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SUMMARY

The human gliomas are the most common primary brain tumours. They are highly ag-
gressive with a rapid fatal progression for the patient. The invasive growth pattern and in-
herent resistance to radiation and chemotherapy account for a lack of efficient therapies.
Several novel therapeutic regimes are being investigated, but they have so far shown limited
beneficial effects. The molecular heterogeneity of the gliomas has also made it difficult to
define the tumourigenic pathways, and to efficiently subcategorise the tumours according to
different molecular origin or therapeutic sensitivity. The aims of this thesis has been to gain
novel insights in the genetic and proteomic events underlying tumourigenesis and malignant
progression in gliomas, and potentially define specific key events that could be the object of
refined or novel therapeutic approaches.

We have utilised gene expression microarrays and 2D differential in-gel electrophore-
sis (DIGE) with sequential tandem mass spectrometry (MS/MS) protein identification, to
investigate the gene and protein expression profiles in a set of gliomas of varying grades,
as well as in a number of normal human brain samples. We found that these platforms can
efficiently discriminate samples according to their histopathological origin. Both platforms
also identified central tumourigenic pathways, deregulated in gliomas. The gene expression
analysis further identified several chromosomal regions with deregulated expression. We also
identified a number of proteins overexpressed in gliomas as potential objects for targeted
therapy. From the combined data we conclude that there is a very weak correlation between
mRNA and protein expression.

Furthermore, we investigated the tissue distribution patter and cellular location of the
potential tumour associated antigen Ku70/80. We show that the extracellular localisation of
this protein complex is specific for tumour cells, and that it can be used as a portal for tumour
specific delivery of toxin conjugated antibodies.

Finally, using antibody microarrays we investigated differences in immunoregulatory pro-
teins detected in the plasma of glioblastoma tumour patients and normal controls, as well as
in tumour patients undergoing immunotherapy against gliomas. We found that patients can
be stratified according to the beneficial effect of the immunotherapy. We also identified a
number of key immunoregulatory factors discriminating the different subgroups. These data
provide novel insight into tumour immunologic processes, and a step towards refinement of
the immunotherapeutic regimes.
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INTRODUCTION

INTRODUCTION TO TUMOUR BIOLOGY

Under normal conditions tissue renewal is strictly regulated via the processes of cell pro-
liferation and cell death. The regulation of these mechanisms protects the organism from
an uncontrolled and harmful expansion of any sub-clone of cells. The transformation of
normal cells into a tumour phenotype requires the acquisition of a number of features for the
cells, overcoming these barriers. Key genetic alterations for tumour initiation and promotion
are assembled in the cells through DNA point mutations, deletion, amplification or translo-
cation of chromosomal regions, or epigenetic events such as DNA-methylation, leading to
activation of proto-oncogenes or down-regulation of tumour suppressor genes. Although a
single genetic alteration is not enough for transformation in human cells, experimental mod-
els have indicated that as few as three genetic events might be sufficient for tumour initiation
(Hahn et al., 1999). In transgenic mice models, brain tumours can be initiated by alteration of
as few as one or two genes (Holland, 2001).

Some common phenotypical features are necessary for malignant transformation and can
be found in all tumours. To expand indefinitely, the tumour cells (or at least a sub-clone of
cells) have to become zmmortalised, i.e. attain the capability of indefinite cell division. In normal
cells a part of the chromosome ends, the telomeres, are lost at each cell division, and after a
finite number of divisions the cell enters senescence. To retain the ability of unlimited cell
divisions, many tumours are known to express the human telomerase reverse transcriptase
(hTERT), which maintains the telomere ends at the replication (Kim et al., 1994). Alterna-
tively, some tumours utilise a recombinant mechanism known as alternative lengthening of
telomeres (ALT) for telomere maintenance (Dunham et al., 2000).

Furthermore, tumour cells also need to exhibit loss of contact inhibition and to be self-sustain-
ing for growth- and survival-factors. Proliferation of untransformed cells is normally inhibited by
contact with other cells, and also dependant on paracrine or endocrine addition of mitogenic
signals. In tumour cells these regulatory mechanisms are lost and the cells are self-sufficient
in mitogenic signals due to autocrine growth-factor secretion, or constitutive activation of the
intrinsic signalling pathways. In addition, growth-inhibitory signals can be lost due to muta-
tion of downstream tumour suppressor genes. The growth inhibitory molecule Transform-
ing growth factor (TGF)-f for example exerts some of its growth-inhibitory effect via the
retinoblastoma (Rb)-pathway, known to be frequently mutated in gliomas (discussed below)
(Laiho et al., 1990).

An additional important feature of tumour cells is zbibition of apoptosis. Apoptosis is the
mechanism of programmed cell death and can be induced by extrinsic or intrinsic signals.
Escape from these signals in tumour cells can, for example, be mediated by overexpression of
anti-apoptotic oncogenes such as Bcl-2 (Reed et al., 1996). One of the central orchestrating

15



proteins in apoptotic signalling is the tumour suppressor p53, which is activated by genomic
instability and DNA damage — a common feature in tumours. When p53 is activated it forces
the cell into senescence or triggers the apoptotic cascade, and inactivating mutations in the
TP53-gene is therefore a hallmark of many tumours (Vousden and Lu, 2002). To avoid being
recognised by the immune system, tumours also have several ways of iwmune evasion. This can
be, for example, downregulation of the antigen presenting major histocompatibility complex
(MHC) (Drake et al., 2006) or secretion of immunosuppressive factors (Castelli et al., 1989;
Thomas and Massague, 2005). Finally, malignant tumours have the capacity for invasion in sur-
rounding tissue. This requires the activation of proteins controlling the adhesive and migra-
tory properties of the cells.
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GLIOMAS

Aectiology & Epidemiology

The gliomas are the most common primary intracranial tumours with a yearly incidence
of approximately 6 / 100,000 in western countries, with the most malignant form — glioblas-
toma multiforme — constituting approximately 50% of the cases. Although gliomas can occur
throughout the entire life, the low-grade tumours often present within the third or fourth
decade of life, while the glioblastomas have their peak incidence in late mid-life. There is a
slight overweight of males affected, with reported ratios of approximately 1.5:1 (M:F) for
glioblastomas (Kleihues and Cavenee, 2000). Some regional variance in the incidence of brain
tumours has been shown with Scandinavian countries having some of the highest incidences
in the world (Stewart and Kleihues, 2003). The actiology of gliomas is largely unknown.
Some hereditary syndromes such as Li-Fraumeni (IP53), Tuberous sclerosis (ISC7/TSC2)
and Neurofibromatosis 1/2 (NI 7/2) carry a strong predisposition for developing gliomas,
and a number of cases has been associated to radiotherapy against the brain, but otherwise no
causative factor has been identified (Shapiro et al., 1989; Stewart and Kleihues, 2003).

Types and grades

The first publication trying to classify brain tumours macroscopically was published 1829
by Cruveilier who divided them into categories such as fatty, fleshy or bony tumours. In the
second half of the 19th century, Virchow was the first to try to correlate the macroscopic
and microscopic features of the brain tumours, and he was also the first one to introduce the
term “glioma” (Kaye and Laws, 1995). A complex classification scheme of the gliomas was
outlined by Bailey and Cushing, but was replaced by a much simpler scheme put forth by Ker-
nohan in 1949. Kernohan divided the gliomas into five subtypes — astrocytoma, ependymo-
ma, oligodendroglioma, neuro-astrocytoma and medulloblastoma. He was also the first one
to attempt a categorisation that would reflect the biological behaviour of the tumours, by
introducing a four-step grading scale according to increasing anaplasia and cellularity. How-
ever, difficulties using the Kernohan grading-scheme arose due to the subjective classification
criteria and interobserver variability. An attempt to introduce a system with more objective
definitions of the grades was developed by Daumas-Duport in the 1980s, who proposed a
system based on the presence of four morphological characteristics — nuclear atypia, mitoses,
endothelial cell proliferation and necrosis. The most commonly used classification scheme
today is the WHO-classification, which was also introduced during the 1980s. The most com-
mon neuroepithelial tumours in the WHO-system, which are usually considered by the term
“gliomas”, are the astrocytic, the oligodendroglial and the mixed oligo-astrocytic tumours
(Fig 1), and the grading to a large extent depends on the same histopathological features used
by Daumas-Duport.

The pilocytic astrocytomas (WHO grade I) are most frequently found in children or
sometimes in young adults. They are usually benign, well-citcumscribed tumours, and can
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Figure 1. Outline of the histological types and malignancy grades of the common gliomas according to
the WHO classification. The annotation “multiforme” is sometimes left out from the glioblastomas.
It has been debated whether the oligodendrogliomas progress to grade IV, but if so, the anaplasticity
makes them indistinguishable from other grade IV gliomas.

usually be cured by surgery, and are therefore often concerned with as a distinct group. The
malignant gliomas (grade II-IV) are predominantly found within the cerebral hemispheres
in adults. They have a diffuse infiltrative growth pattern, expanding into and destroying the
surrounding tissue. Invading tumour cells are found migrating along the white matter tracts,
the blood vessels and the pia mater, spreading throughout the brain. Tumour cells migrating
in this fashion can spread to the contralateral hemisphere via the corpus callosum or anterior
commisure, and at the time of diagnosis 50% of glioblastomas have been shown to have
infiltrated the contralateral hemisphere or the basal ganglia (Matsukado et al., 1961).

Low-grade diffuse astrocytomas (WHO grade II) histopathologically consist of discreetly
increased cellularity and might exhibit a minor degree of nuclear atypia. Radiographically
these tumours often appear hypodense, and without any contrast enhancement or surround-
ing oedema. Approximately 70% of the grade II astrocytomas progtess to a grade III/IV
tumour within 5-10 years (Furnari et al., 2007). Anaplastic astrocytomas (WHO grade III)
often show the addition of focal hypercellularity, and there is an increased anaplasia and
mitotic activity of the tumour cells. Glioblastoma multiforme (GBM; WHO grade 1V) in ad-
dition to a high density of small anaplastic cells and high mitotic activity, also exhibit necrotic
areas and neovascularisation. The necrotic areas are often surrounded by pseudopalisading
tumour cells. As implied by the name multiforme, these tumours display a high degree of
cytopathologic heterogeneity. Radiographically the GBMs are commonly seen as a distinctly
contrast-enhanced rim formed by the proliferative tumour front, enclosing a necrotic centre,
and which can be surrounded by a prominent vasogenic oedema.
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Oligodendrogliomas are categorised into two grades according to the WHO-classifica-
tion, oligodendrogliomas (grade II) and anaplastic oligodendrogliomas (grade III). The oli-
godendrogliomas exhibit histopathological morphology distinct from the astrocytomas, with
a predominance of oligodendrocyte-like round cells with a clear cytoplasmic space, but the
grading criteria are the same as for the astrocytomas. It has been debated whether the ana-
plastic oligodendrogliomas do progress in malignancy, but if so, the anaplasticity makes them
indistinguishable from the rest of the gliomas and they are included in the glioblastoma
group. A group of tumours also show a marked mixture of astrocytic and oligodendroglial
histopathological morphology. Although these tumours sometimes exhibit distinctly separat-
ed juxtaposed astrocytic and oligodendroglial compartments (Kleihues and Cavenee, 2000),
identification of shared chromosomal aberrations (LOH 1p/19q) in both compartments in-
dicates a common origin (Kraus et al., 1995).

