

115



Xmal Avrll

CMV promoter BGH pA

FRT_}‘ W’ - nllg?}f“‘-" pA

P lacZ ORF

sgral

5 UTR
NEF1-HTLY promoter = 1,?

hiL2 signal sequence

Tumastatin

Fii {Callagen IV
BGH pA ": pBLAST42— fragment)
5 hTumastatin sl
Bsrs2 i 3843 bps SV40 L pA
1, pFLS-Express (#4)
SV40 prom ColE ori 10652 bps
(Corrected)

Digestion with
Nhe | and SgrAl

LASTAZ-hTumasainseq.
‘oanplete digesa with: Niwel Sgral

‘ Gel-purification

loxP

rd

lambda stuffer . '_.UIMGKQ ori

i -
mlmmmm%(an promoter

of 818-bp band

Kan (rev)
Digestion with
ligate Avr |l and Xma |

PILS-Express #4 (Comected). seq,
Complete digest with: Avrll Xmal
10634 1%

5' UTR N
CMV promoter hiL2 signal sequence

Gel-purification
Frr_, g Nﬂastatin of 10634-bp band
lambda stuffer o ., BGHpA

SV40 pA
8

pFLS-hTum
11452 bps

lacZ ORF

-7 loxP
= --‘D‘mm%g(g ori

Kan (rev) Kan promoter

Figure 4.3 Subcloning the human Tumstatin gene (hTum) into the pFLS-
Express (#4) shuttle vector using restriction endonucleses with compatible

overhangs.
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The next step in the creation of G47A expressing tumstatin was the in
vitro Cre recombination of pFLS-hTum and pG47ABAC. The control empty
plasmid was subjected to a similar parallel process to create the control
vector G47Aempty. The tumstatin and empty vectors have a kanamycin
resistance gene and pG47ABAC has a chloramphenicol resistance gene.
The integrated clone was isolated in E.coli using kanamycin and
chloramphenicol as selection pressures. The integrated G47ABAC-shuttle
cone has a genome length of greater than 158kb including the resistance
genes and the EGFP gene. Figure 4.4A demonstrates the continued
presence of EGFP at this stage. These additional DNA sequences make the
virus inefficient when replicating. The subsequent step was FLP
recombination in Vero cells. This removes the stuffer sequence, the antibiotic
resistance sequences and the EGFP sequence. Figure 4.4B demonstrates
the Hindlll restriction enzyme digestion of the final product in comparison to

G47ABAC demonstrating the additional DNA bands in G47A-Tumstatin.
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ATum  ABAC

Figure 4.4. (A)EGFP expression of viral clones following Cre recombination
and (B)Hindlll digestion of G47ABAC and G47ATumstatin clones
demonstrating a change in the restriction pattern. The lane on the far left is a

DNA ladder.

4.2.2. Validation of the transgene vector constructs

The final construct for the two vectors is shown in Figure 4.5. The
vectors were checked for the presence of EGFP by infecting Vero cells and
both were negative. The virus was tested for LacZ staining and both vectors
were positive as demonstrated in Figure 4.6. Control cells were not infected

with virus and G47A-1L12 was used as a positive control.
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Figure 4.5 Schematic representation of the final construct of G47A-Tumstatin and G47A-Empty. The tumstatin transgene is located
in the UL39 (ICP6) gene locus and driven by a cytomegalovirus promoter (CMV). The LacZ reporter gene is present in both

vectors. One loxP site and one FRT site remain at the end of the recombination process.
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Figure 4.6 not only demonstrates the expression of LacZ but also the
plaque forming capabilities of the virus. Next the expression of tumstatin in
infected cells was tested using western blotting. This was done in Vero cells,
glioma stem cells and endothelial cells. The Figure 4.7 demonstrates the

results in glioma stem cells, the key cell of interest for tumstatin expression

Figure 4.6 LacZ expression (blue) of G47A clones. (A) LacZ expression of
the final G47A clones — Empty, IL12 and Tumstatin. (B) LacZ expression and

plaque formation by G47A-Tumstatin in Vero cells at 10x microscopy.

Emp Tuml
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-_— o
Collagen4

Figure 4.7 Western blot of tumstatin expression by G47A-Tumstatin in glioma
stem cells (GBMS8). Infection with the empty vector was used as a negative

control.
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Having established the expression of the transgene, LacZ expression,
the absence of EGFP and plaque forming capabilities of the vectors, the
replicative abilities of the vectors were then compared to G47A. Both glioma
stem cells and endothelial cells were infected in separate experiments using
G47A-Tumstatin, G47A-Empty and G47A as a control. Figure 4.8
demonstrates the viral yield at 24 hours and 48 hours. The growth curves for
the 3 viruses are similar suggesting no ill effect from the addition of the
transgene. Figures 4.8 C and D demonstrate the viral yields at 48 hours in
both glioma stem cells and endothelial cells. No statistically significant
differences in the yield of the viruses at 48 hours were seen in either cell line
(ANOVA with Tukey post-test, p>0.05). In addition to excluding that the
generated viruses had not developed any replication restrictive mutations
during their creation, this experiment also showed that tumstatin did not have

an unknown suppressive or enhancing effect on viral replication.
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Figure 4.8 (A,B) Viral yield assays in glioma stem cells and endothelial cells respectively. (C,D) Comparison of viral yields from A

and B respectively, at the 48 hour time points. No difference was seen between the vectors (p>0.05 ANOVA with Tukey post-test).
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4.3.1n vitro efficacy of viral vectors

4.3.1. Viral cytotoxicity on endothelial cells

The cytotoxicity of the two viruses towards endothelial cells was
guantified. A multiplicity of infection of 0.2 (MOI 0.2) was used and cells
incubated with the virus for 3 days. Figure 4.9 demonstrates that both viruses
are able to effectively kill endothelial cells with an advantage for G47A-

Tumstatin (Student’s t-test, p<0.03). The mean survival for G47A-Tumstatin

was 18% compared to 32% for G47A-Empty.

p<0.03

Survival

Figure 4.9 Direct comparison of the cytotoxic effect of G47A-Empty and
G47A-Tumstatin using the MTS assay. G47A-Tumstatin showed enhanced

cytotoxic efficacy (18% vs 32%, p<0.03, Student’s t-test).
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4.3.2. Apoptotic effect of G47A-Tumstatin

Following the cytotoxicity assay, the apoptotic function of G47A-
Tumstatin was measured using flow cytometric analysis. G47A-Empty was
used as a control virus as the relationship between herpes simplex virus
infection and subsequent cellular regulation of apoptosis is complex and
oncolytic viruses are known to induce apoptosis[181]. Both vectors induced
apoptosis with G47A-Tumstatin performing significantly better (39%
apoptosis vs 22%, Student’s t-test, p=0.04). Cells were infected at a low
multiplicity of infection (0.2 MOI) because of the sensitivity of endothelial
cells to oncolytic HSV. Cells were harvested at 24 hours to reduce any

confounding effect of viral replication.

p=0.04

Apoptosis (%)

Figure 4.10 Apoptosis assay by flow cytometry (Annexin-V) comparing
G47A-Tumstatin and G47A-Empty. 17% greater apoptosis was noted in the

G47A-Tumstatin group (p=0.04, Student’s t-test).
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4.3.3. Effect of G47A-Tumstatin on endothelial cell migration and

branching

Next, an endothelial cell migration assay was carried out. The
percentage of migrated cells was normalized to the number of successfully
migrated control cells. Again G47A-Tumstatin significantly outperformed the

control vector (Figure 4.11, Student’s t-test, p<0.03).

p=0.0291

100+

% cells migrated

Figure 4.11 Cell migration assay following G47A-Tumstatin infection.
Reduced migration was observed following infection with G47A-Tumstatin

compared to empty vector (p<0.03, Student’s t-test).
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Subsequently, an endothelial cell branching assay on matrigel was
performed. Endothelial cells plated on matrigel form organised branches with
multiple cross links as shown in Figure 4.12a. Figure 4.12b demonstrates the
effect of G47A-Tumstatin on the endothelial cell branches, with destruction of
the branching pattern and a change in the morphology of the cells. The two
vectors were compared at low multiplicities of infection (MOI 0.2) for 24
hours to allow for effects of the transgene to manifest but before viral
replication destroyed the branches. Again G47A-Tumstatin performed

significantly better than the empty vector (Figure 4.13, p<0.02).

P
"

Figure 4.12 Endothelial cell branching assay on matrigel. (A)Normal
branching pattern of human umbilical vein endothelial cells (HUVECs) on

matrigel. (B)Destruction of the branching pattern by G47A-Tumstatin.
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Figure 4.13 Quantitative assessment of the endothelial cell branching assay
on matrigel. G47A-Tumstatin was more effective at destroying the

endothelial cell branches (p<0.02, Student’s t-test).

