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Abstract

Glioblastoma multiforme (GBM) is an invariably fatal neoplastic lesion of the CNS.
Despite advances in the treatment of cancer in the recent years, the prognosis of GBM has
changed little and patients who undergo surgical resection and adjuvant chemo- or
radiotherapy eventually succumb to tumor recurrence.

The Semliki Forest virus - virus-like particle is a replication-incompetent suicidal
expression system based on the Semliki Forest virus. The SFV VLP system allows for
transient, high-level expression of the encoded transgene and, designed to encode
immunostimulatory cytokines, has been successfully used in a number of
immunotherapeutic anti-tumor strategies. This study utilised the VLP system encoding
interleukin 12 (IL-12), interferon gamma (IFN-y) and interferon beta (IFN-f) as a
therapeutic intervention in two rat GBM models. IL-12, IFN-y and IFN-$ genes were
cloned into the VLP expression system which demonstrated the ability to induce
expression of biologically active cytokines from infected cells.

The RG2 and F98 rat glioma models are currently considered the most
representative in vivo models of human GBM and are produced by the intracerebral
inoculation of F98 or RG2 cells into syngeneic Fischer 344 rats. The VLP system
demonstrated the ability to infect, mediated transgene expression from and induce cell
death in both glioma cell lines in vitro and in vivo. IL-12 encoding VLP therapy of RG2
gliomas resulted in a significant reduction in tumor volume that was associated with a
statistically significant extension in survival. This effect was dependant upon IL-12
expression and did not appear to result from the induction of a host anti-tumor response.
Additionally, VLP delivery resulted in the occurrence of treatment-related toxicity,
particularly in high-dose treated animals. Treatment-related deaths were unrelated to
replication-competent virus (RCV) production or IL-12 expression but appeared to be the
result of VLP induced damage within the CNS.

The SFV VLP system has also examined as an anti-tumor therapy using the non-
invasive intranasal (i.n.) delivery route. IFN-f, IFN-y and IL-12 encoding VLPs were
delivered intranasally to tumor-bearing rats and the effect on tumor volume analysed. No
significant reduction in tumor volume was observed because of intranasal treatment. The
absence of efficacy appeared to be related to the inefficient transfer of the VLP encoded
cytokine into the CNS and suggested that the VLP system may not be suitable for use in rat

models.
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Chapter 1

General Introduction




1.1 Semliki Forest virus

Semliki Forest virus (SFV) is one of at least twenty-six members of the Alphavirus genus,
family Togavirade. Alphaviruses have a diverse host range and arthropods, in which
infection is life-long, are the primary transmission vectors. Vertebrate hosts typically
undergo acute infection and viral pathogenesis and disease severity are dependent upon the
alphavirus strain and host-specific factors. SFV was first isolated in 1942 from the Semliki
crown forest in Uganda (Smithburn and Haddow, 1944) and a number of isolates have
subsequently been identified in Africa, the USSR and India. SFV infection is not known to
cause lethal encephalitis in humans but produces a mild febrile disease accompanied by
headache, myalgia and arthalgia (Mathiot ez al., 1990). Additionally, laboratory strains of
SFV are considered avirulent in humans with the exception of an individual case of lethal
SFV-mediated encephalitis reported in a laboratory worker (Willems et al., 1979). SFV is
a single-stranded, positive-sense RNA virus and the approximately 11kb genome is
encapsidated by 240 copies of the capsid protein surrounded by a plasma-membrane-
derived lipid bi-layer studded with virus encoded glycoproteins. The SFV genome is 5’
capped, 3’ polyadenylated and consists of two non-overlapping open reading frames
(ORFs) encoding nine proteins. The 5* two-thirds of the SFV genome encodes the non-
structural ORF, translated to produce the replicase complex, and the 3’ one-third ORF
encodes the structural proteins. Both open reading frames are translated as polyprotein
precursors, which are post- and co-translationally cleaved into individual proteins by virus
encoded and host proteases. The SFV genome also contains the 5’ and 3’ untranslated
regions (UTRs) and the junction between the non-structural and structural reading frames,
which includes the sub-genomic transcriptional promoter, subgenomic translational start
site and 5’ non-translated leader sequence.

The natural infection route via arthropod vectors is initiated by subcutaneous
deposition of virus by an infected vector, following blood feeding. Initially, viral
replication occurs in the subcutaneous tissue and is transported to the local draining lymph
node (DLN) either as free virus or by exploiting the migratory potential of activated innate
immune cells such as dendritic cells (DCs) or macrophages (Ryman and Klimstra, 2008).
Within the DLN, virus replication seeds blood viremia followed by systemic infection of
permissive cells. Infection of the CNS typically occurs late in the infection cycle, resulting
in infection and replication in neurons and oligodendrocytes (Fazakerley, 2004); however,

the degree of encephalitis and its ultimate clinical outcome are dependent on the alphavirus