The classification and grading of the gliomas still remains based upon histological clas-
sification criteria. The subjective nature of this classification, and the heterogeneity among
the gliomas, have made these tumours prone to misclassification, and studies where samples
are examined by several neuropathologists in a blinded fashion often show large interobserver
variability in final diagnosis (Kros, 2007). Increased insight into the molecular and genetic
underpinnings of these tumours will give rise to improved understanding of the molecu-
lar pathogenesis of the gliomas, and may lead not only to more accurate classification and
prognosis, but also to new or improved therapies. Microarray-based technologies are power-
ful tools to survey global gene expression changes in disease, and to relate these changes to
phenotype and clinical data. Several studies investigating gene expression in astrocytomas of
different grades have been published, and have shown that gene expression profiles can be
used to aid conventional histological evaluation in classification of gliomas into biological
groups and according to prognosis (Nutt et al., 2003; Freije et al., 2004; Mischel et al., 2004;
Phillips et al., 2006). Later on, molecular large-scale investigations have also been extended
to proteomic-based platforms, which have been able to successfully separate gliomas from
normal tissue, and to find expression profiles related to survival time (Iwadate et al., 2004;
Schwartz et al., 2005). Further development of reliable and standardised molecular diagnostic
methods is an important task to accomplish successful treatment of glioma patients. The use
of stereotactical biopsies, where only small pieces of tissue is retrieved, is always associated
with some uncertainties about how representative this sampling is for the entire tumour and
could benefit from molecular diagnosties. However, molecular differences have so far been
difficult to place in an integrated clinical context, likely due to variations in platforms, study
designs, and analytical strategies used.

Prognostic factors

The prognosis for glioma patients is highly dependent on the malignancy grade of the
tumour. While low-grade glioma patients frequently have survival times exceeding a decade
(CBTRUS, 2008), and reported 5-year survivals between 42-92% (Sanai and Berger, 2008),
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the mean survival time of glioblastoma patients remains less than 15 months in spite of
state-of-the-art therapy (Stupp et al., 2005), and they have a 5-year survival of less than 4%
(CBTRUS, 2008). Within the individual grades, age is the most important prognostic factor
(Ohgaki, 2005), and together with Karnofsky performance status the only clinical parameters
that repeatedly have shown significant correlation to survival in multivariate analysis. While
glioblastoma patients aged 21-44 years have a relative 2-year survival rate of 30%, this de-
creases to less than 3% in patients older that 65 years (CBTRUS, 2008).

Attempts to find correlation between individual molecular markers have shown variable
or no results (Etienne et al., 1998; Newcomb et al., 1998; Balesaria et al., 1999; Kraus et al.,
2000; Heimberger et al., 2005). Studies have indicated loss of chromosome 10q to be associ-
ated with transition to grade IV and an individual negative prognostic factor (Balesaria et al.,
1999; Daido et al., 2004), while loss of 1p/19q is typical for oligodendroglial tumours and
has been reported to be prognostically favourable in some materials (Cairncross et al., 1998;
McDonald et al., 2005). Nevertheless, so far no single genetic marker has been widely imple-
mented into clinical routine. However, with the development of large-scale gene expression
microarrays, and proteome screening methods, expression profiles using multiple mRNAs or
proteins have been shown to have the capacity to efficiently categorise tumours according to
survival. With the introduction of concomitant temozolomide and radiotherapy, the methy-
lation pattern of the O6-methylguanine methyltransferase (MGMT)-gene has also emerged
as a new prognostic factor, since the beneficial effect of this regime seems to be limited to
patients with promoter methylation (discussed below).

Genetics

The genetic aberrations underlying glioma formation have been extensively studied, and
some of the tumourigenic mechanisms are well characterised. However, as pointed out ear-
lier, gliomas are highly heterogeneous tumours and exhibit a high variability to which specific
genes or proteins are deregulated in different tumours. By integrative analysis of gene copy
number alterations and mutational analysis, a number of core pathways have emerged as
critical for tumourigenesis. Examples of these are deregulation of receptor tyrosine kinases
(RTKSs) or downstream signalling molecules such as phosphatidylinositol-3-kinase (PI3K),
and deregulation of the p53 and Rb tumour suppressor pathways (Furnari et al., 2007; Chin
et al., 2008),

Epidermal Growth Factor Receptor (EGFR) is an RTK that drives proliferation and cell
survival, and one of the most frequently aberrant signalling proteins in glioblastomas. It has
been reported to be aberrantly expressed in approximately 60% of the glioblastomas, and in
most of those cases (70-90%) the overexpresion is at least partly due to amplification of the
EGFR-gene (Ohgaki, 2005). The EGFR-gene is located on the short arm of chromosome
7, which is often found in trisomy or polysomy in gliomas (Wessels et al., 2002). There are a
number of mutated variants of EGFR known in glioblastomas, of which the most common
is EGFR2III (also known as AEGIR), which results from an in-frame deletion of exon 2-7 of
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the EGIR-gene, and produces a truncated extracellular receptor that is constitutively active
(Kuan et al., 2001; Pedersen et al., 2001).

Two parallel signalling cascades downstream to the RTKs have been outlined as important
for driving proliferation in gliomas (Fig 2). One pathway is the PI3K-signalling cascade, which
has been shown to carry frequent mutations in gliomas. These PI3K-complex comprises of
one catalytic (PIK3CA) and one regulatory (PIK3R1) subunit, and it has been shown that
mutations often locate to the interacting regions of the subunits. The mutations have been
suggested to disrupt binding between the subunits and thereby remove the regulatory ef-
fect, resulting in a constitutively active PI3K-signaling (Huang et al., 2007; Chin et al., 2008).
Another important glioma associated protein that controls the PI3K-pathway is the tumour
suppressor PTEN, which acts antagonistically to PI3K by dephosphorylation of signalling
substrates. The PTEN gene is located on the long arm of chromosome 10, which is often
deleted in gliomas. PTEN is inactivated in approximately 25-40% (Ohgaki et al., 2004; Chin
et al., 2008) of the high-grade gliomas via mutations or hypermethylation, resulting in lost
control of PI3K-signalling (Vivanco and Sawyers, 2002). In animal models, PTEN inactiva-
tion has also been associated with increased angiogenesis, which further correlates the loss of
expression with transition to high-grade tumours (Xiao et al., 2005). Downstream to PI3K are
the Akt and mammalian target of rapamycin (mTOR) proteins, which connects the pathway
to cell cycle regulation.

A second important pathway downstream to the RTKs is MAPK-signalling, composed
of the Ras/Raf/MEK/Erk-cascade. Constitutively active, mutated forms of Ras are a hall-
mark of many cancers and are found in approximately 50% of all human tumours. However,
although high Ras-activity is often found in gliomas (Guha et al., 1997), few Ras mutations,
or mutations of any of the other constituents of this pathway, have been identified in astro-
cytic tumours. This is suggestive of an increased Ras-signalling due to excessive upstream
RTK-activation, rather than due to alterations within the MAPK-pathway itself (Furnari et
al., 2007).

The Rb-pathway is an important regulator of the G1/S progtression in the cell cycle
(Takuwa and Takuwa, 2001; Sherr and McCormick, 2002), and a critical target of inactivating
mutations in gliomas (Ueki et al., 1996). Mitogenic signalling induces cyclin-D, which associ-
ates to cyclin-dependant kinases (CDKSs) 4 and 6, and in turn leads to a phosphorylation of
Rb. When Rb is phosphorylated it releases the transcription factor E2F, which moves into
the nucleus and initiates transcription of the S-phase genes. The most common alteration of
the Rb-pathway is deletions of p76/INK4.A, which is an inhibitor of CDK4/6 (Chin et al.,
2008).

A second important cell cycle control signal is exerted by the p53-pathway. Upon recogni-
tion of DNA damage, p53-signalling also functions to arrest cells at the G1/8S, or to induce
apoptosis, and the TP53-gene is frequently mutated in a wide variety of cancers (e.g lung,
liver, cervix, colon etc.). Inactivation of p53-signalling can occur either directly as TP53-
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Fignre 2. Common alterations in the RTK-, p53-, and Rb-pathways in glioblastomas. Frequently altered
oncogenes are shown in red and tumour suppressor genes in blue. Mutations or amplifications in the
RAS/RAF/MEK/ERK-pathway are rare in gliomas but an increased activity is often found due to
upstream alterations. Both p16 and p14 are transcribed from the CDKN2A locus and deletions in this
region can therefore target both the p53- and Rb-pathway simultaneously. Frequencies of specific alte-
rations is adopted from Chin et. al. (2008). In total 88% of the tumours were found to have alteration of
at least one component in the RTK-pathway, 87% in the p53-pathway, and 78% in the Rb-pathway.

mutations, amplification of the p53-inhibitors MDM?2 or MDM4, or by deletion of p74ARF.
One of the most frequent aberrations in this pathway is homozygous deletion of the
CDKNZ2A locus, which encodes both p16 and p14. Deletion of this locus can thus target
both the Rb- and p53-pathways simultaneously (Chin et al., 1998; Chin et al., 2008) (Fig 2).
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Interestingly, an integrated analysis assessing both copy number alterations and mutation
analysis of core tumourigenic pathways in a glioblastoma material, reported a high incidence
of concurrent aberrations in all three of the RTK-, p53- and Rb-signalling pathways. This
suggests that combined deregulation of all three pathways is a key feature for tumour de-
velopment (Chin et al., 2008; Zheng et al. 2008). This is an important result since EGFR
amplification and TP53 mutation in some earlier studies have been reported to be mutually
exclusive, and constitute distinct tumourigenic pathways (Watanabe et al., 1996; Hayashi et
al., 1997). Simultaneously, the integrated analysis also revealed that within each pathway, the
different aberrations were often mutually exclusive. This is well in line with the hypothesis
that mutation or deregulation of one element in a pathway relieves the selective pressure for
aberrations in other components of the same pathway (Chin et al., 2008). The key function of
these pathways in tumourigenesis in general is emphasised by the study by Hahn et al. (1999),
showing that simultaneous disruption of the p53- and Rb-pathways and activation of Ras and
hTERT was required and sufficient for transformation.

The most common genetic aberrations in the oligodendrogliomas is the combined loss-
of-heterozygosity (LOH) of chromosome 1p and 19q (50-70%). It has been suggested that
several different tumour suppressor genes are located within these areas, but the exact tu-
mourigenic mechanism behind this aberration still remains to be elucidated. However, some
studies have indicated a better prognosis for oligodendroglial tumours carrying the 1p/19q
deletion (Cairncross et al., 1998), proposing that these tumours comprise a special subgroup
with a more favourable outcome. Combined loss of 1p/19q has also been proposed to cot-
relate with a proneural gene expression profile (Ducray et al., 2008), which in turn has been
show to be prognostically favourable (Phillips et al., 2006). The malignant progression from
grade II to anaplastic oligodendroglioma, however, seems to depend on similar pathways
as progression of the astrocytomas, with e.g. deletion of the CDKNZ2A-locus as a common
feature (Cairncross et al., 1998; Bigner et al., 1999).

In spite of the characterisation of these aberrations, there is still an incomplete under-
standing of the molecular pathology of the gliomas, and even more is still unknown about
their interaction with the surrounding brain.

Primary and secondary gliomas

Attempts to subcategorise gliomas have historically often defined two groups of grade
IV tumours based on clinical history. The secondary glioblastomas, which develop through
malignant progression from a lower grade tumour, and the primary, or de novo, glioblasto-
mas, which arise directly as a grade IV tumour without any evidence of a pre-existing lower
grade malignancy. The primary glioblastomas, which constitutes approximately 95% of the
cases (Ohgaki and Kleihues, 2007), have been desctibed to occur in older patients and have
a more rapid clinical course, while the secondary tumours arise through slow progtression in
younger patients. It should be noted though, that the discrimination between these groups
is conceptual rather than diagnostic. Both groups share a common morphology and are not
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possible to distinguish histologically, and no differences in prognosis can be found between
them in age-adjusted materials (Dropcho and Soong, 1996; Newcomb et al., 1998; Ohgaki
and Kleihues, 2007).