4.3.4. Expression of B3 integrin and PI3K pathway components

in glioma stem cells

The effects of tumstatin, be they on endothelial cells or tumours cells
are mediated via integrin aVB3. The first step was to determine the presence
of B3 integrins on the glioma stem cells. Their presence on endothelial cells
is well established and more recently their presence on a number of glioma
cell lines including U87 was shown[174]. Their presence on glioma stem cell
lines has not previously been studied. Flow cytometric analysis for aV33 on

glioma stem cell lines, endothelial cells and U87 was undertaken (Figure
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4.14). As expected, U887 and endothelial cells demonstrated positivity for
aVB3. One of the two glioma stem cell lines tested also demonstrated the
presence of aVB3. This is the first report of a glioma stem cell line

demonstrating the integrin aV33.

daVp3 expression
100

Sample Name

80 -

60

40

Figure 4.14 Flow cytometric analysis of the surface integrin aVf3 in
endothelial cells, glioma stem cells and a glioma cell line. GBM8 and BT75
are glioma stem cell lines. HUVEC — Human umbilical vein endothelial cells.

U87 — serum cultured glioma cell line. Control — Isotype control.

Following its binding to aVB3, tumstatin acts via the
PIBK/PTEN/AKT/mTOR pathway, detailed in section 4.6. Factors that can
prevent the successful activation of apoptosis by tumstatin include the lack of
expression of aVB3 integrins on the cell, PTEN deficiency and the

constitutive activation of the Akt/mTOR pathway. To determine if glioma cell
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lines would be susceptible to tumstatin the above were tested. Endothelial
cells, which are susceptible to tumstatin, demonstrated the expected profile
of expressing the integrin and PTEN without high levels of pAKT. None of the
glioma cell lines nor U87 expressed this profile, suggesting resistance to

tumstatin (Figure 4.15).

HU U887 GBM8 GSC20 BT74 BT75

B3 Integrin — e —

PAKT P

L - — — -— e

Figure 4.15 Western blot analysis for the 33 integrin, pAKT (Ser473), PTEN
and total AKT. HU — HUVECs, U87 — serum cultured glioma cell line, GBMS,

GSC20, BT74, BT75 — glioma stem cell lines.

To confirm the hypothesis that tumstatin would have no effect on the
glioma stem cell lines, the cell lines were treated with the tumstatin protein.
As a positive control endothelial cells were also treated. As expected,
tumstatin significantly reduced the survival of endothelial cells but had no

effect on the survival of glioma stem cells (Figure 4.16).
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Figure 4.16 Cytotoxic effect of the tumstatin protein on (A) endothelial cells and 2 glioma stem cell lines (B) BT75 and (C) GBM8.

Survival was measured using the MTS assay.
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4.4.Co-culture experiments with glioma stem cells and endothelial

cells

4.4.1. Establishing the transwell co-culture model

To better understand the relationships between glioma stem cells and
endothelial cells, in vitro experiments were designed to try and simulate the
in vivo interaction between glioma stem cells and endothelial cells. The first
experiment involved the development of a transwell co-culture system.
Figure 4.17 demonstrates the co-culture system with a porous membrane
separating the glioma stem cells above and the endothelial cells below.
Although there is no direct cell-to-cell contact, secreted factors can be
transported across the membrane. Once the culture system was in place, the
effect of co-culture on the glioma stem cells was tested. As a control, glioma

stem cells were co-cultured with fibroblasts.
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Glioma stem cells

Endothelial cells

Figure 4.17 A schematic of the transwell co-culture system where endothelial
cells are co-cultured with glioma stem cells. A porous membrane separates

the two components and secreted factors flow freely between them.

Co-cultured glioma stem cells spheres were dissociated and cell
death measured using flow cytometry analysis. Figure 4.18 demonstrates the
improved survival of glioma stem cells co-cultured with endothelial cells
compared to control fibroblasts (Student’s t-test, p<0.02). The dissociated
spheres were also plated as single cell solutions into 96-well plates and a
clonal assay performed to assess the number of cells that were able to form
secondary spheres. Again co-cultured glioma stem cells performed better

(22% vs 13%, Student’s t-test, p<0.03)

136



30+

N
(=
1

Cell death (%)
2

Figure 4.18 Comparison of differences in the rate of cell death in co-cultured
and control glioma stem cells. Glioma stem cells co-cultured with endothelial

cells demonstrated reduced cell death (Student’s t-test, p<0.02)

The dissociated spheres were also tested for CD133 levels after co-
culture to determine if the levels of this glioma stem cell marker would
increase in response to simulation of the glioma stem cell perivascular niche.
Co-culture with endothelial cells did not significantly affect CD133 expression
by glioma stem cells. Data from a low CD133 expressing cell line is shown in
Figure 4.19. A low CD133 expressing cell line was chosen to enable

detection of even small changes in CD133 expression.
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Figure 4.19 Comparison of CD133 expression in glioma stem cells following
co-culture or control conditions. No significant difference was seen (p>0.05,

Student’s t-test).

4.4.2. Viral efficacy in transwell co-culture

The ability of co-culture to affect the infectivity of G47A was tested
using G47ABAC expressing EGFP and again no difference was seen
between the groups (Figure 4.20, Student’s t-test, p>0.05). The mechanisms
for cellular suppression of herpes viruses including the RNA-dependent
protein kinase pathway discussed in Chapters 1 and 3 would not be
expected to change in co-culture. Although the possible increased
proliferation from co-culture with endothelial cells that has been reported
previously[47] could affect replication, this was not seen here. Viral titres

were also not changed by co-culture (Student’s t-test, p>0.05).
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Figure 4.20 Ability of the EGFP expressing G47ABAC to infect cell under co-
culture or control conditions. No difference in infectivity was seen (p>0.05,

Student’s t-test).

The transwell co-culture system was also used to test the effects of
infection of glioma stem cells by the two vectors, on endothelial cells. Glioma
stem cells were infected at MOI 0.5 with either G47A-Tumstatin or G47A-
Empty for 24 hours. The cells were then washed and co-cultured with
endothelial cells in fresh media. After a further 24 hours endothelial cells
were harvested and the migration assay performed as a means of assessing
endothelial cell function. 44% of endothelial cells in the G47A-Empty group
migrated compared to 14% in the G47A-Tumstatin group (Figure 4.21,
p=0.001) demonstrating that tumstatin is effective at disrupting endothelial
cell function even when expressed by infected glioma stem cells. The

addition of tumstatin offers a significant advantage in the disruption of
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endothelial cells - glioma stem cells interaction compared to infection by the

control vector.

p=0.001

% cells migrated

Figure 4.21 Comparison of the efficacy of the two vectors against endothelial
cells in co-culture conditions. Infected glioma stem cells (MOI 0.5) were co-
cultured with endothelial cells in the transwell system. After 24 hours in co-
culture, endothelial cells were harvested and a migration assay performed.
G47A-Tumstatin treated cells demonstrated inferior migration capabilities

compared to the empty vector (p=0.001, Student’s t-test).
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4.4.3. VEGF production by glioma stem cells

Previous reports have demonstrated that glioma stem cells secrete
vascular endothelial growth factor (VEGF), a very potent stimulator of
endothelial cell growth and function[30, 182]. Furthermore, under hypoxic
conditions the secretion of VEGF under the control of hypoxia inducible
factor 2a is known to rise[182]. The secretion of VEGF by glioma stem cells
grown in the laboratory was measured using a commercially available ELISA
detection kit. Figure 4.22 demonstrates the level of VEGF secretion at day 2
and day 9 under normoxia and at day 2 at hypoxic conditions. As previously
noted, glioma stem cells actively secrete VEGF and dramatically increase

the level of secretion in hypoxic conditions.
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Figure 4.22. VEGF secretion by glioma stem cells and the effect of hypoxia
on VEGF secretion. VEGF secretion by a glioma stem cell line at day 2 and
day 9 under normoxia and at day 2 under hypoxic conditions is shown.

VEGF levels in the media rise with time and in hypoxic conditions.

Having established that glioma stem cells secrete VEGF, a functional
assay was used to test the effect of the secreted VEGF on endothelial cells.
Endothelial cells were plated on Matrigel in 12-well plates. As expected the
endothelial cells formed branching tubes on the matrigel surface. Once the
branches formed, the endothelial cell media was removed and replaced with
conditioned media (media harvested from day 2 glioma stem cell cultures) or
control media. Figure 4.23 demonstrates that conditioned media was able to
sustain the endothelial branches for a further 48 hours but control media was

not. The addition of Bevacizumab, a monoclonal antibody to VEGF was able
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to abrogate the effect of conditioned media (Figure 4.23D), further evidence

for the role of VEGF in the conditioned media.

Figure 4.23 Endothelial cell branching assay on matrigel (A-D). Media
conditioned by glioma stem cells (A) contains VEGF and prolongs survival of
endothelial cell branches on matrigel compared to control media (B).
Bevacizumab (D) effectively destroys the endothelial branching pattern
despite the presence of VEGF in the conditioned media compared to control

wells containing glioma stem cell conditioned media(C).