strain and virus-host interactions. Figure 1.1 represents the infection cycle of SFV;
following the introduction of genomic (42S*) RNA into the host-cell cytoplasm, the non-
structural ORF is directly translated into the nsP1-4 polyprotein. The nsP2’s protease
activity efficiently cleaves the nsP3/4 junction liberating the nsP1-3 and nsP4 proteins
which form the replicase complex responsible for the production of negative-sense
genomic (42S) RNA. Negative strand synthesis proceeds for approximately 4 hours at
which point further nsP1-3 cleavage, mediated by the nsP2 protease, redirects the replicase
activity towards the production of 425" genomic and 26S* subgenomic RNA, using the
425" RNA as template (Strauss and Strauss, 1994; Meritis et al., 2001; Vasiljeva et al.,
2003). Although the stable replicase complex persists throughout the infection cycle
(Strauss and Strauss, 1994) translation of the replicase complex is terminated as a result of
the inhibition of cap-dependent translation by the dsSRNA dependent protein kinase R
(PKR) system (Ventoso et al., 2006). The production of 26S* subgenomic RNA is
followed by translation of the structural proteins; a stable RNA hairpin loop located within
the capsid sequence of the 26S™ RNA is responsible for overcoming the cap-dependent
translation inhibition allowing for efficient translation of the structural proteins (Ventoso et
al.,2006). The capsid protein is cotranslationally liberated from the nascent polyprotein by
its serine auto-protease activity producing the capsid and E3-E2-6k-El proteins. The
capsid protein diffuses into the cytoplasm and specifically interacts with a sequence
present in the 5’ region of the 425" RNA non-structural ORF, known as the packaging
signal, resulting in the encapsidation of the genomic RNA. The E3-E2-6k-E1 polyprotein,
also designated p62-6k-El, is shuttled, by virtue of the E3 N-terminal signal sequence, to
the endoplasmic reticulum (ER). Polyprotein maturation occurs within the ER and involves
various cleavage and glycosylation events carried out by cellular enzymes to produce the
individual mature E3, E2, 6k and E1 proteins. These mature glycoproteins are trafficked
through the golgi apparatus and become associated with the cell membrane. The viral spike
complex is composed of three E1/E2/E3 trimers possessing a cytoplasmic domain that
interacts with the viral nucleocapsid and initiates budding from the cell. Newly produced
virus is then capable of initiating infection in permissive cells.

Alphavirus entry is achieved by receptor-mediated endocytosis; studies have
demonstrated a large variety of cell receptors used by the alphaviruses family and within a
single virus strain a number of possible receptors can be used (Strauss and Strauss, 1994).
Although the lamin receptor has been identified as at least one of the Sindbis (SIN) virus

cellular receptors, SFV receptors are currently undefined only to say there are likely to be a



number of different receptors. Following virus entry, the virion-containing endosome fuses
with cellular lysosomes ultimately releasing the viral RNA into the cytoplasm, initiating

genome replication and virion production.

1.2 Alphaviruses and the immune system

The interaction between alphavirus infection and host immune responses has been
examined primarily using the two prototypic new world alphaviruses; SIN virus and SFV.
Host innate responses are the initial and most rapidly induced following virus infection;
innate responses are initiated by the detection of various pathogen-associated molecular
patterns (PAMPs) by toll-like receptors (TLRs) or cytoplasmic sensors. As a consequence
of alphavirus infection, TLR3 (recognising ssSRNA), TLR7/8 (recognising dsRNA) and the
cytoplasmic sensors PKR (protein kinase R system), OAS (2’-5" oligoadenylate synthetase
family), RIG-1 (retinoic acid-inducible gene-1 RNA helicase) and MDAS (melanoma-
differentiation-associated gene 5 RNA helicase) within host cells are all capable of
detecting and responding to alphavirus replication products. The stimulation of the innate
immunity in this manner is an important factor in initially controlling alphavirus infection
and results in the priming of adjacent, uninfected cells to efficiently resist subsequent
infection. Additionally, innate activation promotes innate and adaptive immune cell
infiltration and phagocytosis, important for the induction of a specific adaptive response
essential for virus clearance and protection from re-infection. SFV infection induces a Thl
type, cell mediated adaptive response; although the involvement of B cells, through their
production of IgM antibodies, is the major mechanism of clearing blood viremia
(Fazakerley, 2002). CNS infection proceeds primarily within neurons and
oligodendrocytes and, in avirulent strains, produces a non-lytic infection. Cytolytic
effector cells, such as natural killer (NK) or T cells, can eliminate dispensable infected
cells, however the essential nature of neurons prohibits their removal; as a result, neuronal
infection is cleared by non-cytolytic mechanisms. Both in vivo and in vitro, anti-E2
antibodies, of varying isotypes, are capable of clearing infection within neurons of the
brain parenchyma and spinal chord; the mechanism appears to involve the inhibition of
virus budding and the restoration of cellular membrane potential, host cell translation and
interferon responsiveness allowing for the induction of cellular anti-viral mechanisms
(Griffin et al., 1997). CD8" T cells are also involved in clearing neuronal infection, in a

non-cytolytic IFN-y-dependent manner, although this is only relevant to neurons of the



spinal cord (Binder and Griffin, 2001). Although these non-cytolytic mechanisms are
capable of eliminating viremia they are inefficient and SIN RNA is detectable up to 17
months after acute infection (Levine and Griffin, 1992).

Despite the obvious essential contribution of the immune system to protection
against alphavirus infection, immune responses initiated in an attempt to limit infection
have been linked to the induction of lethal and sub-lethal pathologies. High level interferon
induction following infection with interferon-insensitive alphaviruses has been linked to
the induction of a systemic inflammatory response-like syndrome resulting in significant
mortality in murine models. The development of demyelinating lesions in the CNS
following infection with the aviralent SFV strain A7(74) has been demonstrated; although
severity and duration appear to be mouse strain dependent, pathology is contingent upon

CDS8" T cells, which mediate the demyelinating process (Amor et al., 1996).

1.3 The Semliki Forest virus — virus-like particle system

The use of a replicating virus in any setting raises a number of safety concerns; the
potential for virus escape into the general population, especially if the virus is not endemic,
and the possibility of toxicity related to uncontrolled infection, particularly in
immunocompromised or immunosuppressed individuals, are important concerns for the
use of a replicating virus. From a therapeutic standpoint, the incorporation of transgenes
into a replicating virus has the potential for gene loss making the therapy less controlled,
predictable and possibly efficacious. For these reasons the Semliki Forest virus was
developed into a suicidal vector system called the SFV virus-like particle (SFV VLP)
system, first described in 1991 (Liljestrom and Garoff). Because of the mRNA genome of
SFV, all manipulations are carried out on a DNA plasmid clone of the virulent SFV4
genome. The SFV virus-like particle is composed of an enveloped virion structurally
identical to that of the wild-type replicating SFV. In an attempt to produce a suicidal vector
prohibited from productive infection, the structural ORF was removed from the genomic
sequence. The truncated structural ORF, which retains all the regulatory elements required
for sub-genomic expression, is the site of cloning for heterologous genes. The plasmid
containing the truncated structural ORF, heterologous gene and SFV4 backbone sequence
was termed the expression plasmid and a number of revisions have been produced. The
most recent expression plasmid is pSFV-b12a/pSFV-Enh and is composed of the modified