Efforts to distinguish the subtypes on a molecular level have reported the primary GBMs
to frequently overexpress EGFR and MDM2, and carry PTEN and p76 mutations, while the
secondary glioblastomas are characterised by TP53 mutation and PDGFR-a. overexpression
(Kleihues and Ohgaki, 1999). As discussed above, while earlier studies have reported EGFR-
amplifications and TP53-mutations to be mutually exclusive in glioblastomas (Watanabe et al.,
1996; Hayashi et al., 1997), supporting the hypothesis of different pathogenic mechanisms,
this has been contradicted by later reports showing concurrent aberrations in both pathway
(Gil-Benso et al., 2007; Chin et al., 2008; Zheng et al., 2008). Furthermore, in histological
examinations, all grade IV tumours, including the primary, contain focal areas with lower
malignancy grade, indicating a potential progression from lower grade tumours.

The clinical distinction into primary or secondary does not predict any difference in sur-
vival, and attempts to separate the groups according to molecular signature have shown at
best limited results (Godard et al., 2003). However, mixed materials containing a natural se-
lection of tumours from both groups can be prognostically subcategorised with high ac-
curacy using molecular classifiers (Petalidis et al., 2008). This underscores that while primary
and secondary groups may contain overrepresentation of subgroups of tumours with differ-
ent molecular signature, there is still a large overlap. For example, the overrepresentation of
EGFR-amplifications in primary glioblastomas and TP53-mutations in secondary glioblas-
tomas, have been found in several studies (Kleihues and Ohgaki, 1999; Ohgaki et al., 2004).
However, none of these — or any other genetic marker — is exclusive for their respective
group, and a noticeable number of tumours with each genetic aberration is recognised in the
opposite clinical group. Potential molecular subclasses of glioblastomas with different tem-
poral pathogenesis are expected to be enriched in either of the primary or secondary group,
however, likely with a significant overlap between the groups due to additional clinical factors
influencing the time to diagnosis. Hence, the distinctions between primary and secondary
likely reflects groups that could be much more efficiently defined on a molecular level — ren-
dering a more clinically useful subcategorisation. This was illustrated by the identification of a
group of gliomas carrying mutations in the isocitrate dehydrgenase 1 (IDH1) gene, which was
found in a majority of the secondary gliomas but only in a small percentage of the primary.
The tumours delineated by this mutation, and especially those defined as primary, showed
a significantly better overall survival (Parsons et al., 2008). This demonstrates the superior
usefulness of well-defined molecular classification.

The tumour stem cell model

The identification of cancer stem cells (CSC) and the establishment of these as the cancer
maintaining population in haematological cancers (Bonnet and Dick, 1997; Hope et al., 2004)
sparked an intense search for a CSC also in solid tumours such as gliomas. The classic theory
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for glioma growth supposes a wide heterogeneity among the tumour cells, but that all cells
have similar proliferation capacity and all share the capability to function as tumour-found-
ing cells (stochastic model). In contrast, the CSC theory (or hierarchical model) proposes a
small sub-clone of homogeneous tumour cells with the ability of infinite self-renewal and
tumour initiation. These tumour stem cells (T'SCs) in turn give rise to a heterogeneous bulk
of tumour cells with limited proliferative capability and lacking tumour-initiating capability
(Reya et al., 2001; Vescovi et al., 2000). The hierarchical model has won some support by
experiments showing that transplantation of tumour cells positive for the cell surface marker
CD133 could establish tumours when serially transplanted in SCID-mice, while transplanta-
tion of a 1000-fold as many CD133~ cells were not able to induce tumour growth (Singh et
al., 2003; Singh et al., 2004). This conceptual revision of how the tumour is propagated could
have considerable therapeutical implications. If the hierarchical model holds true, develop-
ing therapeutic approaches that specifically kill the TSCs could efficiently deplete the tumour
repopulating pool, rendering the rest of the tumour bulk unable to maintain tumour growth
and to eventually degenerate (Reya et al., 2001).

The discovery of neural stem/progenitor cells in the adult mammalian and human brain
(Reynolds and Weiss, 1992; Eriksson et al., 1998) further inspired the TSC hypothesis. Several
conceptual features of the TSCs, and similarities to normal stem cells, make the normal stem
cells theoretically conceivable cells of origin. Firstly, normal stem cells already possess the
self-renewal machinery necessary in a TSC, which means fewer mutations are required for
tumourigenesis compared to reactivating this processes in differentiated cells. Secondly, the
longevity of stem cells may account for greater opportunity to accumulate tumourigenic mu-
tations in an individual cell (Reya et al., 2001). Thirdly, the CD133" potential glioma stem cells
share the postulated radiotherapy resistance of normal stem cells (Bao et al., 2006). These no-
tions all point towards a neural stem/progenitor cell as the cell of origin for gliomas, contrary
to dedifferentiation of a committed glial cell residing within the parenchyma.

Although often discussed in the same context, it is important to notice that the tumour
stem cells theory (concerning tumour propagation) and tumour cell of origin are essentially
two distinct and separate issues. Observation of stem cell like properties in glioma cells does
not by itself prove neural stem/progenitor cells to be the cell of origin, but could still be the
result of abilities required during dedifferentiation (Stiles and Rowitch, 2008). Later studies
have also shown results that call for reappraisal of the hierarchical model. Specific genetic
alterations have been shown to induce dedifferentiation and tumour maintaining phenotype
from committed cells of both haematological and astrocytic lineage (Bachoo et al., 2002;
Krivtsov et al., 2006). Furthermore, some CD133™ cells have been shown to also fulfil the
functional characteristics of tumour initiating cells (Beier et al., 2007), indicating that poten-
tial TSCs cannot be considered one homogenous entity in all gliomas.
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GENE AND PROTEIN EXPRESSION PROFILING IN GLIOMAS

Microarray in gliomas

Several investigations have utilised gene-expression microarrays to characterise the tran-
scriptome of gliomas, in order to ultimately try to define differentially expressed genes, distin-
guish tumour subcategories, and to identify prognostic profiles in these tumours.

Nut et al. (2003) investigated a mixed set of glioblastomas and anaplastic oligodendro-
gliomas. They identified a prognostic gene-expression profile that could discriminate samples
according to survival more efficiently than histopathological diagnosis, and the profile was
further validated in a set of tumours showing non-classic histopathologic features. The prog-
nostic classification power of microarrays was also confirmed by Freije et al. (2004), who
identified a profile that discriminated glioblastomas and a mixed group of anaplastic astrocy-
tomas/oligodendrogliomas according to survival more efficiently than histopathology. The
identified gene-cluster with the best prognosis typically exhibited overexpression of genes
involved in neurogenesis, and one of the clusters with poor prognosis exhibited overexpres-
sion of mitosis related genes.

Philips et al. (2000) identified three subcategories of high-grade astrocytomas, enriched
for overexpression of genes related to proneural, mesenchymal, and proliferative phenotype
respectively. They showed a significantly better survival in the proneural group and also corre-
lated this to an intact EGFR- and PTEN-status, while the opposite was true for the other two
groups. The better survival in the proneural group and worse prognosis in the proliferative
group are in concordance with the similar discrimination between neurogenesis and mitosis
related expression profiles found by Freije et al. The differences in prognosis, and the nature
of the genes characterising the three different groups, lead Phillips et al. to propose a model
wherein the three groups correspond inversely to the developing stages of the neural stem
cell, via neuroblast, to differentiated neuron. Although this reversed correlation to differentia-
tion is conceptually conceivable for explaining a more aggressive natute of some tumours,
it still remains to be verified. In contrast to the association with EGFR- and PI'EN-status
for the above groups, Rich et al. (2005) found no correlation with survival for expression
of the key genes EGFR, TP53, p16 or PTEN. However, they found that the expression of
three migration associated genes (osteonectin, doublecortex and semaphorin3B) correlated
negatively to survival.

Several ontological analyses have focused on finding functional groups of genes with
diverse expression. Some functional groups frequently found to be differentially expressed
in gliomas ate associated to angiogenesis, cell migration, extracellular matrix remodelling, cell
cycle and DNA maintenance, and signal transduction (Rickman et al., 2001; Petalidis et al.,
2008). A number of microarray studies have also tried to identify diverse gene expression pat-
terns in primary and secondary glioblastomas. Tso et al. (2006) found overexpression of a set
of mesenchymal stem cell associated genes in a subset of the primary gliomas, compared to
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secondary gliomas or normal brain tissue. This result is also in line with the more aggressively
behaving mesenchymal group identified by Phillips et al. Some separation between primary
and secondary glioblastomas was also found by Godard et al. (2003), who found the second-
ary tumours to cluster intermediately between low-grade gliomas and primary glioblastomas
in a multidimensional scaling model. Hoelzinger et al. (2005) used gene expression microar-
rays to identify different signatures between migratory cells invading the surrounding paren-
chyma and the tumour core. Such differences are important to consider in the development
of targeted therapies, since these have been focused mainly on the proliferative characteristics
of the stationary tumour mass.

The power of gene-expression microarrays to classify gliomas has been further strength-
ened in later studies (Marko et al., 2008; Petalidis et al., 2008). Although there is often a
very a high concordance between the groups found by classification algorithms based on
gene expression, and histopathological grade, several studies have shown the gene expression
data to have slightly better performance in survival prediction. This strengthens the idea that
there are inherent genetic differences in gliomas (heterogeneity), that may define phenotypi-
cally different molecular subclasses that are not histologically distinguishable. However, most
studies use different platforms and different analytical strategies, and most studies are proof-
of-principle rather than providing any common consensus genomic signatures that can be
integrated in a clinical context.

Proteomics in gliomas

Although gene expression microarrays are extremely powerful by the large number of
genes investigated simultaneously, it is ultimately not the transcriptome but the proteome that
governs the phenotype of cells. Many proteins undergo post-translational modifications that
can dramatically alter the protein function or activity (Seo and Lee, 2004; Tootle and Rebay,
2005). The amount of protein will also depend not only on abundance of mRNA, but also
on stability and breakdown of the protein. Furthermore, microarrays have generally not been
able to discriminate different splicing variants of mRNAs. All these factors exemplify pro-
cesses that can severely alter protein abundance and function, but that will not be recognised
by investigations of the transcriptome. Several studies have therefore focused on large-scale
proteomic investigations for the identification of tumour specific biomarkers. One of the
most well established platforms for such high-throughput proteomic investigations is 2D-gel
protein separation with subsequent MS or MS/MS protein identification (see Methodological
considerations).

Using this platform, Iwadate et al. (2004) showed that they could efficiently discriminate
tumour samples according to histopathologic diagnosis by the proteomic profile, and that
tumours with a proteomic profile resembling normal brain had a better prognosis than the
rest of the tumours. Further indications of the prognostic power of protein profiling was
provided by Schwartz et al. (2005) (using a somewhat different methodological platform),
who reported proteomic profile as a significant independent prognostic factor in multivari-
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ate analysis. Iwadate et al. also identified a set of proteins differently expressed in gliomas.
Several of these proteins belonged either to G-proteins or cytoskeleton regulation associated
proteins, processes important for proliferation signalling and cell migration in gliomas.

Chumbalkar et al. (2005) also identified a number of proteins differentially expressed in
gliomas, several of which were cytoskeleton associated. Glial fibrillary acidic protein (GFAP)
is one of the major intermediate filament proteins in gliomas. It is prominently expressed in
lower grade astrocytic tumours, but can disappear with the dedifferentiation in progression
to a glioblastoma. Interestingly, Chumbalkar et al. showed a grade specific shift in overex-
pression of different GFAP isoforms, and suggested a destabilisation of the protein and a
decrease of the high molecular weight isoforms with increasing tumour grade.