A similar effect was seen when glioma stem cell spheres were added

to the matrigel culture of endothelial cells. The stem cell spheres also
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appeared to attach to the endothelial cell branches rather than to the matrigel
itself although no quantitative analysis of the phenomenon was be performed
(Figure 4.24). Interestingly, the addition of bevacizumab to the mixed glioma
stem cells and endothelial cells co-cultures on matrigel was not as effective
at destroying the branches as it was with conditioned media. Even at doses
that reduced VEGF levels to below 20pg/ml, co-culture preserved the
branching pattern. There are a number of possible mechanisms for the
resistance to Bevacizumab seen in this co-culture system, one being that
other secreted factors are in play in addition to VEGF. This is corroborated
by the fact that previous studies have identified other endothelial cell pro-

survival factors[51, 52].

Figure 4.24 Glioma stem cell spheres attach to endothelial cell branches and
prolong the survival of the branching pattern beyond 48 hours (A) compared

to control wells with no glioma stem cells(B).
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The experiment was repeated using the transwell system described
above and this time the addition of bevacizumab easily overcame the co-
culture with glioma stem cells and killed the endothelial cells. The remaining
possibilities include a pro-survival mechanism requiring cell-to-cell contact
and a ligand such as the Notch signalling pathway. The survival mechanism
responsible for the survival of treated endothelial cells in contact co-culture
was not investigated further as the focus of the study was to develop a model
to test oncolytic viruses. However, more recent work by other laboratories
has raised the possibility that CD133 positive glioma stem cells may be able
to transdifferentiate into endothelial cells. This results in the endothelial cells
inheriting mutations from their parent cells which may cause them to be more

resistant to antiangiogenic therapies[22, 23].

4.4.4. G4A7A-Tumstatin  disrupts the glioma stem cells -

endothelial cells interaction in matrigel co-culture

As with transwell co-culture, infected glioma stem cells were
introduced into the co-culture system. Again, this was to replicate the
injection of virus into the tumour parenchyma, where the majority of infected
cells would be tumour cells. Infection of endothelial cells led to rapid killing of
the endothelial cell component of co-culture. Figure 4.25 demonstrates the
effect of viral infection on the co-culture system. Both vectors were able to
disrupt the endothelial cell branches but G47A-Tumstatin was more effective

than the empty vector (p=0.001).
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Figure 4.25 A. Quantitative assessment of the ability of both vectors to
destroy endothelial cell branches in co-culture on matrigel. Infected glioma
stem cell spheres were co-cultured with endothelial cells on matrigel. G47A-
Tumstatin was more effective at destroying the branches (p=0.001, Student’s
t-test). B. Destruction of the endothelial branches in the co-culture model by

G47A-Tumstatin (red arrows — infected glioma stem cell spheres).
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4.5 In vivo efficacy of G47A-Tumstatin

Having established the in vitro efficacy of G47A-Tumstatin at killing
endothelial cells and disrupting glioma stem cells — endothelial cells co-
culture systems, the orthotopic xenograft model discussed in section 3.4 was
used to assess the in vivo efficacy. G47A-Tumstatin was compared to the
empty vector and to mock treatment. As described in section 3.4, mock-
treated mice were treated just as virus-treated mice, but received intracranial

injections of phosphate buffered saline.
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Figure 4.26 Survival analysis of orthotopic xenotransplants of glioma stem
cells (GBM8) treated by either mock injections, or 2 x 10° pfu of either G47A-
Tumstatin or G47A-Empty. Both vectors performed better than mock
treatment (Log rank, p<0.005). G47ATumstatin did not demonstrate a

survival advantage over G47A-Empty (Log rank, p=0.44).
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There were no deaths related to tumour implantation or virus
treatment. Mice brains were harvested at death and all the mice died from
progression of the brain tumours. The median survival in the mock treated
group was 56 days (range 47 - 62 days) and for mice treated with G47A-
Empty and G47A-Tumstatin it was 63 days (range 57 -75 days) and 72 days
(range 60 — 82 days) respectively (Figure 4.26). The survival advantage of
treatment by either virus was statistically significant compared to mock
treatment (Log rank, p<0.005). However, neither of the virus treatments were
curative. No clear advantage was demonstrated for the vector expressing

tumstatin compared to the empty vector (Log rank, p=0.44).
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4.6 Discussion

The traditional method of creating recombinant HSV vectors involved
homologous recombination techniques using purified HSV DNA and
recombination plasmids being co-transfected in cells. This technique was
labour intensive with multiple attempts at viral selection and structure
confirmation until the appropriate clone was created. The inefficiency of this
method has been a major hurdle in the creation of new oncolytic HSV
vectors. The use of BAC technology has enabled the manipulation of the
entire HSV genome in E coli bacteria. The technique described in this
chapter where BAC technology is combined with two site specific
recombination steps (Cre/loxP and FLP/FRT) has been designated the Flip-

Flop (ELP/ERT and Cre/loxP) HSV-BAC system[147].

Using standard sub-cloning techniques of restriction enzyme digestion
and ligation to manipulate the HSV-BAC DNA and insert transgenes would
be unfeasible as the DNA sequence is typically more than 150 kilobases.
Thus the use of site-specific recombination systems are particularly
beneficial for precise and reproducible recombination. Another technique
employed to aid accurate reconstruction is the inefficiency of HSV virions in
handling and packaging DNA fragments larger than 156 kilobases[183, 184].
The addition of a stuffer sequence, antibiotic resistance genes, and the
EGFP gene increases the HSV DNA size to greater than 156 kilobases. This

prevents the efficient replication of viruses that have not undergone the
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second recombination step involving FLP/FRT which excises these
additional sequences. Furthermore, by removing the EGFP gene, viral
clones can be screened for their lack of EGFP. These advances in cloning
technology and our improved understanding of the HSV genome has
enabled the creation of pure, appropriate recombined clones in greater than

99% of attempts[147].

The role of extracellular matrix proteins in the perivascular niche of
glioma stem cells is gaining prominence and their activity on tumour cell
proliferation and migration is slowly being elucidated[53]. Furthermore,
laminins have been demonstrated to be essential in the culture of adherent
glioma stem cells[185, 186]. More recently integrin a6 has been reported to
be a marker of the glioblastoma perivascular niche and that gliomas stem
cells express high levels of this surface protein[48]. Integrins aVB3 and aV[35
are known to be expressed by glioma bulk tumour cells, their vasculature
and correlate with the grade of tumour[175]. aVB3 positive tumour cells are
located at the invasive borders of gliomas[175], an area that may be
associated with invading glioma stem cells. The flow cytometric results and
protein expression analysis in section 4.3.2 are the first report of the
presence of integrin aVB3 on glioma stem cells. However, their presence

was not universal with only certain cell lines expressing the surface protein.

Tumstatin has a proven record of efficacy in preclinical studies of

angiogenesis[166-169, 187, 188]. In addition, anti-tumour effects
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independent of anti-angiogenic actions have also been reported[174]. The
activity of tumstatin is via integrin aVVB3 and the PI3K/PTEN/AKT/mTOR. For
successful apoptosis by tumstatin, cells must express the integrin aV3. In
addition, intracellular pathways that inhibit the Akt-mTOR pathway, an intact
PTEN and factors that prevent constitutive activation of Akt potentiate the
activity of tumstatin[174]. Proliferating endothelial cells meet the criteria
outlined above for tumstatin susceptibility but glioma stem cells do not and
thus the anti-tumour activity of tumstatin in glioma stem cell models is purely

restricted to the endothelial cell component.

The effect of tumstatin on endothelial cell migration in the published
literature is mixed. One report suggests that tumstatin’s activity does not
extend to endothelial cell migration, but purely to reduce protein synthesis
and induce apoptosis[170]. In contrast extracellular matrix bound VEGF is
known to promote endothelial cell migration via aVB3 and this binding is
competitively inhibited by tumstatin[189]. Furthermore, more recent work has
confirmed an anti-migratory effect of tumstatin on endothelial cells[190]. The
experimental results in this chapter demonstrate a clear reduction in
migration following G47A-Tumstatin infection. This may in part reflect a
higher cytotoxic effect of the virus, as only viable cells would be able to

complete the experiment.

Both the empty vector and G47A-Tumstatin are capable of killing

glioma stem cells and endothelial cells. This ability to affect both components
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of the perivascular niche is an advantage in any anti-glioma therapy. G47A-
Tumstatin demonstrated an added advantage in disrupting endothelial cell
function in the in vitro models of glioma stem cells - endothelial cells co-
culture. This advantage was seen even in a contact co-culture model where
testing with bevacizumab, a potent monoclonal antibody to VEGF appeared
ineffective. One potential hypothesis of the resistance in the presence of
bevacizumab may be the transdifferentiation of glioma stem cells into
endothelial cells[22, 23]. Wang et al[23] noted that using a Y-secretase
inhibitor to target the Notch pathway rather than targeting VEGF with
bevacizumab, prevented the transition of CD133 positive tumour cells to
endothelial cell progenitors. The advantage for G47A-Tumstatin may be its
ability to kill glioma stem cells as well, thus disrupting any protective effect
the glioma stem cells have on endothelial cells. The prevention of neo-
angiogenesis and the role of the glioma stem cells in this process is certainly

an area worthy of further study.