SFV4 backbone sequence, however the truncated structural ORF has been modified for
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ease of cloning and enhanced expression. Because of the inherent translational enhancer
ability of the 5’ capsid sequence, it was reintroduced into the subgenomic promoter of the
expression plasmid, located upstream of the multiple cloning site. The absence of the
remaining capsid sequence, which normally liberates the capsid protein from the remainder
of the structural polyprotein, necessitated the inclusion of the foot-and-mouth disease virus
(FMDV) 2A autoprotease. The FMDV 2A protease is a 17 amino acid sequence that co-
translationally self-cleaves between the 16/17" amino acid. As a result, the capsid
sequence and FMDYV protease are removed from the heterologous protein, with the
exception of a single proline.

The removal of the structural genes from the expression plasmid requires their
inclusion, in some form, during VLP production. Consequently, the structural genes are
included on two helper plasmids, known together as the split helper system. Both plasmids
contain a truncated non-structural ORF that prevents replicase production and, because of
the packing sequence removal, incorporation into the newly synthesised virion. For
additional safety, the structural ORF was divided between two plasmids, pSFV-Capsid and
pSFV-Spike, encoding the capsid and E3-E2-6k-E1 genes respectively. For the production
of VLPs, the expression and helper plasmids are in vitro transcribed to produce three
distinct mRNA species used to transfect, typically Swedish baby hamster kidney (S-BHK),
cells by electroporation (Figure 1.2). Following transfection, the replicase complex is
translated directly from the expression mRNA molecule, which amplifies all three RNA
species. Subsequently, transcription of the subgenomic RNA occurs followed by capsid
and spike protein translation. Virion production then follows a route identical to that of
replicating SFV although, importantly, only the expression RNA is encapsidated. The split
helper VLP system allows for the production of high-titre VLPs with the relatively low
frequency of replication-competent virus (RCV) production of approximately 10" or
about I RCV in every 100 - 1000 batches of particles (Smerdou and Liljestrom, 1999).

The nascent VLP is then capable of initiating infection in permissive cells in a
manner, at least initially, identical to wild-type replicating virus. Following VLP infection
and the uncoating, the liberated mRNA is directly translated to produce the non-structural
replicase responsible for negative-sense 42S RNA production. From this 42S° RNA,
positive-sense RNA is transcribed serving as template for further negative-sense 42S RNA.
Approximately six hours post infection, nsP processing results in the switch to subgenomic
26S" RNA production exclusively. Subgenomic RNA is translated into the transgene

protein product that accounts for approximately 30-40% of cellular protein production



(Ventoso et al., 2006). Additionally, all the hallmarks of replicating virus infection are
preserved including host protein shutdown and apoptosis induction mediated by dsRNA
production (Jacobs and Langland, 2000) and RNA replication (Urban ez al., 2008)
respectively.

Host immune responses will inevitably be initiated against the VLPs and it has
been demonstrated that the innate responses are effectively stimulated following SFV VLP
infection (Hidmark et al., 2005). Additionally this innate stimulation, mediated primarily
by interferons, is an important factor in the adjuvant effect of SFV VLPs when co-
administered with an un-related antigen (Hidmark er al., 2006). The adaptive immune
system will also become primed against the SFV VLPs although, in the absence of
productive infection, the initial stages of antigen processing and presentation within APCs
may be more likely to result from cross-priming. Despite the low levels of the structural
proteins, relative to replicating SFV, neutralising antibodies are efficiently induced and
have been shown to impact upon systemic i.v. readministration. However, it has also been
demonstrated that intratumoral delivery of VLPs results in lower neutralising antibody
levels and only moderately inhibits transgene expression when VLPs were readministered

by the intratumoral route (Rodriguez-Madoz et al., 2007).

1.4 Cancer

In single-celled organisms, the replication efficiency of individual cells is the determinant
in their natural selection and evolution. For multicellular organisms, in which replication
of the entire organism is the substrate of natural selection, the maintenance of the organism
can proceed only under tightly controlled individual cell proliferation. The correct and
functional formation of tissues is dependent upon the orchestration of several cell types
and involves a multitude of complex heterotypic signalling that both positively and
negatively regulate cell proliferation and tissue formation. Cancer is a disease arising from
the unregulated proliferation of host cells, which have become independent of factors
which normally regulate cell turnover. Given that the multitude of normal regulatory
controls which cancer must overcome to progress to a clinically relevant disease, it is not
surprising that the development of cancer itself is a complex process whose understanding
has drawn on various disciplines of biology (Weinberg, 2006).

Cancer has been recently redefined as a genetic disease and its etiology has been

the subject of extensive study. Cancer initiation occurs at a cellular level wherein
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stochastic mutations impart novel cellular geno- and phenotypes. Mutational events can be
single point mutations, frame shift mutations, large nucleotide deletions, amplifications or
inversions, or cytogenetic rearrangements. Additionally, heritable epigenetic mutations,
such as promoter methylation, can directly influence the expression of genes without DNA
sequence changes. Those mutated cells that have acquired some selective growth
advantage will undergo clonal expansion during which the further acquisition of mutations
can lead to further rounds of clonal expansion potentially leading to a clinically relevant
disease. Although this is a drastic oversimplification of the initiation and progression of
cancer, it embodies the key elements in cancer development.