Proteomic approaches have also been utilised to investigate the induced differences in
proteome profile in response to radio- and chemotherapy in glioma cell lines. Trog et al.
(2006) showed an upregulation of the extracellular matrix protein vimentin and a down-
regulation of the cytoskeleton regulatory factor RhoA in response to combined radio/che-
motherapy. Both these alterations have earlier been related to more malignant phenotype in
gliomas (Dehghani et al., 1998; Forget et al., 2002; Mahesparan et al., 2003), and it is therefore
possible that they contribute to the more aggressive phenotype often observed in recurrent
tumours after therapy failure. Alterations in the expression of RhoA family members were
described also in the studies by Iwadate et al. and Chumbalkar et al.

Additionally, there have been reports trying to discriminate primary and secondary glio-
blastomas using proteomics. Furuta et al. (2004) identified 11 proteins differentially expressed
in primary and secondary gliomas, with EGFR and tenascin-x being overexpressed in the
primary tumours. Although this study was performed in a small set of samples, it had the
advantage of being performed in a microdissected material, and thus ignoring noise from
stromal cells (see Methodological considerations).

A novel platform for high-throughput proteomic research is the antibody microarrays,
where proteins can be detected using similar technology as the gene expression microarrays.
Our study monitoring immunoregulatory proteins in the plasma of patients undergoing im-
munisation treatment (Paper IV) is to our knowledge the first time this method is utilised in
glioma patients.
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CURRENT THERAPEUTIC REGIMES

Surgery

Surgical resection provides the first line therapy against most newly diagnosed gliomas.
However, the diffuse infiltrative growth of gliomas, and their propensity to seed microsatel-
lites — or micrometastases — throughout the brain, makes it impossible to achieve a complete
surgical removal of the tumours and cure of the patients. Historical cases with a complete
surgical removal of a tumour-bearing hemisphere have shown that at the time of diagnosis tu-
mour cells are already spread throughout the brain, with recurrence in the contralateral hemi-
sphere as consequence (Bell and Karnosh, 1949). Although there is often a clear operative
indication for alleviating symptoms and obtaining tissue diagnosis, the impact of the extent
of resection on patient outcome has been subject of debate. In a meta-analysis covering all
studies between 1990 to 2007 in both low- and high-grade gliomas, the correlations between
extent of resection and patient outcome was reviewed (Sanai and Berger, 2008). While there
seems to be solid data for low-grade tumours, with an overall 50% increase in 5-year survival
for gross total resection vs. subtotal resection (90.5% vs. 61.1% respectively), there are still
some opposing data concerning the high-grade tumours. Approximately half of the studies
concerning high-grade gliomas reported improved overall survival for patients with more
extensive surgery, with an approximate 3 month increase in mean survival for patients with
gross total resection vs. subtotal resection (14.1 vs. 11.3 months respectively). The beneficial
effect of complete resection was further strengthened in another recent study, where a large
glioblastoma material was investigated for survival improvement (Stummer et al., 2008).

Radiotherapy

Standard therapy for glioblastomas and other primary malignant gliomas includes radio-
therapy (RT) after the performance of most extensive possible surgical resection. Radio-
therapy has long been established as the single most beneficial adjuvant therapy for these tu-
mours. Two prospective randomised studies have shown an approximate doubling in overall
survival with the addition of RT compared to surgery alone in high-grade gliomas (Walker et
al., 1978; Kristiansen et al., 1981). However, the gliomas also display a strong propensity for
radioresitance, and in spite of extensive surgery and maximum tolerated radiation dose most
patients succumb to local tumour recurrence. Although within the context of the tumour
stem cell theory it has been suggested that the slowly dividing TSCs could be responsible for
the radioresistance of gliomas, so far little is actually known about the genetic mechanisms
behind this resistance.

Chemotherapy

Historically, most chemotherapy trials in gliomas have been focused on different nitrosou-
rea-related compounds. The results of these trials have often been opposing or inconclusive,
and positive effects have often been limited in size, at least in astrocytic tumours (Lonardi
et al., 2005). A more favourable response has been reported for the oligodendrogliomas and
mixed oligoastrocytomas (Cairncross and Macdonald, 1988; Glass et al., 1992; Cairncross et
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al., 1998). However, no standard adjuvant chemotherapeutic regime for glioblastomas was
established before the beginning of the 21st century. In 2005, Stupp et al. presented a ran-
domised study investigating the effect of RT and concomitant temozolomide (TMZ) admin-
istration. This study showed a limited, but significant, increase in median survival in patients
treated with RT+TMZ compared to RT alone (14.6 vs. 12.1 months respectively) (Stupp et
al., 2005), and this regime soon became standard therapy worldwide. Temozolomide is an
alkylating agent and promotes its cytotoxic effect by methylation of DNA guanine-groups,
resulting in double-strand breaks and induction of apoptosis. Consecutive studies have
shown that the cytotoxic effect of TMZ is highly dependent of the methylation status of
the MGMT-gene. The beneficial effect of alkylating chemotherapeutics seems to be limited
to patients with epigenetic silencing of this gene by promoter methylation, which is found in
approximately 45% of GBM patients (Hegi et al., 2005; Hegi et al., 2008). MGMT protects
the cells by removing methyl-groups from the guanine groups in the DNA. The cytotoxic ef-
fect of guanine methylation is believed to be due to cycles of futile mismatch repair (MMR)
by the MMR-proteins, which eventually leads to DNA double-strand breaks and induction
of apoptosis. Chemotherapy using alkylating agents thus induces a selective pressure on the
tumour cells to lose MMR-function. This might in turn lead to induction of a hypermutator
phenotype in the remaining tumour cells. Such hypermutating cells might be highly resistant
to targeted therapies, such as signalling pathway inhibitors or monoclonal antibodies, but also
immunotherapeutic regimes (Chin et al., 2008). This hypothesis therefore calls for caution in
combining such therapies with TMZ treatment.
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NOVEL AND EXPERIMENTAL THERAPEUTIC REGIMES

Efforts to develop novel targeted therapies against the malignant gliomas have been im-
peded by the inherent heterogeneity and complexity of the molecular profile of these tu-
mours. Methods to efficiently classify gliomas according to their key molecular events, and
potentially also according to inherent resistance to radio- and chemotherapy, might therefore
greatly facilitate the development of individualised therapeutic regimes for subgroups of the
patients. This development will likely be aided by the progress of genome- and proteome-
wide assays in simultaneously screening large numbers of proteins for tumour specific over-
expression, and some approaches for assessing readily available cell-surface associated anti-
gens have been developed (Dichn et al., 2000; Stitziel et al., 2004).

Small molecular inhibitors

Several small molecular tyrosine kinase inhibitors (TKI) targeting EGFR have been devel-
oped (Fig 3), and two of them evaluated in clinical trials. While some radiographic response
was shown for both substances, no clear benefit in terms of survival could be recognised
(Sathornsumetee et al., 2007). A monoclonal antibody targeting EGFR, cetuximab, has also
shown encouraging results in animal studies (Eller et al., 2005; Yang et al., 2008) and is cur-
rently evaluated in an ongoing clinical trial (Combs et al., 20006). Inhibition of intracellular
signalling cascades using small molecular inhibitors has also been attempted. Inhibition of the
MAPK-pathway using RAS inhibitors has been tested in clinical trials, but showed moderate
results (Cloughesy et al., 2006), and trials with RAF inhibitors are ongoing, The PI3K pathway
has been targeted using mTOR inhibitors, and clinical trials showed moderate results with
some radiographic improvement, but without any noticeable survival benefit (Chang et al.,
2005; Galanis et al., 2005). Inhibitors of Akt have also been developed and trials are ongoing

(Fig 3).

Overall, the results of the small molecular inhibitors in monotherapy trials have so far
failed to show any clear improvement in patient outcome. The absence of success may partly
be due to the existence of parallel signalling pathways circumventing an individual target. A
recent concept proposing that alkylating chemotherapy might induce a hypermutating state
in the tumours (discussed above) also raises concerns regarding combination therapy with
alkylating agents and targeted therapies, since such mutations might circumvent the objects
of targeted therapies.

VEGF and antiangiogenesis

Gliomas are highly vascularised tumours and neoangiogenic endothelial cell proliferation
is one of the hallmarks of transition to high-malignant tumours. Angiogenesis has been in-
dicated to be a vital and rate limiting process for tumour growth in animal models (Folkman,
2007). One of the important factors for angiogenesis is the vascular endothelial growth factor
(VEGF). Several TKIs have been developed against the family of VEGF-receptors, expressed
on tumour associated endothelial cells, but have so far shown modest effect in clinical trials
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Fignre 3. Examples of different targeted therapies investigated in gliomas. Different types of therapeutic
compounds are exemplified by common members of the group (green boxes). Proliferation signalling
in tumour cells can be blocked by monoclonal antibodies targeting EGFR, intracellular tyrosine kinase
inhibitors (TKI), or inhibitors of the downstream signalling cascades. Tumour angiogenesis can be inhi-
bited using monoclonal antibodies against the angiogenic factor VEGE, integrin inhibitors, or TKIs.

(Reardon et al.,, 2004). One of the most widely investigated of the novel targeted therapeutic
agents is the VEGF-antibody bevacizumab (Fig 3). The use of anti-VEGF as monotherapy
has also shown small efficacy. However, clinical trials combining bevacizumab and the topoi-
somerase inhibitor irinotecan have shown encouraging results in recurrent glioblastomas with
radiographic response rates of 60-75%, and promising improvements in clinical outcome
(Vredenburgh et al., 2007; Ali et al., 2008). One theory about the positive results of the com-
bined therapy is paradoxically an increase in tumour perfusion. The dysfunctional structure
characterising proliferating tumour microvessels might compromise the blood flow in the
tumour and also increase the interstitial pressure due to vascular permeability. Antiangiogenic
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therapy reduces the oedema and might actually normalise the blood flow to the tumour, and
thereby increase the delivery of a cytotoxic agent (Pope et al., 2006; Vredenburgh et al., 2007;
Kerbel, 2008). However, experimental results indicating that tumour cells might adopt a more
invasive phenotype following antiangiogenic therapy (Rubenstein et al., 2000) might call for
caution, and further investigations are warranted.

VEGTF may also play an instrumental role in tumour immune escape. VEGF acts as a
chemoattractant for immature dendritic cells (IDCs) and tumour associated macrophages
(TAMs). The iDCs and TAMs are recruited to the tumour site, and can then be recirculated
and exert an immunosuppressive function by inhibiting the activation of T-cells (Kim et al.,
2000). It has further been shown that tumour-derived supernatant (TIDSN) can inhibit inter-
leukin (IL)-12 production and induce IL.-10 in DCs in vitro, thus potentially directing the T-
cell response towards Th2-type instead of cell mediated Th1 cytotoxicity. However, addition
of blocking anti-VEGF antibodies to the supernatant can specifically reverse the inhibitory
effect of TDSN on DC maturation (Johnson et al., 2007), and some initial clinical trials of
boosting immunotherapy by adding monoclonal anti-VEGF antibodies have been made (Rini
et al,, 2006), although so far without conclusive results.

Alternative forms of antiangiogenic therapy have emerged with integrin inhibitors, which
prevent tumour vessel formation by inhibiting the interaction between endothelial cells and
extracellular matrix proteins, such as tenascin and fibronectin, in the tumour. This approach
has shown promising results in animal models (Yamada et al., 2000) and is currently undergo-
ing clinical trials.