The in vivo failure of G47A-Tumstatin to increase survival compared
to G47A-Empty may reflect a number of possibilities. Endothelial cells are
sensitive to G47A viruses and while in vitro there was enhanced efficacy with
the tumstatin transgene, this effect was not translated to the in vivo model.
Glioma stem cells in human glioblastomas would have to regulate
endogenous anti-angiogenic peptides like tumstatin during tumour
development. It is possible that in vivo factors not seen in the in vitro model
enable the tumour to successfully resist tumstatin’s activity. The viruses were

only tested on human endothelial cells but human tumstatin is known to work
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on mouse endothelial cells. Glioma stem cells in orthotopic tumours which
represent a more comparative model to their state in human gliomas are
adept at adapting to anti-angiogenic agents. A number of possible adaptive

mechanisms may be at play.

In addition to the example of transductive adaptation where glioma
stem cells are able to transdifferentiate into endothelial cells in response to
antiangiogenic agents[22, 23], there have been reports of gliomas changing
their phenotype to a more invasive model in response to anti-angiogenic
agents[191]. Other anti-angiogenic studies have suggested that a
metronomic model of delivery of antiangiogenic agents is preferred to a
single dose model[192] and this is one more consideration for further work in
this area. The use of anti-angiogenic agents in glioblastoma remains a
promising area of study but more work is required to delineate the resistance

seen with their use.
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Chapter 5: Therapeutic synergy between G47A and radiation therapy in

glioma stem cells

5.1. Introduction

5.1.1. Radiotherapy for glioblastoma

The evidence for the use of radiotherapy for malignant gliomas has
long been established with a study published over three decades ago
demonstrating a survival advantage for patients treated with radiation
compared to those receiving best supportive care[193]. This survival
advantage persists even in modern series of older patients with
glioblastoma[194]. Glioblastoma patients today receive approximately six
weeks of irradiation to clearly defined tumour-involved volumes of the brain.
The infiltrative nature of the disease requires the radiotherapy field to have a
wide margin and commonly 2cm is added to the enhancing tumour or tumour
bed borders. The total dose over the six-week period is typically 60Gy in 2Gy

fractions.

Despite the survival benefit of radiotherapy, glioblastomas
demonstrate significant radioresistance with almost universal recurrence of

the tumours, some within areas receiving high doses of radiation[195]. Dose
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escalation investigations have not demonstrated a curative dose even at
90Gy[196]. A number of strategies have been employed to circumvent the
radioresistance of these tumours including modulating the fractionation
regimes, stereotactic radiosurgery and the use of radiation sensitizers. All

three strategies have had limited success.

5.1.2. Radiation sensitizers in glioblastoma

The current standard of practice as discussed in Chapter 1, is the use
of concomitant and adjuvant temozolomide with radiotherapy[5].
Temozolomide, an alkylating agent, has an anti-tumour effect of its own but
has also been shown in vitro to sensitize glioma stem cells to radiation[197].
Thus part of the benefit seen in their concomitant use may be due to

radiosensitization of the tumour.

Other radiosensitizers have been trialled including misonidazole and
bromodeoxyuridine. Misonidazole induces the formation of free radicals and
depletes radioprotective thiols. It was intended to act as a radiosensitizer of
hypoxic cells, but in a randomised trial it failed to confer a survival
benefit[198]. Bromodeoxyuridine is a synthetic analogue of thymidine that
radiosensitizes cells by incorporating into DNA. As with misonidazole, a
phase Il randomised trial in anaplastic astrocytomas demonstrated no

survival advantage for bromodeoxyuridine[199].
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5.1.3. Biology of radiation resistance and glioma stem cells

Preclinical models of glioblastomas have elucidated some of the
mechanisms behind the radioresistance seen in this tumour. Two common
mutations seen in glioblastomas are loss of PTEN and amplification or
mutation of EGFR[15]. Both these mutations lead to activation of the PI3K
pathway. Studies of glioma cells with mutated, constitutively active EGFR
have demonstrated its role in radioresistance, mainly via the PI3K
pathway[200]. The discovery of glioma stem cells has led to further
discoveries on the mechanisms of radioresistance. Following irradiation,
CD133 positive glioma stem cells have been shown to preferentially activate
DNA damage checkpoint responses and repair radiation induced DNA
damage[29]. The same study proposed that CD133 positive glioma stem
cells are responsible for the radioresistance of glioblastomas, and that these

cells subsequently repopulate the tumour leading to tumour recurrence.

5.1.4. Combining oncolytic herpes viruses with radiotherapy and

cytotoxic therapies

The ubiquity of radiation treatment in the management of cancers is a
testament to its utility. However, the ability of radiotherapy to cure cancers is

rare. The use of radiation sensitizers was previously discussed in section
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5.1.2; in this chapter, an alternative strategy where radiation therapy is used
as a sensitizer for viral oncolytic therapy will be investigated. A number of
oncolytic herpes viruses have been used in conjunction with radiotherapy to
treat tumours. R3616, a y34.5 mutant, has been trialled in preclinical models
of glioblastoma. The tumours were inoculated with the virus and then
irradiated. In xenograft flank models tumour regression was greater with this
dual treatment[201]. Similarly in an orthotopic model, median survival was
significantly greater in the combined radiation therapy and R3616 group
compared to single treatment groups[202]. The effect of combined oncolytic
viral therapy and radiation treatment on glioma stem cells has not been
previously studied. Recent work in combining cytotoxic agents with oncolytic
viral therapy to treat glioma stem cells has demonstrated promising results
when the chemotherapeutic agents temozolomide and etoposide were

used[203, 204].

In this chapter the effect of radiotherapy on glioma stem cells and the
efficacy of combining G47A with radiotherapy will be examined. In addition,
the ability of the two agents to act synergistically will be tested and the
mechanism of their interaction delineated. Furthermore, the changing
patterns of cellular markers in glioma stem cells in response to radiotherapy
will be investigated. Finally, the in vivo action of radiotherapy and G47A in
combination will be studied in an orthotopic, xenograft mouse model of

glioma stem cells.
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5.2.Radiosensitization of glioma stem cells in vitro

5.2.1. In vitro treatment of glioma stem cells with radiotherapy

Cultured glioma stem cells were treated with radiotherapy at varying
doses to establish dose response curves. Interestingly, the previously
reported radioresistance of glioma stem cells is not a universal phenomenon.
Dose response curves from 2 glioma stem cell lines with varying resistance
to radiotherapy are shown below. Like all the cell lines used they have a
mixed population of CD133 positive and negative cells. GBM8 has greater
than 90% CD133 positivity but in contrast to previous data[29] discussed in
section 5.1, GBM8 was exquisitely sensitive to radiotherapy with an EC50
(dose at which 50% of cells are killed) of 2Gy (Figure 5.1). By comparison,
BT74 a glioma stem cell line with only a third of its cells expressing the
surface marker CD133, was extremely radioresistant with an EC50 of 22Gy
when treated in vitro (Figure 5.2). Thus after treatment with 22Gy delivered
as a single dose, half the BT74 glioma stem cells were still alive. To put this
degree of resistance to radiation therapy in perspective, a 22Gy dose when
delivered to humans is given over 15 days in 2Gy fractions with breaks after

every 5 days.

In Chapter 3 the use of G47A to treat glioma stem cells and its ability
to increase survival in xenograft models of glioma stem cells was noted.

Nonetheless, no cures were achieved. This, combined with the marked
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radioresistance of glioma stem cells and previous studies suggesting
enhanced combined efficacy, led to the investigation of the efficacy of the

two agents used in conjunction.
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Figure 5.1 Dose response curve measuring the survival of GBM8 glioma stem cells following irradiation. The EC50 value for

radiation treatment in this glioma stem cell line is 2Gy.
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Figure 5.2 Dose response curve measuring the survival of BT74 glioma stem cells following irradiation. The EC50 value for

radiation treatment in this glioma stem cell line is 22Gy.
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5.2.2. Combined efficacy of G47A and radiotherapy on glioma

stem cells

In section 5.1 the role of radiosensitizers in increasing the efficacy of
radiotherapy was discussed. Radiosensitizers may be able to exert an
additive or synergistic effect when given in combination, hence in the
following experiments the ability of radiotherapy and G47A to synergize was
studied. Radioresistant glioma stem cells were treated with G47A and

radiotherapy in 5 separate regimes as outlined below:

e Simultaneous treatment with radiotherapy and G47A

e Pre-treatment with G47A and then treatment with radiotherapy

e Pre-treatment with radiotherapy followed by infection with
G47A

e G47A alone

e Radiotherapy alone

Treatments were separated by 24 hours. Based on previous work on
irradiation of glioma stem cells where doses between 3 to 5Gy were
sufficient to produce changes in the DNA damage response of glioma stem
cells[29], a dose of 4Gy was chosen for the preliminary studies. Figure 5.3
demonstrates the cytotoxic effects of the 5 treatment regimens. The most
efficacious combination was the pre-treatment of glioma stem cells with
radiotherapy prior to infection with G47A (p<0.0001, ANOVA with Tukey
post-test). Mean survival for the group pre-treated with radiotherapy was
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47% compared to 63% in the simultaneous treatment group and 66% in the

Figure 5.3 Dosing regimens tested to determine the optimum schedule for

group where radiation treatment was delayed.
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the combined treatment of G47A and radiotherapy (4Gy). Treatment was
delivered individually, simultaneously or at 24h intervals. Survival was
analyzed using an MTS assay. Pre-treating radioresistant glioma stem cells
(BT74) with 4Gy of radiotherapy enhanced the killing of the cells by G47A

(p<0.0001, ANOVA with Tukey post-test).