Mutations may occur as a consequence of the cell's inherently fallible DNA
replication machinery or due to chemical or physical insult and are typically distributed
stochastically throughout the genome. The majority of mutational events are likely to have
no effect on cancer development, occurring within ‘junk” DNA or synonymously within
coding DNA. Alternatively, mutations may occur at non-essential sites within a gene or
within non-essential genes and may have no phenotypic effect or relevance to cancer
formation. However, the occurrence of mutations in three main categories of gene has been
shown to play a pivotal role in neoplasia. Two such categories, whose names derive from
their involvement in oncogenesis, are the oncogenes and tumor-suppressor genes.
Oncogenes are genes that normally, in their active state, positively influence cell division,
replication or pro-neoplastic processes. Mutations within these genes that engender
constitutive activation, upregulation or a resistance to inactivation can contribute to
oncogenesis and are typically dominant, with mutation in one allele being sufficient for an
aberrant phenotype. It is important to note that correctly functioning genes of this class are
more aptly termed proto-oncogenes, whereas the term oncogene normally designates the
mutated and deregulated forms. Tumor-suppressor genes are those whose gene products
are involved in negatively regulating cell growth and division, and comprise numerous
proteins involved in the regulation of cell cycle progression and detection of cell
dysfunction. Mutations in tumor-suppressor genes that constitutively inactivate or
downregulate protein function are oncogenic, although normally mutation of both alleles is
required for complete phenotypic effect. Obviously, genes involved in the prevention and
correction of mutations, known as DNA repair genes, that are dysregulated by mutation
will increase the likelihood of further mutagenesis and of cancer development. The
importance of DNA repair genes is highlighted in individuals suffering from the

autosomally recessive genetic disease xeroderma pigmentosum that have a mutational



defect in the UV-activated DNA repair pathway and, as a result, a 1000-fold increased risk
of non-melanoma and melanoma skin cancers (Tuteja and Tuteja, 2001).

The development of cancer is a complex process and the large number of
regulatory elements that must be overcome in order to develop into a clinically relevant
disease is mirrored by the fact that tumors may require decades to progress to full blown
malignancy. It is not surprising then that no single mutation is cancer causing per se but
only increases the risk of developing a neoplastic phenotype. Even in the presence of
germline mutations in key regulatory genes there is only an increased risk of cancer
development, with the precise risk ratio and site of tumor formation dependent upon the
specific mutation. The major advances in molecular biology research in the last 30 years
have allowed for large scale analysis of the human genome, its proteome and the
identification of genetic and proteomic factors contributing to cancer. Consequently, there
are a large number of known and putative genes involved in oncogenesis and an even
greater number of specific genetic/epigenetic lesions responsible for their dysfunction. As
a result, it is more pertinent to consider these mutational events in terms of the regulatory
pathways they disrupt. Because the majority of cellular pathways involve various
intermediate members involved in initiation, signal transduction and effector mechanisms,
mutations in individual pathway members can result in almost identical phenotypes and
there is significant convergence of oncogenic mutations upon specific pathways
(Vogelstein and Kinzle, 2004). Additionally, mutations may result in the disruption of
specific downstream elements within a pathway while retaining other potentially pro-
neoplastic elements.

Since the net rate of cell proliferation is a balance of cell division and cell death, it
1s not surprising that the pathways involved in both these processes are necessarily
dysregulated in cancer cells. Cell division and progression through the cell cycle, involves
a number of checkpoints that ensure previous stages of the cell cycle are complete before
continuation to the next. Cell cycle progression through these checkpoints depends upon
various mitogenic signals, ensuring an adequate environment for replication, and internal
checks, such as genome integrity, particularly important during DNA replication and
chromosome segregation (reviewed in Vermeulen et al., 2003). One of the most important
checkpoints occurs between the G,, the phase directly after cell division, and S phases,
wherein genomic DNA replication is carried out, and is known as the restriction point or
‘R point’. At this juncture cells may continue irrevocably through replication or enter a

reversible quiescent phase, termed G,; it is during the G, phase that cells are most sensitive




to extracellularly derived mitogenic and anti-mitogenic signals (Figure 1.3). The
retinoblastoma protein, pRb, is an essential gatekeeper in the decision to, or not to,

progress through the R point and was one of the first identified genes involved in cancer.
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Figure 1.3: Schematic of cell cycle.

The phosphorylation state of pRb determines its ability to sequester the E2F group of
transcription factors, which are essential mediators of the transition through the R point.
Hypophosphorylated pRb sequesters the E2F transcription factors and upon
hyperphosphorylation and E2F release, the transcription of a wide variety of genes results
in the eventual progression into S phase (Weinberg, 1995). Thus, the Rb gene is an
important tumor-suppressor gene and its downregulation, inability to bind E2F, or
constitutive or unregulated hyperphosphorylation leads to a perturbation in the cell cycle
control and excessive cell proliferation. The importance of the Rb tumor suppressor gene is
highlighted by the observation that mutations affecting Rb directly are present in over 50%
of all human tumors (Sherr and McCormick, 2002). Interestingly, pRb
hyperphosphorylation is a downstream effect of mitogenic signalling and a key mediator in
the signal transduction is the Ras protein. Activated Ras induces downstream signalling
which results in the hyperphosphorylation of pRb and consequently the activation state of
Ras is an indirect effector of cell cycle progression. The Ras gene, a proto-oncogene, is

commonly mutated in cancer to acquire constitutive activation resulting in the induction of



excessive cell proliferation (Bos, 1989). Rb and Ras are just two genes involved in the cell
cycle regulatory pathways whose mutation can result in part of the phenotypic behaviour
associated with neoplastic cells and demonstrates that pathways are sensitive to
perturbation at multiple stages.

The second and equally important factor in the overall replication rate of cells is
cell death. In normal tissues, the balance of cell division and cell death produces a steady
state process of continued cell turnover. Not only is controlled cell death important in
tissue homeostasis but it is also a failsafe mechanism in the event of vastly irregular cell
physiology or genomic instability, many of which are inevitable elements of neoplastic
cells. The TP53 gene, also known as the ‘guardian of the genome’ is one of the most
important genes involved in the detection of, and response to, irregularities within the cell.
The p53 protein is a transcription factor rapidly induced following a wide variety of stress
signals, including DNA damage and anoxia, which initiates, via its DNA binding domain,
the transcription of various gene products (reviewed by Levine, 1997). p53 induced
transcription results in the upregulation of key members of the apoptotic pathway and
factors which induce cell cycle arrest, halting cell cycle progression and DNA replication
until DNA damage can be repaired, which if not, induces cell death. p53 is also capable of
detecting deregulation of other cellular pathways such as the pRb pathway discussed. pRb
dysfunction and subsequent E2F release causes, via E2F1, the inactivation of Mdm2, the
mouse double minute 2 protein, which normally acts to ubiquitinate the p53 protein for
degradation. pRb pathway disruption results in the rapid rise in p53 levels and induction of
cell death; as a result it is thought that pRb dysfunction cannot successfully arise with an
intact p53 pathway. Mutation of the TP53 gene is evident in approximately 50% of clinical
tumors although this does not include epigenetic changes, which are though to present in a
large proportion of clinical tumors not demonstrating TP53 gene mutation (Lemke, 2004).