Toxic chimeric proteins and tumour specific antibodies

An alternative promising strategy to specifically target tumour cells is the use of immu-
notoxic chimeric ligands or monoclonal antibodies. Immunotoxic antibodies are constructed
by conjugating a drug or a toxin to an antibody directed specifically to an extracellular or
cell-surface located tumour associated antigen (TAA). Immunotoxic antibodies carry the abil-
ity to specifically bind to and internalise in tumour cells, carrying the conjugated toxin into
the cell, and thereby selectively killing the tumour cells and minimising collateral damage
(Chari, 2008). Alternatively, the antibodies can be conjugated to a radionuclide instead of a
toxin (Lambert, 2005; Sharkey and Goldenberg, 2006). Similatly, toxic chimeric ligands are
recombinant proteins consisting of a ligand binding to an upregulated or specific receptor
on tumour cells, fused with a toxin. The use of toxin-conjugated or radiolabelled antibodies
has shown promising results in leukaemia, while the beneficial effect in solid tumours has so
far been more modest (Sharkey and Goldenberg, 2000). One of the main concerns in apply-
ing these approaches to gliomas is that most TAAs are quantitatively rather than qualitatively
altered, which might yield specificity difficulties.

However, a number of different toxic chimeric proteins have been developed against
gliomas. Both TGF-a, IL-4 and 11.-13 have been conjugated to the Pseudomonas exotoxin
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(PE). TGF-a is natural ligand to EGFR and by substituting the native binding domain of
PE for TGF-a, the toxin can be specifically targeted to EGFR expressing cells, avoiding un-
specific binding. Convection enhanced delivery (see below) of this toxin to recurrent glioma
patients has been shown to be safe and show some initial promising results (Sampson et al.,
2003; Sampson et al., 2008b). Similatly, the receptors for I1.-4 and I1.-13 have been shown to
be upregulated in gliomas and conjugated PE toxins have been constructed with both these
cytokines. They have been shown to be reasonably well tolerated and some promising clinical
results have been shown in recurrent glioblastoma patients for I-13-PE. A phase III clinical
study is currently ongoing (Shimamura et al., 2000).

Tenascin-c is an extracellular matrix glycoprotein differentially expressed during embry-
onic development. It is undetectable in the normal adult brain but is abundantly found in
anaplastic astrocytomas and glioblastomas (Bourdon et al., 1983; Leins et al., 2003). Antibod-
ies have been produced targeting alternatively spliced variants of the protein, which confers
higher specificity and has made tenascin-c an interesting TAA. Since it is an extracellular
matrix protein, anti-tenascin antibodies do not enter the tumour cells and are therefore not
suitable for toxin conjugation, but could be efficiently used for delivery of radionuclides
that does not rely on intracellular uptake to exert their effect. Injection of radiolabelled anti-
tenascin antibodies into the surgical resection cavity of glioma patients has been studied in
several clinical trials, and has shown moderate prolongation of survival (Zalutsky, 2005).

Immunotherapy

Due to the blood brain barrier (BBB) and the lack of lymphatic drainage, the brain was
long considered to be an immune-privileged organ (Barker and Billingham, 1977). Although
this is true to some extent, this view has been revised by later studies showing clear connec-
tions between the brain and peripheral immunity (Hickey, 1999; de Vos et al., 2002). The
spread of tumour cells within the CNS, making complete surgical removal of the tumour
impossible in combination with the delivery difficulties of many local therapies, has turned
much interest to regimes actively seeking out tumour cells, e.g. immunotherapy. Gliomas are
known to be highly immunosuppressive, and patients often show high levels of immunosup-
pressive factors such as IL-10, TGF-f3, PGE, (Kuppner et al., 1989; Hishii et al., 1995) and
VEGF (discussed above), T-cell anergy (Brooks et al., 1972) and a shift from Thl to Th2
cytokine profile (Li et al., 2005).

There are a number of different immunotherapeutic approaches being investigated in
glioma therapy. These are based either on the use of autologous tumour cells (Salford et al.,
2002; Steiner et al., 2004; Fakhrai et al., 2000), ot the use of dendritic cells, loaded with either
antigens isolated from whole tumour cells (Yu et al., 2001; Yamanaka et al., 2005) or tumour
specific peptides (Heimberger et al., 2006; Sampson et al., 2008b).

The active immunotherapy strategies aim to preferentially initiate a peripheral activation
of the cellular adaptive immune response, or T-cell mediated cytotoxicity. After activation,
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the T-cells undergo clonal expansion. It has been shown that while naive T-cells rarely pass
the BBB into the parenchyma, activated T-cells can efficiently extravasate into the brain and
target remaining tumour cells.

Immunisation with autologous tumour cells with an immuno-stimulatory adjuvans has
previously proven to be a feasible and promising method (Steiner et al., 2004; Fakhrai et
al.,, 2006). In the ongoing Brain Immuno Gene Tumour Therapy (BRIGTT) study, patients
are immunised using autologous tumour cells transfected with the human interferon-y gene
(Salford et al., 2002; Salford et al., 2005). Interferon-y (IFN- v) is one of the main mediators
of the Thl-immune response and has an instrumental role in anti-tumour immune-reactivity.
It upregulates the peptide presentation on MHC I (Frith and Yang, 1999) and is essential for
the activation of cytotoxic T-cells (Janssen et al., 2003). Following resection, tumour cells are
cultured 7z vitro. When the cells are regularly karyotyped malignant they are transfected with
an adenoviral vector carrying the IIFN-y gene. The cells are then irradiated and injected intra-
dermaly to the patient. The treatment is repeated every 3 weeks for a total of 8-10 immunisa-
tions. Preliminary data from this study shows that the treatment is safe for the patient, and
that there is a statistically significant 6.7 months increase in survival in the treatment group.

Identification of novel tumour associated antigens

As discussed above, a promising antigen should be highly specific for the tumour cells to
be suitable for targeted therapy, and in the case of toxin-conjugated antibodies also have the
ability to internalise in the cells. A further dimension of suitability is also added by the impor-
tance of the TAA for the tumour phenotype. In the genome, mutations ate often mentioned
“driver” mutations if they are required for the phenotype of the tumour cell. However, many
tumours also harbour lots of “bystander” or “passenger” mutations that are not essential
for tumour proliferation or invasiveness, but have arisen due to the genetic instability in the
tumours. Targeting a TAA corresponding to a driver mutation is likely to be more successful
than targeting a bystander mutation, since TAAs corresponding to bystander mutations are
much more easily lost under selective pressure.

So far, the number of identified and characterised TAAs in gliomas is limited. Due to the
heterogeneity of the gliomas and their ability of immune editing, targeting one individual
epitope carries a risk of failure, with recurrence of antigen negative tumours. This was illus-
trated in gliomas in an immunisation study targeting a mutated and constitutively active form
of EGFR (EGFRvIII). Although this is thought to be a driver mutation important for tu-
mour proliferation, recurrence of EGFRVIII negative tumours was found in treated patients
(Sampson et al., 2008b). This emphasises the potency of immune escape, and the need to
target multiple TAAs. This feature is likely to be important not only in immunisation regimes,
but also in antibody therapy, and highlights the need for evaluation of a panel of different
antibodies targeting the tumour cells. Identification and characterisation of additional TAAs
is therefore an important topic if targeted toxins, monoclonal antibodies, or immunotherapy
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using tumour specific peptides are going to be successful. It is an intense hope that further
development in large-scale screening of the genome, transcriptome and proteome will assist
in identifying new potential targets.

The Ku70/80 protein

The Ku70/80 protein complex is a heterodimer comprised of one 70 kDa (Ku70) and
one 80 kDa (Ku80) subunit, which was first identified in the sera of autoimmune patients. It
is abundantly present in the nuclei of most human cells (Mimori et al., 1981; Francoeur et al.,
1986). The Ku70/80 complex binds to double-strand DN A-ends and is a regulatory subunit
of the DNA-dependent protein kinase complex, thereby playing an instrumental role in the
DNA double-strand break repair (Tuteja and Tuteja, 2000). It has also been shown to play
an integral role in the G2/M-phase progression of the cell cycle (Munoz et al., 1998), and
to contain an ATPase dependent helicase function (Tuteja and Tuteja, 2000). In addition to
DNA maintenance, telomere maintenance, and cell cycle regulation, it has also been purposed
to play a role in radioresistance (Chang et al., 2000).

The Ku-protein was first identified to be located on the cell surface of tumour cells in
1990 (Prabhakar et al., 1990), and since then it has been show to be present on the cell surface
of a wide range of transformed cell lines. However, in untransformed cells, a cell surface as-
sociated localisation has been shown only on macrophages and some endothelial cells (Table
1). Both the Ku70 and Ku80 subunit have been shown to be present at the cell surface and
play a role in cell-cell and cell-matrix interaction, and cell migration (Teoh et al., 1998; Lynch
et al., 2001). Ku80 has further been shown to functionally interact with matrix metallopro-
teinase 9 on the cell surface, at least partly explaining the functional role in cell migration
(Monferran et al., 2004; Muller et al., 2005).

Recently, a novel recombinant human antibody against Ku70/80 was isolated and shown
to rapidly internalise upon binding of the surface antigen. By combining this antibody with
a secondary toxin it was shown to exert a potential proliferation inhibiting effect on several
tumour cell lines (Fransson and Borrebaeck, 20006). If this effect indeed can be verified to be

Table 1. Normal human or tumour cell lines with plasma membrane
associated expression of Ku70/80

Normal human cells Monocyte derived macorphages (Monferran et al., 2004)
Umbilical cord endothelial cells (Ginis et al., 1995)

Human tumour cells Cervix carcinoma (HelLa) (Prabhakar et al., 1990)
Pancreatic carcinoma (Fransson et al., 2006)
Rhabdomyosarcoma (Ginis et al., 1995)
Mammary carcinoma & Neuroblastoma (Ginis et al., 2000)
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specific for transformed cells 7z vivo, Ku70/80 could be a novel promising TAA well suited
for targeting with monoclonal antibodies.

Delivery of therapeutic compounds

One of the major challenges with targeted therapies is the delivery to the tumour (Mul-
doon et al., 2007). Therapeutic compounds can be administered either intravasculary or lo-
cally. Intravascular delivery requires that the substance can cross the BBB and be accumulated
in the tumour. Although the BBB is not fully functional in tumour vessels, there is still a poor
uptake of large macromolecules, partly due to the increased interstitial pressure. This also ob-
structs the diffusion necessary for the substances to reach sparsely vascularised areas of the
tumour. Although debulking surgery can relieve interstitial pressure, the size of macromol-
ecules is still a limiting factor for diffusion. In an investigation of radiolabelled anti-tenascin
antibodies, Zalutsky et al. (1989 & 2005) showed that upon intravascular administration, only
minor amounts of the antibody localised to the tumour, with intolerable toxicity to the liver
and spleen when therapeutic doses were reached.

Local infusion in the resection cavity has been shown to be a feasible option in the use of
radiolabelled antibodies. Although diffusion of the therapeutic agent is impeded, choosing a
radioisotope with appropriate penetration properties in the tissue will guarantee radiation also
to tumour cells in the proximity. Unlike the radioisotopes, toxins have to be internalised in the
cell to exert its action, and this requires a more uniform distribution within the tumour and
peritumoural area. However, once inside the cell, plant and bacteria derived toxins are highly
potent, and for some substances one or a few molecules can be enough to kill the cell (Mo-
rokoff and Novak, 2004). Convection-enhanced delivery (CED) is the method of choice to-
day for delivery of these substances. With CED, macromolecules are infused into the tumour
or peritumoural area using a fluid pressure gradient, which produces a more homogenous
regional distribution. However, several issues still remain to be solved to optimise this method
and resolve interpatient variability (Muldoon et al., 2007; Sampson et al., 2008a)

Local therapy in itself also does not finally resolve the problem with GBMs, since it is a
well-known fact that tumour cells are spread in large areas of the brain. However, with today’s
therapy, the vast majority of glioblastomas recur locally, making local control an important
first step. The importance of local control is further emphasised by results showing that gross
total resection to some extent correlates with prolonged survival (discussed above). Fur-
thermore, efficient targeted therapy might also replace aggressive more destructive therapies
such as surgery and radiation, and might finally also aid in targeting surgically inaccessible
tumours.