The results from this experiment suggest that pre-treatment of glioma
stem cells with irradiation prior to infection with G47A is the most efficacious
strategy. Therefore, radiotherapy must be sensitizing the glioma stem cells to
G47A. This is a reversal of the typical approach to improving outcomes with

radiotherapy in glioblastoma patients where radiation sensitizers are
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used[198, 199]. To determine if the enhanced activity was a result of
increased viral replication, measurement of viral titres post radiotherapy was

undertaken.
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Figure 5.4 Replication of G47A in control glioma stem cells and following pre-
treatment with 4Gy or 20Gy irradiation. Treatment with 4Gy of radiation
therapy significantly enhanced replication of G47A compared to no radiation
therapy or high dose radiation at 20Gy in BT74 glioma stem cells (p<0.01,

ANOVA with Tukey post-test).

Glioma stem cells were infected with G47A following irradiation with
4Gy or 20Gy. Control cells were not irradiated and all cells were infected 24
hours after the treatment groups were irradiated. Viral titres were measured

36 hours post-infection. Pre-treatment of glioma stem cells with 4Gy of
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radiotherapy significantly enhanced the viral titres produced (p<0.01, ANOVA
with Tukey post-test). Treatment with high dose radiotherapy did not produce
the same effect (p>0.05, ANOVA with Tukey post-test). This may have been
a result of additional cell killing at the high dose suppressing viral bursts or
initiation of a more quiescent stage in glioma stem cells which would
suppress viral replication. The 4Gy dose was chosen for all future

experiments.

The effect of pre-treatment with radiation was tested on the HSV-1
wild type strain and other mutant viruses. Figure 5.5 demonstrates the
results. Irradiating the glioma stem cells had no effect on the viral yield of
HSV-1 wild type strain (p>0.05, Student’s t-test) indicating that the enhanced
effect seen with G47A may be a compensatory phenomenon for one of the
engineered mutations of G47A. Infection of irradiated glioma stem cells
resulted in a significant growth advantage for the ICP6 mutant (FAG) (p=0.01,
Student’'s t-test) indicating a possible role for ribonucleotide reductase
activity in the irradiated cells. Interestingly, radiation did not seem to
significantly affect the poor replicative activity of G207 (p>0.05, Student’s t-

test), seen in Chapter 3.

Having established that both the ICP6 mutant and G47A demonstrate
enhanced replication following pre-treatment of the glioma stem cells with

irradiation and that the cytotoxic effect of radiotherapy and G47A is better if
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given sequentially with the virus added after radiotherapy, an analysis of the

combination effect was carried out.
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Figure 5.5 Viral yields of (A) wild type HSV-1, (B) the ICP6 mutant and (C) G207 in BT74 glioma stem cells pre and post irradiation
with 4Gy. Neither wild type HSV-1 nor G207 demonstrated significant changes in replicative abilities following radiation treatment
(p>0.05, Student’s t-test). The ICP6 mutant FA6 demonstrated a significant increase in replication following irradiation (p=0.01,

Student’s t-test).
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5.2.3. Combination index

Determining the combined efficacy of two agents is an intricate
process dependent on a number of variables. The cytotoxic effect of two
agents needs to be defined more than just as agent A + agent B being
greater than agent A or B. This simplistic definition becomes unusable in a
situation where one agent may have 65% cytotoxicity and the other 85%,

where the combined efficacy cannot be 150% cell death.

One mathematical model for calculating the combined efficacy of two
agents is the Chou-Talalay method, which is based on the law of mass
action and thus independent of the knowledge of the mechanisms of action
of the agents involved[149, 150]. Having established dose response curves
for radiotherapy and for G47A, the EC50 values for each agent was
calculated (Figure 5.1, Figure 5.2, Figure 3.14). Based on the EC50 values of
both agents, a constant ratio drug combination analysis is carried out to
determine the combination index which is a measure of the interaction
between the two agents. The result combination index values are plotted
against the cytotoxic effect which is termed the fraction affected (f.). fa
ranges are plotted between 0.2 to 0.8. Figure 5.6 demonstrates the results of
the Chou-Talalay analysis for a radioresistant glioma stem cell line (BT74)
and Figure 5.7 shows the analysis for a more radiosensitive glioma stem cell

line (GBMS).
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A combination index (CI) of 1 denotes an additive effect between the
two agents. A ClI of greater than 1 is defined as an antagonistic reaction and
a value below 1 is defined as synergistic. In the radioresistant glioma stem
cell line (BT74), the Cl value at a f, of 0.2 is >1 but at all other f, the Cl is <1
indicating synergism (Figure 5.6). The radiosensitive glioma cell line (GBM8)
demonstrated a Cl <1 throughout indicating a synergistic relationship (Figure

5.7).

174



205

—
a
|

Combinationindex
o
tn ex

D T ] ] T 1
0 0.2 0.4 0.6 0.8 1

Fraction affected

Figure 5.6 Chou-Talalay analysis in a radioresistant cell line (BT74). The red line marks a combination index (CI) of 1 which is the
level for an additive effect. At a f, of 0.2 there is an antagonistic relationship between radiotherapy and G47A but at all other fa the
relationship is synergistic.
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Figure 5.7 Chou Talalay analysis in a radiosensitive cell line (GBM8). The red line marks a combination index (Cl) of 1 which is the

level for an additive effect. In this experiment all the CI values were below 1 indicating a synergistic effect.
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5.2.4. Mechanism of synergy between radiotherapy and G47A on

glioma stem cells

The increase in replication by both the ICP6 mutant and G47A, but not
wild-type HSV-1, suggests that the glioma stem cells may be responding to
the cytotoxic stress of radiotherapy by upregulating the expression of
ribonucleotide reductase (RR). This is an established survival mechanism for
cancers undergoing radiotherapy[205-208]. As both G47A and the ICP6
mutant have insertional mutations at the UL39 gene, they are unable to
produce the RR enzyme which is crucial for the synthesis of DNA. Thus, their
replication is restricted to cells with an adequate level of the protein to
sustain viral replication. In cells where there is an upregulation of RR their
replication is enhanced. Protein analysis of glioma stem cells pre- and post-
radiation was carried out to test this hypothesis. In the three glioma stem cell
lines tested, all demonstrated an increase in the R2 subunit of RR following

irradiation (Figure 5.8).

This increase in RR following radiotherapy would explain the increase
in replication and killing seen in glioma stem cells by G47A and the ICP6
mutant, but not wild type HSV-1. G207 would also be expected to
demonstrate increased replication, however the benefits of raised RR levels
do not appear to compensate for the suppression of Y34.5 mutants in glioma

stem cells.
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Figure 5.8 Western blot analysis of the expression of the R2 subunit of
ribonucleotide reductase in 3 glioma stem cell lines, 24 hours after irradiation
with 4Gy. All 3 glioma stem cell lines showed increasing quantities of R2

protein following 4Gy of irradiation.

5.2.5. Changing biomarkers following irradiation in glioma stem

cells

The resistance of glioma stem cells to radiotherapy, particularly by
CD133 positive cells has previously been shown[29]. The glioma stem cells
used in this study are a mixed population of CD133 positive and negative
cells. Nonetheless, the level of CD133 expression did not correlate with
radioresistance with the highest CD133 expressing glioma stem cell line
demonstrating relative radio-sensitivity. To investigate this further, 2 new

biomarkers CD44 and CD24 were tested. CD44/24 double positive glioma
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stem cells have been shown to be radioresistant (unpublished data, personal
communication from Dr. Kamalakannan, Ohio State University, USA). Both
the glioma cell lines tested demonstrated a subpopulation of double positive
cells (Figure 5.9). Following irradiation with 4Gy the subpopulation in BT74
increased from 17% to 66%. In GBM8 the rise was more dramatic from 7%
to 56%. However, this was on a background of far greater cell death in
GBM8 as the 4Gy of irradiation is double the EC50 for this cell line.
Nonetheless a radioresistant population survives and theoretically in humans
these cells could repopulate the tumour following radiotherapy. Not all the
surviving cells were CD44/24 double positive suggesting that these were by

no means the only markers involved.