The pathways and genes described represent just a subset of those involved in the
regulation of proliferation; the ability to overcome the inherent controls of proliferation are
not alone sufficient to generate a malignant disease and, at a cellular level, there are at least
two further limitations. Firstly, cells can only undergo a finite number of divisions before
the loss of replicative viability. This cell division limit is inherent in all somatic cells and
mediated by the gradual loss of chromosomal flanking sequences termed telomeres.
Telomeres are essential for chromosome stability and become progressively shortened
following successive rounds of DNA replication and subsequent mitosis. After a certain

number of cell divisions, known as the Hayflick limit, the telomeres become so short that
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they no longer protect chromosomes from chromosome-chromosome fusion events which,
in a non-specific manner, produce repeated breakage-fusion-bridge cycles resulting in
random karyotypic anomalies. These gross and irreversible abnormalities result in the
rapid induction of cell death mediated by, among others, the p53 protein. Although cancer
cells harbouring mutations in key regulatory genes may resist the induction of apoptosis, at
some point the random karyotypic events will negatively impact upon the cell’s ability to
consistently transmit genetic information through subsequent cell divisions. Telomere
length is shortened progressively in all cells, with the exception of stem cells, which
express the telomerase holoenzyme. Telomerase is responsible for the reconstruction of
telomeres, which results in the immortalisation of cells endowing a nearly infinite
replicative capacity. If neoplastic cells are to continue to grow and divide they will, at
some point, be required to overcome this fundamental restriction and it has been
demonstrated that the expression of telomerase occurs in around 85% of tumors (Shay and
Bacchetti, 1997). An alternative strategy, know as alternative lengthening of telomeres
(ALT, first described by Bryan et al., 1997), has also been described aithough it appears to
be less frequent than the reactivation of the telomerase enzyme.

As mentioned above, one cell population that continually express the telomerase
holoenzyme is stem cells. Stem cells are multipotent cells that retain the ability for
unlimited replication and are the cells responsible for repopulating tissues. Stem cell are
capable of both symmetric and asymmetric division giving rise to identical daughter cells
or further differentiated progenitor cells. Progenitor cells are capable of rapid division and
amplification becoming progressively more differentiated and eventually producing fully
differentiated cells. There has been significant interest in the determination of the precise
populations of cells that are the cancer initiating cells and there exists a number of lines of
evidence in support of the theory that stem or precursor cells are the initial cancer initiator
cells. Given the stochastic nature of the mutational events required for the development of
a malignant disease it would follow that longer-lived cells would be more likely to develop
all the mutations required for cancer development. Additionally, the observation that
tumors are composed of phenotypically diverse tumor cell populations would be in line
with undifferentiated stem or precursor cells being the etiological origin of tumors.
Probably the most compelling evidence for the stem cell theory are the numerous examples
of stem cell isolation from clinical tumors which are capable of repopulating an entire
heterogeneous tumor, while non-stem cancer cells can not. However, the evidence

mentioned above is also justifiable under the assumption of differentiated cells being the
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cancer initiator cells, which, through mutation, attain a less differentiated precursor
phenotype. Continued experimentation is likely to further define the contribution of the
respective cell populations to oncogenesis.

Although cancer related death may occur as a result of a single tumor mass,
particularly when located in anatomical locations that compromise organ function, the
main cause of cancer related death is the result of metastatic disease (Mehlen and Puisieux,
2006). The ability of tumors to develop an invasive nature is probably the least elucidated
aspect of cancer and is complicated by a number of factors that hinder accurate portrayals
of the process in in vivo models. However, it has been postulated that tumor cells undergo
a reversible phenotypic transition called the epithelial-mesenchymal transition gaining
independence of adherence signals and the ability to migrate and metastasise. This
transition represents a re-activation of a cellular pathway normally active only during
embryogenesis although the acquisition of mutations resulting in other migratory
phenotypes is also possible. Interestingly liquid cancers, such as hematopoietic leukemias,
appear to require fewer mutational ‘hits’ in order to acquire malignancy, which is though
due to their inherent migratory potential (Vogelstein and Kinzler, 2004). Although this is
the least defined process, it is nonetheless a fundamental restriction that must be, and is,

overcome in the majority of clinical malignancies.

1.5 Angiogenesis and Cancer

Despite the acquisition of mutations that enhance cancer cell survival and proliferation,
cell growth is ultimately dependent upon access to nutrients and the removal of waste
products. In normal tissues, cells are typically no more than 0.2mm from their closest
blood vessel, which represents the limit of diffusion of nutrients though living tissue. The
expansion of the blood supply is achieved by the process of angiogenesis and is an
absolute requirement during embryogenesis and growth. In humans, this is particularly
evident following the use of thalidomide, a potent angiogenic inhibitor (Gelati et al.,
2003), in pregnant women that restricted neovascularisation in the developing foetus and
resulted in numerous birth defects. Additionally, transgenic mice lacking key components
of the angiogenic pathway are non-viable and embryos do not survive beyond 8 days post-
implantation when the embryo outgrows its blood supply (Carmeliet et al., 1996). In
adults, angiogenesis is restricted to a small number of physiological and pathological
events including ovulation, wound healing and arteriosclerosis (Folkman, 2006). The
angiogenic process is normally tightly regulated and is dependent upon the interaction of
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numerous pro- and anti-angiogenic signals, the balance of which ultimately deciding the
outcome.