An interesting developing field that might prove promising for specific targeting of tu-
mour cells is the use of stem cells. It has been shown that neural stem/progenitor cells
and mesenchymal stem cells possess tumour tropism in experimental models. Although the
mechanisms for this tropism remain to be elucidated, these stem/progenitor cells have been
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indicated to migrate to and infiltrate specifically in solid tumours. This has raised the hope
that these cells could be used as delivery vehicles, e.g. for gene therapy or prodrug converting
enzymes, specifically to tumour cells. The major advantage of such a system lies in the abil-

ity of the stem/progenitor cells to also migrate and trace infiltrating tumour microsatellites
(Aboody et al., 2008).

38



METHODOLOGICAL CONSIDERATIONS

A wide range of important methodological considerations for development of successful
research in glioma biology can be defined. Two key methodological issues (as defined by The
Brain Tumour Progress Review Group, of the American National Institute of Health), which
are especially central to this thesis work are:

* Tissue resource barriers: Existing tumour banks often do not have appropriate, relevant
information, such as information on diagnosis, biological characteristics, natural history, and
therapeutic outcome. The banks also often do not collect normal tissue or blood.

* Technological barriers: There is an inadequate application to brain tumour biology re-
search of the latest technological advances, such as those in genomics and proteomics, struc-
tural biology, chemical biology, and high-throughput screening strategies.

Biological material

High quality clinical information accompanying the biological samples is of vast impor-
tance for proper evaluation of gene and protein expression patterns. All biological material
used in this thesis work was retrieved from patients operated at the Department of Neuro-
surgery, Lund University Hospital, and all clinical parameters could be extracted directly from
each patient’s record, specifically for each study. The close collaboration with the clinical
institution ascertains accurate and comprehensive clinical data.

Gene expression analyses are generally performed in three different types of material;
primary tumour tissue, microdissected tumour tissue, or tumour cell lines. For the gene ex-
pression microarrays and 2D-DIGE proteomic analysis in this thesis, we have used frozen
primary tissue samples. While this option is in most circumstances the most feasible, it is
important to remember that it also carries some potential disadvantages. Use of primary
tissue means that the cells investigated is not a pure tumour cell population. Adding to the
cell population is also tumour stroma containing endothelial cells and pericytes from tumour
vasculature, reactive astrocytes, and tumour infiltrating lymphocytes. These cells will add to
the molecular profile of the tumour, and might either conceal, or induce false, differences
between tumour and normal tissue samples. The use of cell lines, in turn, has shown to be a
superior alternative for mutational analyses in different tumours (Winter et al., 2006). How-
ever, investigations of copy number alterations and gene expression in gliomas have shown
cell lines to be poor representatives of 7z vivo gliomas (Li et al., 2008) in these assays. The use
of laser microdissection of tissue has the advantages of both circumventing the problem
with interfering cell types and attaining proper 7 vivo material, but yields only small amounts
of extracted RNA. By steps of RNA amplification it is still possible to achieve sufficient
amounts of starting material for gene expression microarrays, but there has been an ongoing
debate considering the amount of bias introduced by the amplification procedure (Boelens
et al., 2007). The amount of protein extracted from microdissected tissue have eatlier been
insufficient for proteomic screening methods, and only more recently are techniques emerg-
ing, capable of performing proteomic analysis with small amounts of starting material (von
Eggeling et al., 2007).
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Gene expression microarrays

There are multiple different platforms available for gene expression microarray analysis,
and several different methods for protein separation and identification. However, the main
focus of this thesis has been the analytical evaluation of the data, rather than the technical
methodological issues. In particular, the central concern in the genome- and proteome-wide
assays has been the biological analysis, and trying to integrate the results yielded into a glioma
biology context. An extensive review of the technical aspects of the large-scale screening
methods is therefore out of the scope of this thesis. A brief overview of the principles of
the different platforms used is given below.

A cDNA microarray (Paper I) is a high-throughput technology used to simultancously
measure the expression of major parts of the genome. It consists of an arrayed series of
specific cDNA sequences that correspond to different mRNAs, spotted onto a glass slide.
The arrays used in our study contained approximately 27,000 spots, corresponding to ap-
proximately 17,000 unique genes. The mRNA was extracted from the samples to be analysed,
and converted to cDNA by reverse transcriptase, and the cDNA was labelled with the Cy3-
fluorophore. Simultaneously, a reference sample consisting of pooled mRNA from ten dif-
ferent tumour cell lines was labelled with the Cy5-fluorophore. The sample and the reference
were mixed and hybridised to the spotted array under high-stringency conditions, through
which each cDNA will hybridise specifically to the corresponding spot on the array. The rela-
tive abundance of nucleic acid in the sample compared to the reference was then quantified
for each gene by individual scanning for the two fluorophores of all spots on the array. By
hybridising all samples investigated together with the same reference the relative abundances
between all the samples can be obtained.

Proteomics and antibody microarrays

In 2D-DIGE (Paper II), proteins are separated according to their isoelectric point (pl)
and molecular weight. Protein extracts from the samples to be investigated and a reference
consisting of pooled protein from all the samples in the study were labelled with different Cy-
dyes. The sample and reference were mixed and added to a gel strip containing a pre-formed
immobilised pH-gradient. Isoelectric focusing was performed by applying a voltage to the gel
strip by which the proteins will migrate to the pH position where their net charge equals zero,
i.e. the isoelectric point. The gel strip was then loaded onto a SDS-PAGE gel and the proteins
were separated in the second dimension according to molecular weight. The two-dimensional
spot pattern was then captured for sample and reference by individual laser scanning of the
fluorophores. Approximately 2200 spots were matched between the different gels, and sta-
tistical discrimination of samples was performed based on the spot intensities. To identify
the proteins in interesting spots, a loading gel with high protein concentration was run, and
spots were matched to the main dataset. Selected spots (n=300) were then harvested from
the gel by a spot-picking robot. The proteins were extracted and analysed using tandem mass
spectrometry. The MS/MS-produced peptide fingerprints wete used to identify the protein
by comparison to protein databases.
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Some limitations inherent in the proteomic platform are important to consider in experi-
mental design. The 2D-DIGE is a powerful tool for identifying abundant proteins, but has
low sensitivity for highly diluted proteins. This can be an advantage when searching for bio-
markers, where highly abundant proteins often are the most suitable, but a disadvantage when
searching, e.g., for key tumourigenic proteins, such as transcription factors. The gel separation
generally also means that proteins with a pI outside 3-10 or larger than 100 kDa are lost. Fur-
thermore, hydrophobic proteins, such as membrane proteins, are lost in the gel separation.

The use of antibody-arrays is a novel technique for high throughput proteomic investiga-
tions. The basic principle is much the same as in gene expression microarrays, but instead of
cDNAs, specific antibodies are spotted onto the glass slide. The proteins of patient plasma
samples to be investigated were fluorophore-labelled and allowed to bind to the spotted an-
tibodies. The arrays used contained 135 human recombinant single chain variable fragment
(scFv) of antibodies directed against 60 different proteins. The arrays were laser scanned
and the abundances of the individual proteins quantified by the intensity of the fluorescence
for each spot. Although the antibody-arrays today only can investigate a limited number of
analytes simultaneously (ranging up to a couple of hundred antibodies), the use of specific
antibodies has a great advantage in being able to detect highly diluted proteins. Furthermore,
by selecting the antibodies spotted onto the array, this provides the possibility of focusing the
arrays for proteins with a specific biological function, e.g. cytokines or other immunoregula-
tory proteins (Wingren and Borrebaeck, 2008).

Statistical analysis of multivariate data - Unsupervised classification

Unsupervised classification of multidimensional data is often performed using clustering
algorithms or any variant of multidimensional scaling algorithms. The standard hierarchical
clustering of e.g. a gene expression microarray data set is a matrix, where each column repre-
sents one sample, and each row represents one gene. Each position in the matrix is coloured
according to the expression intensity of that specific gene in that specific sample. Both sam-
ples and genes are then clustered in a dendrogram according to the similarity of the elements
(sample or gene), so that the most similar elements are clustered as nearest neighbours. The
length of the branches in the dendrogram tree represents the distance between the elements
in multidimensional space.

A common mean of visualising high-dimensional data in two or three dimensional images
is the use of multidimensional scaling algorithms. These algorithms visualise the samples in
three dimensions while trying to preserve as much as possible of the distance between the
samples in the original high dimensional space. In the analysis of our microarray data (Paper
I) we used a Sammon map, which is very similar to multidimensional scaling but puts more
emphasis on preserving the distances between close points.

Hierachical clusterings and Sammon maps are often presented using a filtered set of
genes, e.g with a p-value below some specified cut-off. It is important to note that such
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clusterings are not by themselves any proof that this is the most prominent separating profile
in the material as a whole, but rather an illustration of the discrimination of those particular
samples using that particular set of genes. To generalise the discriminating capability, such
a set of genes/proteins have to be vetified in independent sets of samples not used for the
otiginal selection of the gene/protein set.

Statistical analysis of multivariate data - Supervised classifiers

Supervised classifiers are often trained and used to discriminate groups with different ge-
netic or proteomic profiles in multivariate data. A common measurement of the performance
of a classifier is to generate a receiver operating characteristic (ROC) curve, and calculate the
area under the curve (AUC, or ROC-area). The discrimination is done pair-wise with two
groups at a time, by using a leave-one-out cross validation where each sample is left out once
and the classifier trained using the remaining samples. The left out sample is then assigned a
numerical value which can be a log odds ratio of belonging to one of the two groups, or a
signed distance to the hyperplane between the groups in multidimensional space. The sam-
ples are then ordered by their assigned numbers and the ROC-curve is generated by stepwise
moving the cut-off between the groups one sample at the time, and plotting the sensitivity vs.
1-specificity curve. A perfect separation between the groups will thus yield an AUC of 1.0,
while a total random order of samples yields an AUC of 0.5. The exact mathematics of the
classifying algorithms is out of the scope of this thesis.
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AIMS

The general aims of this thesis was to gain novel insights in the genetic and proteomic
events underlying tumourigenesis and malignant progression in gliomas, and potentially de-
fine specific key events that could be object of refined or novel therapeutic approaches. More
specific aims were:

* To investigate the potential of genome-wide and proteome-wide assays to discriminate
and potentially identify novel subcategories of gliomas.

* To investigate the potential of genome-wide and proteome-wide assays to identify novel
tumour specific genetic or proteomic aberrations. Moreover, to investigate the signifi-
cance of any such aberrations from the perspective of tumour initiation and progres-
sion.

* To characterise expression pattern and therapeutic feasibility of specific tumour associ-
ated antigens.

» To investigate the immunologic response of patients undergoing immunotherapy against

glioblastomas, and potentially identify key immunologic events to optimise this therapeu-
tic regime.
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RESULTS AND DISCUSSION

DISCRIMINATING TUMOURS BY GENE OR PROTEIN PROFILE
(Paper I & II)

In Paper I we utilised 27k cDNA microarrays to investigate global gene expression pro-
files primarily in glioblastomas (n=26) and normal human brain (n=4), but also compared to
a smaller number of grade II (n=5) and grade I1I (n=3) gliomas. After initial quality control
and filtering, the data set contained approximately 11,500 informative reporters. We show
that already before any further filtering of the data set, the global gene expression profiles
separate the samples well according to histopathologic diagnosis. A trained supervised clas-
sifier was able to separate the samples with perfect or near perfect accuracy. The high-quality
performance of the classifier was stable using anywhere between 30 to 1000 genes, above or
below which the performance degraded.

The data presented in this paper emphasise the potential of global gene expression analy-
sis for efficient diagnostic classification. In contrast to some earlier published similar studies,
we were not able to find any significant correlation to survival (Nutt et al., 2003; Freije et al.,
2004; Phillips et al., 20006). This is likely due to two different factors. First, our investigated
material might be too small for identification of a survival related gene signature. Second,
the investigated material was not selected for a survival analysis and a retrospective overview
reveals a potential bias in the survival data since the material also fails to show the expected
inverse relation between age and survival.