The ability of G47A and radiation therapy to synergistically kill glioma
stem cells has been demonstrated (Figure 5.6 and 5.7). To determine the
ability of the virus to infect the radioresistant sub-population of glioma stem
cells, 2 colour flow cytometry was used to investigate the capability of
G47ABAC to infect CD44 positive cells. Figure 5.13A and 5.13B below
demonstrate the results. G47ABAC is able to infect the CD44 sub-population
of glioma stem cells both pre and post radiation. In Chapter 3 it was shown
that infection of glioma stem cells by G47ABAC resulted in death of the cells.
The CD44 surface marker was chosen to represent the CD44/24 positive
population as this marker, as will be discussed in section 5.4, has been

linked to cellular pathways of radiation resistance.
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Figure 5.9. Flow cytometric analysis of the markers CD44 and CD24 in 2 glioma
stem cell lines pre and post irradiation with 4Gy. Figure A and B show the
radioresistant cell line BT74 pre and post radiation respectively. The CD44/CD24
double positive cells represent the radioresistant population and post irradiation
there is an increase in the sub-population from 17% to 66%. Similarly in the more
radiosensitive GBMS8 cells (C and D) there is an increase in same population from
7% to 56%. However, in GBMS8 there has been a marked reduction in the total

number of cells demonstrated by the reduced cell density seen in D.
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5.3.In vivo results

5.3.1. Survival analyses

Having established the in vitro efficacy of combining G47A with
radiation therapy, the glioma stem cell, orthotopic, xenograft model was used
to test the combined efficacy in vivo. The radioresistant glioma stem cell line
BT74 which in vitro had an EC50 of 22Gy and a CI<1 in f; 0.4-0.8 was used.
6 mice were assigned to each group at random and treated with mock
infection, 4Gy of radiotherapy, G47A or both G47A and 4Gy of radiotherapy.
Mice were irradiated in 2GY fractions on day 7 and day 8 post-tumour
implantation and G47A injected on day 9. Both the radiotherapy alone group
and mock treated group received mock injections of phosphate buffered

saline. The results are shown in Figure 5.10

Treatment with G47A and 4Gy irradiation significantly improved
survival (p<0.001, Log rank) compared to either G47A or radiation therapy
alone. The median survival for the radiation group was 76 days, compared to
84 days and 96 days respectively for the G47A group and the double treated
group. In this radiation therapy resistant glioma stem cell line, G47A
treatment performed better than radiation alone. It should be noted that the
4Gy dose is below the in vitro EC50 value for this cell line but at a dose

known to increase ribonucleotide reductase levels and enhance viral
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replication. All the mice died from tumour progression and again no cures

were seen in any of the groups.
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Figure 5.10: Survival post radiotherapy and /or G47A . Mice were randomised to be treated with either mock infection, 4Gy
of radiotherapy, G47A or both G47A and 4Gy of radiotherapy (n=6 per group). Mice were irradiated in 2GY fractions on day
7 and day 8 post-tumour implantation and G47A injected (2 x 10° pfu) on day 9. The dual treatment group survived for

significantly longer than any other group (p<0.001, Log rank).
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5.3.2. Analysis of in vivo tumours

A further group of mice (n=3) were implanted with glioma stem cells
and treated with 4Gy radiation therapy. A control group of mice (n=3) were
also implanted with glioma stem cells. The mice were killed on day 45 and
their brains and associated tumours removed. The tumours were processed
using the protocol described in Chapter 2 and 3 as for human brain tumour
samples. Cell were separated using flow cytometry to sort for cells
expressing human leukocyte antigens (HLAS). Interestingly the tumours
formed in mice were very sensitive to trypsin dissociation. Similarly digestion
with collagenases also rendered the samples unsuitable for analysis. Figure
5.11 demonstrates the resultant flow cytometric analysis of the digested
mouse brains. The protocol was subsequently modified to remove chemical
digestion of the tumours and the brains were dissociated mechanically.
Figure 5.12 demonstrates the results following mechanical dissociation.
Viable cells were obtained, selected for by using a human antigen and grown

in glioma stem cell cultures.
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Figure 5.11 Flow cytometric data demonstrating that dissociation of glioma
stem cell xenografts with trypsin (A and B) or collagenases (C and D) results
in unusable cellular debris. In (B) only 0.15% of cells were viable and stained

for the human HLA antigen.

188



A 250K

200K

Pure —
mechanical

. F: " [72]
dissociation «
100K

50K 4" *

0 oy

0o 10° 10° 10 108 0 10% 10° 10
SSC-A <PE-A>: HLA ABC

L L B LR | LI L

Figure 5.12 Flow cytometric data of glioma stem cell xenografts dissociated
using mechanical dissociation. (A) demonstrates that 25% of the cells were
viable and (B) demonstrates the cells positive for the human antigen (HLA-

ABC) prior to sorting.

Once the cells were dissociated and sorted for the human antigen
they were grown in EF media. The cells from tumours surviving in vivo
radiation were tested for their CD44 positivity and the ability of the G47ABAC
EGFP expressing virus to infect this CD44 positive subset of cells. The
glioma stem cells surviving in vivo radiation possesed higher levels of CD44
expression compared to pre-irradiation glioma stem cells (Figure 5.13 A and
C). Subjecting the glioma stem cells that survived in vivo radiation therapy to
a further 4Gy of in vitro radiation, increased the size of the CD44 sub-
population (Figure 5.13 C and D). G47ABAC was able to infect the CD44
sub-population of glioma stem cells that had survived radiation therapy in
vivo (Figure 5.13 C and D) and as demonstrated in Chapter 3, the natural

history following infection, is glioma stem cell death.
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Figure 5.14 quantifies the change in the percentage of the CD44
subpopulation following radiation therapy in vitro and in vivo. Radiation
therapy significantly increased the size of the CD44 sub-population
Irrespective of whether treatment was delivered in cell cultures models or in
mice tumours (p<0.0001, ANOVA with Tukey post-test), indicating a role for

CD44 in glioma stem cell radioresistance.
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Figure 5.13 CD44 expression of BT74 glioma stem cells and the ability of G47ABAC to infect this sub-population of cells.
(A) Control cells, (B) Cells following 4Gy of in vitro radiation, (C) Cell culture of tumours surviving 4Gy of in vivo radiation
and (D) Cells from C following a further 4Gy of in vitro radiation. G47ABAC is able to infect CD44 positive cells in all 4

groups.
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Figure 5.14 Quantitative assessment of CD44 expression in BT74 following
radiation treatment using flow cytometric analysis as demonstrated in Figure
5.13. Both in vitro and in vivo radiation significantly increases the percentage
of the CD44 expressing sub-population (p<0.0001, ANOVA with Tukey post-

test).
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Figure 5.15 CD133 expression in BT74 glioma stem cells in cell culture and
following in vivo radiation treatment. (A) CD133 positive glioma stem cells in
culture(32.5%) and (C) CD133 positive glioma stem cells following 4Gy in
vivo radiation. (B) and (D) are the histrograms representing the CD133
positive populations (red) and the isotype controls (blue) of A and C

respectively.
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CD133 expression in BT74 glioma stem cells did not demonstrate
significant changes following in vivo radiation with 4Gy (p>0.05, ANOVA with
Tukey post-test). This data is demonstrated in Figures 5.15 and 5.16
suggesting that in this glioma stem cell line (BT74), there was no survival

advantage among CD133 positive cells during radiation therapy.
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Figure 5.16 Quantitative assessment of CD133 expression in BT74 following
radiation treatment using flow cytometric analysis as demonstrated in Figure
5.15. Following in vivo radiation, BT74 glioma stem cells showed no change
in the size of the CD133 positive sub-population. (p>0.05, ANOVA with

Tukey post-test).
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5.4.Discussion

Treating glioma stem cell cultures both in vitro and in vivo with
radiotherapy has provided interesting insights into their biology. The first
point to note is that their resistance to irradiation in vitro is not universal.
While even the most radio-sensitive glioma stem cell line harbours a radio-
resistant CD44/24 double positive sub-population, the cultured cells overall
are sensitive to irradiation. All of the cell lines tested upregulate RR as part of
their DNA repair machinery and do this independent of their p53 status.
BT74 which was the most resistant has a mutated p53[144], GBM4 is
heterozygous for p53 mutation and GBM8 which was relatively sensitive to
radiation therapy has wild-type p53 (unpublished data, personal
communication from Dr. Hiroaki Wakimoto, Harvard Medical School, Boston,

MA, USA).

RR as discussed in Chapter 1, converts ribonucleoside diphosphates
to deoxyribonucleotide diphosphates. It is a rate limiting enzyme in the
process of creating deoxyribonucleotide triphosphates, the fundamental
substrate for DNA repair and synthesis. The precise manner in which RR
and the DNA damage machinery respond to ionizing radiation remains
unclear. Radiation therapy kills tumour cells by causing double stranded
DNA breaks either by directly damaging DNA or by the production of free
radicals. The ability of tumour cells to withstand this DNA damage is

dependent on a number of factors including its ability to resist pro-apoptotic
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pathways and to repair its damaged DNA. The latter process is dependent

on RR activity.