In a seminal paper published by Judah Folkman in 1971 the involvement of
angiogenesis in cancer progression was first theorised; subsequently, there has been
notable scientific investment in the study of both normal and neoplastic angiogenesis. The
acquisition of carcinogenic mutations, clonal expansion and the preferential unregulated
proliferation of cancerous cells leads to the development of solid tumors, the notable
exception being liquid cancers such as leukemias. However, as solid tumors increase in
size, the limited diffusion of nutrients, in the absence of a sufficient blood supply, becomes
the major inhibitory factor in further growth. For this reason, the development of
macroscopic tumors is reliant upon the acquisition and development of blood vessels in the
expanding tumor. Blood vessel formation is a process not only dependent upon angiogenic
signals, supplied by tumor cells or non-tumor cells such as reactive stroma or infiltrating
immune cells, but also the non-tumor host cells that comprise the developing structures,
such as endothelial cells and their supporting mural cells.

Angiogenesis is a normal consequence of wounding and inflammation; in this
paradigm, the release of growth factors and chemokines such as platelet-derived growth
factor, PDGF, and TGF-f3, transforming growth factor-beta, by platelets is involved in
tipping the balance towards the initiation of the angiogenic process. PDGF stimulates and
attracts fibroblasts while TGF-f induces their activation and release of FGFs, fibroblast
growth factors, and MMPs, matrix metalloproteases. The MMPs are essential enzymes in
tissue remodelling and mediate the degradation of the extracellular matrix (ECM),
important in vasculature rearrangement and release of ECM sequestered growth factors
that include basic fibroblast growth factor, bFGF, vascular endothelial growth factor,
VEGF, and TGF-f. Vascular neogenesis may arise from the sprouting of endothelial cells
from existing vessels or the recruitment of endothelial precursor cells EPCs from
circulation (Goh et al., 2007) and VEGF is an important mediator of both these processes.
The newly formed endothelial cell microvasculature is initially immature and requires the
mobilization of mural cells, through endothelial derived PDGF, which recruits supporting
pericytes to produce trophins that stabilise newly formed vessels. During this maturation
process, microvessels are extremely unstable and blockade of trophins, including VEGF
and Ang-1, results the rapid collapse and regression of newly formed microvessels

(Bergers and Benjamin, 2003).
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Platelet-derived growth factors and those liberated from the ECM play an additional role as
immune cell attractants that mobilise monocyte, macrophage, mast cell and lymphocyte
infiltration into the wound site (reviewed by O’Byrne et al., 2000). The protective role of
immune cell infiltration into sites of potential infection is obvious but infiltrating immune
cells also produce additional VEGF and FGFs further stimulating fibroblast activation,
endothelial proliferation and angiogenesis. It is apparent then that the initial wounding
event results in the rapid cascading of pro-angiogenic factors that tip the balance in favour
of angiogenesis. Under normal tissue physiology however, the pro-angiogenic environment
reverts to an environment that no longer supports active angiogenesis; a number of ECM
cleavage products are themselves potent angiogenic inhibitors demonstrating the presence
of negative feedback loops ensuring only limited physiological angiogenesis (Nyberg et
al., 2000). In fact, histological and biochemical similarities between wound healing and the
tumor microenvironment had been observed for a number of years (Balkwill and
Mantovani, 2001). Indeed, it appears that tumors, rather than reinventing angiogenic
pathways, which involve a number of non-mutated, non-tumor cells, invoke the
stimulation of the wound healing programs resulting in reactive stroma, immune cell
infiltration and other factors capable of overcoming the inhibitory environment and
producing active angiogenesis. It has been demonstrated that tumor cells can produce a
variety of growth factor and mitogens that are directly involved in the wound
healing/angiogenic process and include, FGFs, PDGFs, VEGF and placental growth factor,
the latter shown to be associated only with pathological angiogenesis (reviewed by

Folkman, 2003).

1.6 Cancer and the immune system

Cancer is a disease that severely impacts upon the host’s longevity and normal function. It
is obvious then, that there would be a large selective advantage imparted on organisms able
to stymie or eliminate newly developed tumors. Multicellular organisms possess
safeguards against neoplastic transformation in the guise of tumor-suppressor and
housekeeping genes, which are necessarily mutated, in the initial stages of neoplasia. The
immune system, whose function it is to guard against pathogens and disease
manifestations, too plays an essential role in tumor surveillance and elimination. The
production of transgenic animals in the late 1970s allowed for the incorporation of specific

genetic lesions into animals providing a greater understanding of some of the hugely
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complex organism-wide processes. The creation of mice with specific genetic alterations in
key elements of the immune system, while leaving other elements intact, has elucidated the
nature of some of the interactions between cancer and the immune system. Animals
lacking functional cytokine pathways, including the interferons and IL-12, specific
immune cell subsets, including T, B, NK and natural killer T (NKT) cells or combinations
thereof, are associated with increased cancer development (reviewed in Dunn ef al., 2006).
These and other observations have led to the conclusion that the immune system actively
participates in the detection and elimination of cancer, known as cancer
immunosurveillance. While tumors derived from virus-initiated oncogenesis express non-
self proteins, cancers of non-viral etiology may only express host-derived proteins.
However, mutations required for tumor initiation and progression, particularly those
resulting in amino acid changes, have the potential to provide novel antigens to which the
immune system has not been tolerised during lymphocyte development in the thymus.
These tumor antigens can be broadly divided into two classes; tumor antigens (TAs) and
tumor-associated antigens (TAAs). Tumor antigens are classified as those expressed
specifically by tumor cells and are derived from non-host proteins, such as the human
papilloma virus E6 and E7 proteins or mutated cellular proteins, such as the products of
tumor suppressor or oncogene mutagenesis. Tumor-associated antigens are classified as
those which, although expressed on non-tumor cells, are upregulated in tumor cells and
include host cell products involved in the cell cycle, such as cyclin dependent kinase-4, or
antigens normally limited to specific cell types, such as members of MAGE gene family
whose expression is normally restricted to the testis (Jungbluth ef al., 2000). Palpable
tumors however, do not spontaneously develop but evolve within the organism and are
constantly faced with host immunosurveillance; it is thought that this selective pressure
results in immunoselection whereby, at the initial stages of tumor development, newly
arising antigenic neoplastic cells are eliminated, selecting for less immunogenic or
immunoevasive cells.