In Paper IT we utilised 2D-DIGE with sequential LC-MS/MS protein identification for
large-scale proteomic profiling. A set of glioma and normal brain tissue samples, largely con-
sisting of the same samples analysed for gene expression profile in paper I, was analysed. Ap-
proximately 2 200 protein spots were matched between the gels. We found that the proteomic
profile was also able to discriminate the samples according to histopathologic diagnosis, al-
though with slightly lower accuracy than the gene expression microarrays (Table 2). This is
not unexpected since the microarray data set contains a much larger number of data points.

ABERRATIONS OF CHROMOSOMAL REGIONS (Paper I)

A sliding window model was employed to search for larger chromosomal regions with
coordinated up- or downregulation of gene expression. While this approach is often used in
comparative genome hybridisations to search for regional amplifications or deletions in the
DNA, employing the same method in gene expression data will also allow recognition of
alterations due to epigenetic modifications, such as DNA-methylation or histone acetylation.
A number of both well known and novel aberrations were identified. Upregulation of large
parts of chromosome 7 and downregulation of large areas of chromosome 10 in all tumour
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Table 2. ROC-area (AUC) describing the performance of a supervised
classifier based on gene- or protein expression analysis

| GBM vs. Normal GBM vs. Grade I Grade |l vs. Normal
Gene expression 1.00 0.95 0.94
Proteomics 0.85 0.94 0.91

groups, and downregulation of parts of chromosome 19q in low-grade tumours are well in
line with the literature concerning amplifications and deletions in gliomas. However, overex-
pression of a smaller region on chromosome 6p constituted a novel and highly interesting
finding. This region contains many of the MHC genes responsible for antigen presentation.
Since primary tumour tissue was used for the analysis there is a small risk that this upregula-
tion of immunoregulatory genes could reflect infiltration of leukocytes in the tissue. How-
ever, the concentration of tumour infiltrating leukocytes is generally not large enough in the
proliferating tumour front to be expected to have a significant impact on the gene expression
analysis. There is also a possibility that this upregulation originates from reactive astrocytes
and microglia in the tumour area. If the overexpression originates from the actual tumour
cells, an intriguing theory is provided by the recognition that some of the MHC molecules
present within this region actually exert an immunosuppressive function, potentially playing a
role in immune evasion (Friese et al., 2004; Varla-Leftherioti, 2004; Wischhusen et al., 2005).

DEREGULATION OF SPECIFIC GENES OR PROTEINS (Paper I & II)

One of the aims of the thesis was to identify tumour specific biomarkers, and potentially
also suitable therapeutic targets. Upregulated genes in the tumours (Paper I) were therefore
annotated for their cellular location and filtered for extracellular or plasma membrane as-
sociated proteins. This yielded a list of 31 significantly overexpressed extracellular proteins
in glioblastomas, including both previously well-characterised antigens (e.g tenascin-c) and
novel interesting targets (e.g. PIPRZ1). Three of these proteins were available in a public
immunohistochemistry database, and all confirmed our gene expression data.

Our result furthermore underscores the capability of this platform to identify promising
TAAs for therapeutic targeting. The large number of identified reporters enables for bioin-
formatically focusing on proteins with a specific cellular function. A retrospective reanalysis
of the data using software for signalling pathway analysis also tevealed the Raf/MEK/Erk
pathway as one of the top-ranked significantly altered pathways in glioblastomas, indicating
the potential also for dissecting the tumourigenic mechanisms underlying tumour forma-
tion.
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In the proteomic analysis (Paper II), 300 of the matched gel spots were picked for identifi-
cation using LC-MS/MS. Due to several proteins being present in multiple spots, this yielded
a list of approximately 150 unique proteins. A functional analysis of the proteins discriminat-
ing gliomas from normal brain revealed cytoskeleton and cell signalling proteins as the top
diverging categories. These results are in line with previous proteomic investigations, which
have repeatedly reported these categories as the main ontological groups aberrant in gliomas
(Iwadate et al., 2004; Chumbalkar et al., 2005). The frequent identification of intermediate
filaments and cytoskeleton associated proteins in this platform is no surprising result for
two reasons. First, these are highly abundant proteins and therefore easily identified in these
proteomic assays. Second, the highly invasive phenotype of gliomas predicts an increased
migratory capacity, and would naturally account for aberrations in migration associated or
regulatory proteins. A further manual functional analysis revealed altered expression of sev-
eral proteins associated to the Raf/MEK/Erk pathway, also identified by the reanalysis of the
gene expression data from Paper I. However, converting aberrations in ontological groups to
specific cellular functions is most often not easily done.

Another intermediate filament protein, GFAP, comprised approximately 50 of the identi-
fied spots. This protein showed an overall divergent pattern when all tumours were consid-
ered, but when separated according to grade an interesting pattern emerged. We found several
high molecular weight isoforms to be specifically upregulated in lower grade tumours, but not
in glioblastomas. These data partly supports a theory proposed by Chumbalkar et al. (2005)
that GFAP is overexpressed in lower grade tumour but undergoes a destabilisation with pro-
gressing tumour grade.

COMPARISON OF mRNA AND PROTEIN ABUNDANCE (Paper I & II)

By using the same biomaterial in both the gene expression analysis (Paper I) and the
protein expression analysis (Paper II) we created a highly exclusive combined dataset. This al-
lowed for a paired comparison of gene and protein expression in the same biological samples.
We managed to match 216 pairs of mRNA-reporter and identified protein. Because of mul-
tiple reporters for some genes and multiple identified spots containing the same protein, the
216 pairs represented approximately 70 distinct proteins. For each matched pair, the Pearson
correlation was calculated for the mRNA and protein abundances. For proteins strictly regu-
lated by their mRNA expression, a significant positive correlation would be expected. Inter-
estingly, out of the 216 pairs, only ten showed a positive Pearson correlation with a p-value
< 0.05. Five of those ten pairs were different forms of superoxid dismutase 2, which indicates
that this protein is tightly regulated by the mRNA abundance, but aside from that, remarkably
few pairs were found to correlate. These results bring to light an overall very weak association
between the levels of mRNA and protein abundance, which is also in line with two earlier
similar comparisons in cancer cell lines (Juan et al., 2002; Chen et al., 20006). These results em-
phasise the difficulties of directly extrapolating differences in the proteome by investigations
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of mRNA. The limited correlation might at first seem surprising, however, there are several
processes individually controlling the levels of mRNA and protein. Both mRNA and protein
are individually dictated by their own rates of synthesis and turnover, which are in turn con-
trolled by, for example, gene-specific chromatin structure, and binding of accessory proteins.
It has also been described that the transcriptome often shows burst-like expression with large
temporal differences, and that models measuring expression at several time-points show bet-
ter correlation than comparisons only considering a single point of time (Dechering, 2005).

The platforms should rather be considered as complementary to each other, since func-
tional analysis of observed differences between samples often shows identification of ab-
errations within different functional categories. While global gene expression analyses are
often considered to provide a more comprehensive overview, the identification of aberrations
within distinct groups of proteins, for example, intermediate filament proteins, underscores
the complementary value of proteomic large-scale investigations.

CHARACTERISATION OF THE TUMOUR ASSOCIATED ANTIGEN Ku70/80
(Paper IIT)

The use of radiolabelled or toxin conjugated antibodies for tumour specific therapy re-
quires careful characterisation of potential tumour associated antigens. As discussed above, a
potential target should be abundantly expressed on the cell surface of tumour cells, but not,
or at least to a significantly lower degree, on normal cells. To be suitable for toxin delivery the
antigen should also be able to internalise in the cell, while this is not necessarily obligatory for
radiolabelled antibodies.

In Paper IIT we utilised immunohistochemistry and immunocytochemistry to investigate
tissue distribution and cellular localisation of the potential TAA Ku70/80. The Ku70/80
protein complex is ubiquitously present in the nuclei of human cells, where it plays an in-
strumental role in DNA double strand break repair, but has been shown to be located also
on the cell plasma membrane exclusively on tumour cells (discussed above). Analyses were
performed using transmission light microscopy, epi-fluorescence microscopy, and confocal
laser scanning microscopy. The use of several different parallel methods, and labelling using
several antibodies against the same antigen, enabled a thorough evaluation of epitope speci-
ficity and performance of the different antibodies under different conditions.

We found that the in-house isolated human anti-Ku70/80 antibody INCA-X binds exclu-
sively to plasma membrane associated Ku70/80 in gliomas. A strong immunoreactivity was
observed throughout all tumours investigated (Fig 4). Apart from a very weak cytoplasmic
reactivity in a few neurons, no reactivity could be observed in normal human brains. The lo-
calisation to the plasma membrane was verified in four out of six primary cell cultures from
gliomas. Furthermore, we show indications of an active endosomal internalisation in living
glioma cells by granular intracellular co-localisation of INCA-X and the endosome marker
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Figure 4. Expression and localisation of the Ku70/80 antigen in glioblastomas. Strong plasma membra-
ne associated immunoteactivity for the Ku70/80 antibody INCA-X (gteen) was obsetrved in all tumour
tissue samples investigated using confocal microscopy (cell nuclei in red; /ff). The plasma membrane
associated location of the antigen was verified in tumour cell cultures by co-labelling of the cytoskeleton
protein f-actin (red) and cell nuclei (blue) (bottom right). Internalisation of the antigen-antibody complex
was visualised by co-incubation of live tumour cells with INCA-X and the endosome marker transferrin
(red), observed as granular intracellular co-labelling (zop right).

transferrin (Fig 4). Finally, we show that all cell cultures positive for membrane associated
Ku70/80 were sensitive to INCA-X mediated cytotoxicity in an immunotoxicity assay using
a secondary toxin conjugated antibody.

The differences in sub-cellular distribution between antibodies targeting the same antigen
likely reflect distinct protein epitopes locating to the separate cellular compartments. Opti-
mally, an absorption test of the antibodies should be performed, but unfortunately it was not
possible to acquire a full-length protein suitable for this. However, the original isolation of the
INCA-X antibody provides solid evidence of the antigen being strongly related to Ku70/80
protein and dependent on the expression of the Ku70 gene. Taken together, these results
points to Ku70/80 as a very favourable antigen for tumour specific targeting, The exclusivity
of the extracellular localisation in tumours means that therapeutic doses could presumably be
administered locally with minimal collateral damage. The potential for this antigen to serve as
a glioma specific target should now be evaluated in an zz vivo model.

INVESTIGATION OF PERIPHERAL IMMUNOLOGIC MARKERS AND RE-
SPONSE TO IMMUNOTHERAPY AGAINST GLIOBLASTOMAS (Paper IV)

In the Brain Immuno Gene Tumour Therapy (BRIGTT) study, patients with glioblas-
tomas are undergoing immunotherapy treatment by the use of autologous, 7 vitro cultured
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tumour cells, transduced with the human IFFN-y gene. Transfected cells are injected intrader-
maly every third weak for a total of 8-10 treatments. Inclusion criteria for the study is i) age
50-70 years, ii) diagnosed GBM (WHO grade 1V), iii) Karnofsky performance =70 and, iv)
resection volume =80%. Patients fulfilling the inclusion criteria but with insufficient iz vitro
cell growth are used as a control group. The treatment has been shown to be well tolerated
by the patients, and preliminary data reveals a 6.7 months prolongation of overall survival
in treated patients compared to controls (17.4 vs. 10.7 months respectively). Analysis of the
survival data reveals that all patients included benefits from the treatment, but that the posi-
tive effect seems to be larger in a subgroup of the patients.