Human RR is a heterotetramic enzyme composed of two homodimeric
subunits, the large R1 and smaller R2. R1 has a half life of greater than 20
hours and sufficient quantities exist throughout the cell cycle[209]. There are
at least two isoforms of the small subunit of RR designated R2 and
p53R2[210-213]. The R2 subunit is regulated by the cell cycle and in keeping
with its role, its levels are highest during S phase and it is degraded during

mitosis.

Two different mechanisms have been postulated for the role of RR in
the tumour response to radiotherapy. The first is the upregulation of the R2
subunit and therefore an increase in deoxyribonucleotide diphosphates
available for use in the process of DNA repair. A number of preclinical
studies have confirmed this hypothesis, including work in cancer cells over-
expressing R2 resulting in reduced DNA double-strand breaks following
radiotherapy and thus increased resistance[205, 214]. The de novo synthesis
of RR following exposure to ionizing radiation requires 18 to 24 hours and
levels remain raised for 48 hours[210, 214, 215]. This mechanism is in
keeping with the findings of this study where R2 levels were raised 24 hours
after exposure to radiotherapy. However, earlier time points were not

assayed to monitor for more a rapid change in RR levels. Increases in RR
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levels have also been demonstrated as a result of post-transcriptional or

DNA damage dependent stabilization[216, 217].

The second mechanism employs p53R2, a p53 inducible form of R2
that requires the wild type form of p53[211]. This mechanism may play a role
in the GBMS8 cell line, but is unlikely to have a major role in glioblastomas
where 35% of tumours have a p53 mutation or homozygous deletion and the
p53 signalling pathway is dysfunctional in 87% of tumours[15]. The
therapeutic research into RR and radiotherapy has focused primarily on the
use of RR inhibitors such as hydroxyurea and triapine to sensitive cancers to
the cytotoxic effects of radiotherapy[218, 219]. In the case of hydroxyurea,
the therapeutic effect has been questionable and significant adverse effects

reported[220, 221].

The use of oncolytic viruses with RR (ICP6) mutations following
radiotherapy is an effective strategy for capitalizing on the cellular DNA
damage responses of glioma stem cells that are surviving the cytotoxic
stress of radiotherapy by repairing their DNA. Interestingly G207 despite
containing this mutation was unable to capitalize on the upregulation of RR
post-radiotherapy. This may reflect the inability of G207 to overcome the
restrictions on its replicative abilities due to its Y34.5 deletions. As discussed
in Chapter 1 and 3, G47A is not encumbered with these difficulties because
of its additional a47 mutation which has restored some of the replicative

defects suffered from the Y34.5 deletions. The synergistic response seen on
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the Chou-Talalay analysis of the efficacy of combined G47A and
radiotherapy is an indicator of the strength of this approach and the
advantage of usurping a tumour-protective cellular response, to enhance

therapeutic cytotoxicity.

The Chou-Talalay analysis demonstrated a synergistic relationship
between G47A and radiation therapy in both radiosensitive and
radioresistant glioma stem cell lines. The one exception was the CI value for
BT74, at a f; of 0.2, where it was >1, indicating an antagonistic relationship.
This phenomenon is not uncommon and the synergy between agents tends
to be stronger at higher doses[149]. In addition, in cancer therapeutic
studies, the effects at higher doses are more clinically relevant than at low
doses[149]. Furthermore, this f, level is below 4Gy and the ability of
radiotherapy to trigger RR upregulation at lower doses in BT74 was not

tested.

From a clinical perspective, the sensitization of the tumour to G47A by
radiation therapy is more likely to produce an effect than vice versa. This is
because radiation therapy affects the entire tumour whereas viral therapy,
certainly in the initial stages would only affect a small fraction of the tumour.
At early timepoints, viral therapy would act mainly along the needle tract and
in the vicinity of the injection site. With time, the volume of tumour cells
infected will increase and having pre-sensitized the tumour with radiation, the

replication of the virus would be expected to be enhanced. Nonetheless, only
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with a well planned clinical trial can these questions be answered in human

glioblastomas.

In this chapter, the level of expression of CD133 did not correlate with
the degree of radioresistance in the small number of cell lines tested.
Previous work in this field, which was discussed in section 1.2.2 and 5.1.3,
has shown that CD133 positive cells have more efficient DNA repair
following irradiation and thus are more radioresistant[29]. In section 1.2.2 the
hierarchy of CD133 expression was also discussed and it is possible that
classification purely on CD133 expression is insufficient to designate a
radioresistant group. Furthermore, no clear pathway Ilinked to the
glycoprotein CD133 has been established to provide a mechanism of
radioresistance based on CD133 expression. There remains the possibility
that a yet undiscovered link exists between CD133 and a cellular pathway of
radioresistance. It may be that lessons can be learned from the study of

temozolomide resistance in glioma stem cells.

Recent work has suggested that CD133 negative cells may be more
able to withstand temozolomide cytotoxicity due to increased activity of the
enzyme O6-methylguanine-DNA methyltransferase (MGMT)[222]. MGMT is
a DNA repair enzyme and increased levels of MGMT activity in tumour cells
mediates resistance to DNA-alkylating agents such as temozolomide[223].
Thus it is MGMT activity that confers chemo-resistance. Similarly for

radioresistance, the importance of markers notwithstanding; there remains a
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need for the underlying links to the mechanisms of resistance to be defined

more clearly.

In section 5.2.6 the CD44/24 double positive sub-population of glioma
stem cells demonstrated enhanced survival when in vitro cultures were
treated with radiation therapy. The CD44 and CD24 markers of this sub-
population of cells are currently being investigated and data thus far has
shown that these cells have established pathways of radioresistance
(unpublished data, personal communication from Dr. P. Kamalakannan, Ohio
State University, USA). CD44 positive glioma stem cells alter their
metabolism to produce low levels of reactive oxygen species (unpublished
data, personal communication from Dr. P. Kamalakannan, Ohio State
University, USA). This is a well-established method of tumour survival during
radiation therapy[224]. CD44 expressing glioma stem cells also have higher
expression of multidrug resistance (MDR) genes and ABC transporters. The
double positive cells also mediate self renewal and tumour initiation via
signal transducer and activator of transcription 3 (STAT3) and NANOG
pathways (unpublished data, personal communication from Dr. P.
Kamalakannan, Ohio State University, USA). This is an area of ongoing work
which aims to shed new light on the complex survival pathways of glioma
stem cells following radiation therapy. The ability of the virus to infect and kill
the radioresistant sub-population of glioma stem cells is a very promising

result.
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While the in vitro and in vivo efficacy remains promising and the
double treated mice group had significant increases in survival, no cures
were seen. It is possible that dose escalation studies may yield more
successful results, although the more fruitful approach may be multi-model
therapy with the addition of further agents that are able to enhance the

cytotoxic effects of the G47A and radiation therapy.

203



204



Chapter 6: Conclusions

Glioblastoma remains one of the most malignant cancers in
humans[225]. Despite the best available treatments including radical surgical
resection and combined radiotherapy and temozolomide, median survival is
less than two years[5]. This is a devastating disease to patients and their
families.The invasive nature of this disease precludes any surgical cure.
Before any successful treatments of glioblastomas can be developed, we
require representative models of this invasive tumour to test therapeutic
agents capable of matching the tumour’s aggressiveness. In an attempt to
meet these needs, the work in this thesis has focused on developing glioma
stem cell models and employing oncolytic herpes simplex vectors as anti-
glioma agents. The aims were to mimic the human tumour as best as
possible in pre-clinical models and then test an agent that if successful could
be taken to human clinical trials. It was important that the agent, in this case
G47A, would fit into existing treatment paradigms which at present are
surgical resection followed by radiation and temozolomide therapy. G47A
was also tested with a transgene expressing an anti-angiogenic agent as
anti-angiogenesis is currently an area of intense clinical study in
glioblastomas. Furthermore, G47A’s precursor G207 has undergone
extensive preclinical animal model testing and phase | human testing to

demonstrate its safety for use in human glioblastoma patients.

205



In this thesis, glioma stem cell cultures were successfully established
and propagated. These cultures were then used as glioblastoma models
both in vitro and in vivo to study the use of genetically engineered herpes
simplex viruses as anti-glioma agents. Glioma stem cells are able to mimic
their parent tumours and produce invasive in vivo tumour models[32, 161].
Glioma stem cell cultures also enabled the study of the interaction between
tumours and their microenvironment, specifically endothelial cells, as
described in Chapter 4. This led to the testing of a tumstatin transgene
expressing vector in in vitro models of glioma stem cells and endothelial cells
and in vivo. The glioma stem cells were also able to mimic the
radioresistance seen in human tumours and allow the study of novel
approaches to overcoming this resistance. All of this work was carried out
using a mixed population of CD133 positive and negative cells. This model of
using a mixed population of cells worked well and consistently formed
tumours in vivo. In addition, this model is in keeping with the evolution of our
understanding of the role of CD133 expression in glioma stem cells as

discussed in Chapter 1.