Immune evasion and suppression by tumor cells has been described at various
stages in the development and propagation of innate and adaptive immune responses. The
tumor microenvironment can lead directly to the dysregulation of innate immune cell
functions and tumor-associated dendritic cells (TADCs) have been shown to be poor
mediators of T cell re-stimulation and proliferation (Gabrilovich, 2004) while tumor
associated macrophages (TAMs) also exhibit functional defects compared to their systemic

counterparts (Mantovani, 1994). Even in the presence of primed anti-tumor effector T
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cells, engagement and destruction is reliant upon the correct presentation of tumor antigens
for recognition by CTLs and potentially antigenic tumor cells may disrupt the cellular
processing and presentation pathway in order to avoid adaptive effector functions. It has
been demonstrated that clinical tumors are capable of downregulating or producing
functionally inactive forms of human leukocyte antigen (HLA, equivalent to MHC
discussed previously) class I or essential co-stimulatory molecules (Marincola et al.,
2000). Additionally, members of the cytosolic processing machinery such as transporter-
associated with antigen presentation-1, TAP-1, maybe lost (Korkolopoulou et al., 1996).
Interestingly, Hoffmann et al. (2000) demonstrated that specific p53 mutations are capable
of abolishing the processing of a normally immunogenic p53 peptide fragment suggesting
that at various stages in antigen presentation there are a number of potential mechanisms
capable of subverting immune detection. Additionally, the alternative expression of pro-
and anti-apoptotic genes may allow tumors to persist despite immune cell derived pro-
apoptotic signals, rendering anti-tumor cytotoxic T cells ineffective.

Tumor derived factors have also been implicated in the direct dysregulation of
adaptive responses. The induction of interleukin 10 (IL-10) and TGF-f3, among others,
within the tumor microenvironment has been implicated in biasing locally developing T
cells towards a Th2 profile, typical of a humoral response and inefficacious in tumor
eradication (Shurin et al., 1999). Additionally, tumor-infiltrating lymphocytes (TILs)
derived from clinical samples, despite being enriched for TAA reactive clones, are poorly
stimulated ex vivo and lack expression of IL.-2 or its receptor, an important factor for T cell
activation and expansion (Chiou et al., 2005). Tumors may also produce microvesicles
containing membrane-bound FasL or secret soluble FasL capable of inducing apoptosis in
local and systemic lymphocyte populations (Whiteside, 2002). The immune systems own
safeguards may also contribute to an ineffective immune response. The chronic stimulation
of T cells may result in activation-induced cell death (AICD) because of high-dose antigen
exposure, in the absence of co-stimulation or complementary cytokines, thereby
eliminating tumor-specific T cell populations. Additionally the presence of regulatory T
cells, important in regulating auto-immunity, may play an active role in the dampening of
anti-tumor immune responses to antigens which are; considered self.

It is obvious then that the immune system is a key player in tumor prevention;
however, the development of neoplastic cells within the host can evade detection and
proceed to actively subvert host defences in a number of complex processes that are the

subject of ongoing experimental investigation. In fact, the negation of tumor initiated
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immunosuppression and the stimulation of effective host immune response is currently an

approach under much investigation in both in vivo and clinical settings.

1.7 Cancer etiology and epidemiology

Global cancer rates in 2002 demonstrated that lung, breast (women), and colorectal cancers
were the most frequently diagnosed cancers while lung, stomach and liver cancers were the
major cause of cancer related deaths worldwide (Parkin et al., 2005). Globally, cancer is
responsible for 12% of deaths while in the US it represents 22.9% of deaths second only to
heart disease (Scottenfeld and Beebe-Dimmer, 2005). Because mutational events are the
initiating factors in cancer, any physical or chemical insults that increase the mutational
frequency, known as mutagens, are likely to increase the risk of cancer and are termed
carcinogenic. While a mutagen is inherently carcinogenic, carcinogens are not necessarily
mutagenic and these are known as promoters. Promoters can act as potent mitogens
resulting in excessive cell proliferation and increasing the risk of neoplastic development
and progression. Epidemiological data has identified a number of environmental factors
contributing to cancer. Exposure to carcinogens from tobacco smoke, asbestos and UV and
X ray radiation in addition to lifestyle factors such as a BMI index above 25 or alcohol
consumption are associated with increased cancer incidence (Peto, 2001). It is thought that
approximately 40% of clinical cancers are the result of lifestyle factors, such as diet and
smoking, and considered preventable. A number of familial syndromes have been
identified stemming from germline mutations in key tumor-suppressor or oncogenes.
Known hereditary predispositions represent approximately 5-10% of all diagnosed cancers
(Garber and Offit, 2005) and include Li-Fraumeni syndromes, a germline mutation of
TP53, and familial adenomatous polyposis, a germline mutation of the tumor suppressor
gene APC. By far however, the majority of cancers are sporadic in nature occurring
because of successive rounds of mutation and clonal expansion eventually giving rise to a
clinically relevant disease.