We aimed to investigate if any immunological differences could be observed in plasma
samples of patients with glioblastomas compared to healthy controls, in glioblastoma patients
during ongoing immunisation treatment, and in the subgroup showing the best effect from
treatment compared to the rest of the patients. To this end, plasma samples from immunised
tumour patients (n==8), non-immunised tumour patients (n=10), and healthy controls (n=17)
were analysed using antibody microarrays, containing 135 antibodies against 60 distinct im-
munoregulatory proteins. Preoperative samples were analysed from all tumour patients, and
from the immunised patients also samples taken at immunisation no. 4 and no. 8.

We found only minor differences between normal controls and the group of tumour
patients as a whole. The most prominent upregulated proteins in tumour patients were com-
plement factor 5, VEGE, 11.-8 and IL.-12. While II.-12 is a Th1 cytokine important for a po-
tential cytotoxic T-cell response, both I1.-8 and VEGF are angiogenic factors (Machein and
Plate, 2000; Brat et al., 2005), potentially important for neoangiogenesis. VEGF has also been
shown to exert immunosuppressive actions in tumours, potentially aiding in tumour immune
escape (Kim et al., 2006; Johnson et al., 2007).

When the tumours were subgrouped according to inclusion in the immunisation proto-
col, and according to long or short survival, a more refined pattern emerged. Interestingly,
the immunised patients with long-term survival showed the most distinctly diverging protein
profile, both when compared to normal controls and to the other tumour patient groups.
This indicates that it is possible to predict which patients will respond best to immunotherapy
already in the preoperative sample. Especially, the Th1 directing cytokines IFN-y and I1.-12
were upregulated in this patient group, which points to an ongoing immuneresponse even
before immunotherapy initiation. It is therefore possible that the immunisation functions as
a boost of this response, rather than inducing an immune reaction. Since all tumour patients
in this study fulfilled the inclusion criteria for immunotherapy, and the only factor deciding if
they were finally included was the zz vitro cell growth, it is intriguing that there was also some
separation of immunised and not immunised patients pre-operatively. This discrimination
might hypothetically indicate some inherent difference influencing the 7 vitro growth capacity
of the tumour cells. However, this discrimination was only seen in one of the non-immunised
cohorts, and the material is too small to make any conclusions to what this difference repre-

sents.
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Finally, we investigated whether any difference could be observed over time in patients
undergoing immunotherapy. We found clear differences between the immunised long-term
survivors (LTS) and short-term survivors (STS). While the LTS showed upregulation of a
number of proteins at immunisation no. 4 compared to pre-operatively, no changes could be
observed in the STS. Surprisingly, several of the upregulated proteins in LTS were Th2 related
cytokines, such as I1.-4, IT.-10 and IL-13. Whether this represents a genuine Th2 response or
a regulatory induction in response to a Th1 reaction is unknown. At immunisation no. 8 there
was a decrease in STS of, among others, IFN-y and IL-12. This might indicate a decreased
Th1 reaction. After repeated immunisations, there is a not negligible risk of inducing toler-
ance instead of an immunereaction, and although speculatively, this could be one hypothesis
for the decreasing levels of IFN-y and I1.-12 in STS. Little is so far known about these param-
eters, and they need to be considered in future optimisation immunotherapeutic regimes.
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CONCLUSIONS AND FUTURE PERSPECTIVES

The current thesis has focused on characterising genomic and proteomic aberrations in
glioblastomas in comparison to the normal human brain. The main perspectives have been
i) identification of discrepancies that could be utilised for refinement of current therapeutic
modalities, or development of novel therapeutic regimes, and ii) identification of subgroups
of gliomas harbouring clinically relevant differences, based on their gene/protein expression

profile.

We conclude that both gene expression and protein expression profiling can efficiently
discriminate gliomas from normal brain, and discriminate the tumours according to histo-
pathologic grade. The discriminating performance is somewhat higher in the gene expression
microarrays, which can likely be referred to the superior number of reporters. No correlation
to survival or identification of novel subgroups could be observed in this material. The mo-
lecular heterogeneity of gliomas makes different subgroups hard to discriminate. Future stud-
ies striving for identifications of such groups therefore likely need to include a larger number
of biological samples to achieve significant results. In the case of gene expression analysis,
this should optimally also be combined with sequencing data for mutational analysis.

The general concordance between mRNA and protein abundances as measured by high-
throughput platforms is very weak. This can likely be related to individual rates of turnover,
and potentially also differences in temporal expression pattern for the mRNAs and proteins.
However, while the gene expression microarrays give a very comprehensive overview, pro-
teomic analysis has the advantage of considering post-translational modifications. The plat-
forms also often identify discrepancies within different functional groups of genes/proteins.
The platforms should be considered complementary and future extensive investigations of
both transcriptome and proteome are important for the understanding of glioma biology.

The Ras/Raf/MEK/Erk signalling pathway can be identified as one of the top signifi-
cantly deregulated pathways in gene expression analysis, and several proteins associated to
this pathway are also identified as deregulated in gliomas. Although few specific mutations in
this pathway have been shown in gliomas, these results corroborate this signalling cascade as
a central tumourigenic pathway. Furthermore, both the gene expression and the proteomic
platforms identified a number of specific proteins, deregulated in gliomas. The implications
of these proteins for targeted therapy remain to be evaluated.

The characterisation of the potential TAA Ku70/80 shows highly promising features
regarding specific plasma membrane localisation in glioblastomas. Further, the internalising
capability and capacity for toxin delivery in glioma cells make this antigen very interesting for
targeted therapy using toxic monoclonal antibodies. These results strongly encourage further
investigations in 7z vivo models.
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Analysis of immunoregulatory proteins in peripheral plasma samples reveals profiles that
are indicated to separate patients undergoing immunotherapy into long-term survivor and
short-term survivor already pre-operatively. This indicates that there is an inherent differ-
ence between patients influencing the beneficial effect of immunisations. Furthermore, the
analysis indicates differences in key immunological orchestrating proteins, or proteins associ-
ated to tumour progression, between tumour patients and normal controls (e.g. VEGT), and
between tumour patients during ongoing immunotherapy (e.g. IFN-y and IL-10). These dif-
ferences should be validated in a larger material and by the use of separate methods. A highly
interesting future perspective is to analyse immunoregulatory proteins in microdialysate from
tumours, in order to directly monitor the local immunologic response.
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POPULARVETENSKAPLIG SAMMANFATTNING

Tumorer i kroppens olika organ uppkommer genom att felaktigheter uppstir i regleringen
av cellernas tillvixt och féormaga att infiltrera sin omgivning, Sidana felaktigheter uppstar
genom mutationer i gener eller genom att antalet kopior av en gen i cellen férdndras, s.k.
amplifieringar eller deletioner. Dirigenom uppkommer en 6kad aktivitet av gener som driver
tumorvixten, s.k. onkogener, eller en minskad aktivitet av gener som motverkar tumorutveck-
ling, s.k. tumorsuppressor gener. Detta ger i sin tur upphov till en férdndrad aktivitet av de
proteiner som dessa gener kodar for.

Glioblastoma multiforme dr en tumértyp som uppstir i centrala nervsystemet, och ir
en av de mest aggressiva kinda tumérformerna. Tuméren vixer invasivt in den omgivande
vivnaden och ir resistent bade mot stralning och cytostatikabehandling. Detta gor att det
idag inte finns ndgon bra behandling mot denna tumértyp, och den medfér dirfér en mycket
dyster prognos for patienten. Det har dven visat sig svirt att exakt kartligga mekanismerna
bakom hur glioblastom uppstar, di de visar en stor molekylir heterogenitet. Syftet med denna
avhandling var att kartligga férdndringar i genuttryck och proteinuttryck i tumoérer frin pa-
tienter med glioblastom, samt att forsoka identifiera specifika proteiner som skulle kunna
anvindas for att rikta terapi selektivt mot tumoreeller. Vidare har vi f6rs6kt urskilja moénster
i gen- och proteinuttyck, som kan gruppera tumérer pa ett mer exakt sitt med avseende pa
diagnos och optimal terapi, samt eventuellt dven prediktera prognos eller nytta av en viss
behandling;

Genom att analysera genuttrycket med s.k. microarray — en metod dir stora delar av hela
genomet kan analyseras simultant — har vi visat att en signatur av vissa gener kan anvindas
for att identifiera och korrekt klassificera tumorpreparat. Dessa analyser visar dven att storre
omriden pa vissa kromosomer har koordinerade férindringar av genuttryck som kan svara
mot amplifieringar eller deletioner av dessa omraden, alternativ var nedreglerade genom epi-
genetiska forindringar. Ett omrade pa kromosom 6 dir vi fann uppreglering av flera gener
har inte tidigare visats innehalla férdndringar i glioblastom. Slutligen har vi identifierat en
mindre grupp gener som kodar for protein som skulle kunna var tinkbara att anvinda for att
rikta terapi specifikt mot tumérceller.

En analys av ett stort antal proteiner i tumérerna visar likartad potential f6r klassificering
av tumorerna som analyserna av genexpression. Proteinanalyserna visar dven forandringar re-
laterade till ndgra av de centrala signaleringsvigar som anses viktiga fér tumértillvixt. Vi fann
dock att korrelationen mellan genuttrycket — matt i form av mRNA — och proteinuttrycket var
mycket svag. Detta visar pa svérigheten att direkt Gversitta aktiviteten av en gen till aktiviteten
av det motsvarande proteinet.

Vi har dven genomfért en férdjupad studie av uttrycket och lokalisationen av ett pro-
teinkomplex kallat Ku70/80 i glioblastom. Ku70/80 uttrycks i cellkirnan i nistan alla celler,
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men har dven visats lokalisera till cellytan specifikt pa celler fran ett antal tumorformer. Detta
skulle gora Ku70/80 tll ett mojligt mal for behandling av tumorceller med antikroppar. D4
dessa inte kan binda till proteiner inne i celler skulle antikroppar mot Ku70/80 tikta sig
specifikt mot tumérceeller. Genom att miérka in dels odlade tumérceller, dels vivnadssnitt fran
glioblastom och normal hjarna med fluorescerande antikroppar har vi visat att Ku70/80 finns
pa ytan dven hos glioblastomceller, och att komplexet transporteras in i cellen nir antikrop-
pen binder till proteinet. Denna internalisering gor att antikroppar effektivt kan anvindas
for att transportera in ett toxin i tumdrcellerna och avdéda dessa. Genom undersdkning av
vavnadssnitt hat vi dven visat ett tydligt uttryck av Ku70/80 relaterat till cellytan pé celler i
glioblastomvivnad, medan detta uttryck saknas helt i normal hjirnvivnad. Detta visar pa
mycket goda forutsittningar for att antikroppar mot Ku70/80 skulle kunna anvindas for att
leverera toxin till glioblastomceller utan att skada omgivande frisk vivnad.

Slutligen har vi undersokt férindringar i proteiner som styr immunférsvaret i blodprover
fran patienter som behandlas med immunterapi mot glioblastom. Genom att odla patien-
tens utopererade tumorceller och tillféra dem genen fér det immunstimulerande proteinet
interferon-y, och sedan injicera dessa celler i huden pa patienten, hoppas man kunna aktivera
immunforsvaret att sl ut kvarvarande tumérceller dven i hjarnan. Vara resultat fran analyser
av uttrycket av ca 60 immunrelaterade proteiner indikerar att man redan innan behandlingen
paborjas kan prediktera hur vil patienten kommer att svara pa immunterapi. Vi identifierar
aven ett antal proteiner som skiljer sig at mellan de patienter som svarar bra, jimfért med
dem som svarar mindre bra pa behandling. En genomgripande analys av dessa skillnader kan
forhoppningsvis ge férdjupad kunskap om de immunologiska mekanismerna vid denna typ
av behandling, och bidra till att optimera behandlingen dven f6r de patienter som hittills visat
mindre bra effekt av denna.
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