The results in Chapter 5 demonstrated the need for further study into
new markers for identifying a radioresistant subpopulation of glioma stem
cells. This work is currently in progress by another group investigating the
mechanisms of radioresistance by CD44/24 double positive cells. In addition,
further study is warranted into the DNA repair mechanisms of glioma stem
cells following radiotherapy to better understand these pathways and target

them with new therapeutic agents. In Chapter 5, one strategy using a
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ribonucleotide reductase deficient herpes virus was shown, but other
methods including using ribonucleotide reductase inhibitors to disrupt the

DNA repair machinery of glioma stem cells may also be of clinical utility.

Developing a pre-clinical model that accurately resembles human
glioblastomas is of major importance if we are to efficiently test novel
therapeutics and predict success in clinical trials. In Chapter 3 we reviewed
the strengths and weaknesses of glioma stem cell models and other
preclinical models of glioblastomas. It is likely that no one model will truly
establish itself as the best and most accurate representation of human
glioblastoma. What is more probable is that each model has its strengths and
weaknesses, and each contributes a part to our understanding of this
complex and intricate cancer. To that end the development of glioma stem
cell models is another important and useful addition in the search for new

treatments to corral one of the most malignant of human cancers.

All three of the results chapters in this thesis investigated the use of
oncolytic herpes viruses against glioma stem cells. Overall the in vitro results
demonstrated excellent efficacy but the in vivo results were mixed. In
Chapter 3 G47A was able to extend survival in mice with xenograft tumours
formed by glioma stem cells. Bearing in mind the previously reported
radioresistance and chemoresistance of glioma stem cells[29, 37], the use of
oncolytic herpes viruses represents a Vvaluable addition to our

armamentarium of anti-glioma therapies. In Chapter 4, the efficacy of
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tumstatin expressing G47A was tested against G47A-Empty. The addition of
the transgene was efficacious in vitro, but did not appear to confer an in vivo
killing advantage against the glioma stem cells. The possible reasons for this
were discussed in Chapter 4. Part of the failure of the in vivo experiment
could possibly be due to the innate ability of G47A to target endothelial cells
without the tumstatin transgene. G47A did effectively infect and kill glioma
stem cells and endothelial cells, the two primary components of the glioma
stem cell perivascular niche. This is an important advantage when

considering G47A for use in clinical trials.

In Chapter 5, G47A demonstrated synergy with radiation therapy, the
most common treatment administered to glioblastoma patients. The survival
of mice was extended considerably by dual treatment compared to even
G47A alone. While these results are very promising, no cures were seen in
any of mice with xenograft tumours, a feature that unfortunately mirrors the

clinical outcome of human glioblastomas.

To truly understand why the treatments studied did not result in
complete cures and why this outcome eludes us in clinical practice, it may
first be necessary to understand the origins of glioma stem cells. Two
possibilities have been hypothesized. The first is that glioma stem cells are
normal neural stem cells that have acquired mutations resulting in their
transformation into glioma stem cells. The second is that glioma stem cells

are differentiated glial cells that have transformed and de-differentiated into
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glioma stem cells. At present there is no clear evidence for either aetiology
and this question is thus difficult to answer[226-230]. If glioma stem cells do
originate from normal neural stem cells, it would therefore follow that they
would possess all the DNA repair mechanisms and cellular protective
mechanisms of neural stem cells[231]. These defence mechanisms would
have evolved over millions of generations to protect us from toxic agents that
we may ingest, background ionizing radiation and even viruses. Normal
neural stem cells are also known to secrete pro-angiogenic agents and
transdifferentiate into endothelial cells, features that have been adapted by

glioma stem cells[232, 233].

To combat such a formidable enemy we have enlisted the use of
viruses that have also evolved with humans, to infect our cells and in the
case of herpes simplex viruses as part of their life cycle, lyse human cells.
The reports of viruses killing tumour cells extend back for over a century[59,
60]. The first report of a clinical trial of viral therapy for malignant disease
dates back to 1949, where patients with Hodgkin's lymphoma were
administered with infectious hepatitis virus[234]. 7 of the 22 patients
demonstrated improvements. However, this form of a clinical trial is almost
unrecognizable today and the side effects suffered by trial participants
included death and the development of hepatitis. Over the last two decades
we have ushered in the modern era of viral oncolytic therapy by successfully
harnessing the potential of viruses by genetically engineering them to target
human tumours selectively. While G47A demonstrated efficacy against

glioma stem cells in all three major investigations in this thesis, more study in
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this area is required. To reach our goal of successfully treating human
glioblastomas with oncolytic viruses, we need to examine further the specific
obstacles that are hindering oncolytic virotherapy. Tumour specific
characteristics and the barriers in the microenvironment surrounding the
tumour are areas of current study. By delivering the virus directly into
glioblastomas or their tumour bed following surgical resection, we are
circumventing the problems with systemic delivery and the difficulties with

penetrating the blood-brain barrier.

One major consideration for viral propagation is the role of the
immune system in modulating virus and tumour activity. Thus far, the effect
of the immune system is one feature that cannot be studied in mouse models
of glioma stem cells. This is an inherent weakness of any xenograft model.
The host immune response to an oncolytic virus is a double-edged sword
that can result in viral clearance or enhance T-cell mediated anti-tumour
pathways[235, 236]. The presence of anti-HSV antibodies in humans is
another hurdle not seen in murine models[237, 238]. Pre-immunization of rat
models to HSV-1 lowers the efficacy of HSV-1 based oncolytic vectors[239].
Various immune cells are thought to limit the propagation of herpes simplex
viral oncolytic therapy including neutrophils, microglia and natural killer
cells[240, 241]. Preclinical work has demonstrated that administration of
cyclophosphamide to inhibit this immune response enhances the effect of a
mutant ICP6 oncolytic HSV-1 vector[240, 242]. These studies highlight the
importance of considering the use of adjuvant immunosuppressants in any

trial of oncolytic herpes vectors.
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Another consideration is the ability of the virus to spread within
tumours, particularly highly invasive tumours such as glioblastoma. Recent
work by our group has shown that after only 24 hours post-injection of G47A
in a highly invasive glioma stem cell model, G47A had spread a significant
distance and was infecting invasive glioma stem cells[32]. Glioblastomas
also protect themselves by maintaining areas of high interstitial pressures
and hypoxic regions which protect tumour cells from standard treatments.
The effect of tumour interstitial pressures and virus delivery requires more
study. In contrast to standard anti-glioma therapeutics, hypoxia enhances the
replication of oncolytic herpes simplex viruses, a significant advantage when

targeting glioma stem cells[243].

The real strength of oncolytic herpes viruses is their ability to
synergise with existing treatment paradigms. Radiation therapy, like viruses,
has been used to treat cancers for over a century[244]. The studies in
Chapter 5 examined for the first time the combined benefit of these agents
against glioma stem cells. The results were very promising with enhanced
efficacy seen in vitro and in vivo. Furthermore, oncolytic viruses were able to
kill a subset of CD44/24 double positive radioresistant cells. Similar cytotoxic
efficacy has also been shown by G47A in combination with temozolomide
and etoposide in glioma stem cell models[203, 204]. Radiation therapy and
temozolomide are the current standard of care following surgical resection.

Given the pre-clinical evidence for the use of G47A, not only as a single
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agent but also in combination therapy, there is a need for a clinical trial of
G47A in conjunction with standard adjuvant therapy. As radiation therapy is
mainly used in glioblastoma at first presentation and not in recurrent disease,
a G47A trial in primary disease should be considered. There may also be a
role for the use of anti-angiogenic agents. Blood vessels formed by
glioblastomas are structurally and functionally abnormal and play a protective
role by raising interstitial fluid pressures and creating hypoxic areas within
the tumour[245]. The effects of vessel normalization by anti-angiogenic
agents, particularly anti-VEGF agents, not only enhances the cytotoxicity of
radiation therapy by paradoxically improving oxygenation, but also reduces
interstitial fluid pressures in glioblastomas[245]. Both these mechanisms may

further potentiate the action of G47A.

The use of oncolytic viruses is expanding and with our increased
understanding of their use in combination with currently employed
chemotherapeutic and radiation regimes, this trend will continue. Their self-
replication and propagation combined with the genetically engineered
attenuation in normal tissues makes them an ideal agent to combat tumour
cells that have themselves lost self-regulation of cellular proliferation. Further
study into the interplay between viruses and their human hosts especially the
role of innate immunity, is required to enhance the anti-tumour effect of
oncolytic viruses while maintaining their attenuation in normal tissues. There
is mounting pre-clinical evidence suggesting that the time is ripe for clinical
trials of oncolytic viruses such as G47A. Only with well planned clinical trials

which take into account the strengths and weaknesses of G47A and from the
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outset plan to quantify the effects of G47A therapy on human glioma stem
cells in vivo, will we start to evaluate the true potential of oncolytic
virotherapy and the utility of testing therapeutics in pre-clinical glioma stem

cell models.
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