While cancer is not a communicable disease, the involvement of pathogens in the
development of cancer was one of the first identified mechanisms for oncogenesis and
allowed for the initial progression in cancer research. Pathogens can directly participate in
the oncogenic process or may induce environments favouring the development of
malignant disease. The former process is typically virus-mediated and these ‘tumor

viruses’ have been identified in a variety of animals. Viral initiated oncogenesis can occur
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in two ways as viral infection may act as a mutagen or promoter, or both. Viruses may
unintentionally or intentionally integrate entire or partial genomic DNA sequences into to
the host genome. Integration events may occur within tumor-suppressor or house-keeping
genes, resulting in loss of function, or in proximity to proto-oncogenes or their promoters
resulting in oncogenes under the control of viral promoter elements and independent of
host control. Integration events are common among retroviruses and are, at least
potentially, possible in all viruses requiring a DNA intermediate for replication. A second
mechanism in viral oncogenesis may occur because of virus-encoded genes designed to
dysregulate the cell’s regulatory pathways. While viral gene products may be entirely
novel, a number of virally encoded genes are almost identical to cellular proto-oncogenes,
although importantly they include mutations that impart oncogenic activity. Additionally,
viral and non-viral infectious agents have been linked to sporadic cancer incidence
mediated by the induction of a chronic inflammatory response providing an environment
more likely to complement, or participate in, the development of malignant disease. A
number of pathogens have been directly linked to cancer in humans including the human
papilloma viruses, human herpes virus 8, liver fluke, Helicobacter pylori and a number of
hepatic viruses including hepatitis B and C. In 1990, pathogen-related cancer incidence
represented 20-25% and 7-10% of cancer related deaths in developing and industrialised

countries respectively (Pisani et al., 1997).

1.8 The central nervous system

The central nervous system (CNS) is a fundamental and essential element in respiration,
the processing of stimuli and the coordination of bodily functions, and is composed of two
major cell types; neurons and glia. Neurons represent approximately 10% of the cells of
the CNS and are the components responsible for conducting stimuli and information
processing. Glial cells function in a supportive role and consist of oligodendrocytes,
astrocytes and microglia. Oligodendroglia or oligodendrocytes have the primary role of
myelinating neuronal axons, vastly increasing impulse transmission speed. Astrocytes are
important biochemical supporters of neurons and endothelial cells of the blood brain
barrier (BBB), and are involved in the repair of CNS damage. While oligodendroglia and
astroglia are of neuroectodermal origin, microglia are derived from hematopoietic
precursor cells, which early during development, migrate to and become resident within

the brain parenchyma. Microglia are essentially CNS resident macrophages with similar
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functions to peripheral macrophages and capable of detecting and responding to various
noxious stimuli within the brain.

Given the crucial importance of the CNS, it is not surprising that it is the most
heavily protected organ in the body. Physical trauma is reduced by the presence of the
skull, cushioning of the brain with cerebrospinal fluid (CSF) and the somewhat physical
and biochemical separation from the rest of the body provided by the BBB. The confined
space and low cell renewal potential within the CNS provides an important dichotomy in
vertebrates. The absolute necessity to protect the CNS from infectious pathogens, which
would rapidly colonise and damage the delicate architecture, is countered by the potential
for substantial bystander cytotoxicity as a direct consequence of immune intervention. In
systemic organs, inadvertent damage is typically well tolerated and is a small cost when
balanced against the consequences of uncontrolled pathogen proliferation. The
thermogenic response, complement system and reactive species production can all
participate in the toxicity and death of non-target cells. Additionally, the limited space
within the skull may result in elevated intracranial pressure following inflammatory
oedema. These factors can all contribute to the loss of essential neurons, supporting cells
and important neural pathways, potentially leading to neurological dysfunction and death.
As a result, there must be some balance between allowing essential immune intervention
and limiting the adverse effects of an uncontrolled immune response. These problems are
somewhat mirrored in the eye, testis and developing foetus which are all granted some
amount of immune privilege, although the specific mechanisms appear to be differentially
regulated. Obviously, some immune intervention must be allowed and ‘immune privilege’
is a relative rather than absolute term and compared to the systemic immune response the
brain is more selective in terms of the infiltration of immune cells and the extent of
effector mechanisms (Walker er al., 2003). It is also necessary to draw a distinction
between the CNS in general and brain parenchyma as both are not as equally separated
from the systemic immune response. The circumventricular organs (CVOs), including the
ventricular system, and the choroid plexus have a somewhat incomplete BBB and are
relatively open to systemic immune surveillance and responses, however the brain
parenchyma is considered much more privileged (Carson et al., 2006). The CVOs are also
populated by peripherally derived, renewable immune cells capable of initiating a rapid
pro-inflammatory response as a result of the peripheral presence of pathogens, which can

propagate into the parenchyma resident immune cells.
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Like peripheral tissues, innate immune cells of the CNS play an important role in
the orchestration and development of adaptive immune responses and the major innate
cells within the CNS are microglia and astrocytes. Microglia reside within the brain
parenchyma, are typically in a ramified state and undergo little cell turnover; a second type
of microglia/macrophage population is also present and contributes to the perivascular
cells lining the BBB. These, unlike parenchymal microglia, are continuously lost and
replaced by bone marrow derived precursor cells and are the first innate cells to experience
peripherally derived material (Guillemin and Brew, 2004). The CNS is fully capable of
initiating innate immune responses to peripheral and intracerebral pathogens (Nguyen et
al., 2002b). Microglia, like systemic macrophages, possess a variety of TLRs and upon
engagement initiate activation and pro-inflammatory cytokine secretion; IL-1, TNFs, IL-12
and a number of important chemokines are induced following TLR stimulation, although
cytokine expression profiles are dependent upon the specific subset of TLRs activated
(Jack et al., 2005). The pro-inflammatory cytokines direct the upregulation of adhesion
molecules on endothelial cells, which are important for lymphoid and myeloid cell
extravasation. Additionally, subsequent exposure of activated microglia to IFN-y induces
MHC class I and II and co-stimulatory molecule upregulation making microglia efficient
antigen-presenting cells for T cell restimulation. Although astrocytes also possess TLR
subsets, in vivo findings suggest they may respond to TLR ligation by the production of
anti-inflammatory and neuroprotective mediators such as IL-10, IFN-f and prostaglandins,
such as PGE,. Additionally, microglia can induce an expression profile switch from pro- to
anti-inflammatory producing repressors of its own activation. The overall consequence of
this signalling crosstalk is likely dependent on the strength and origin of the activating
signals and their continued presence, with unnecessary inflammation being rapidly
suppressed. There are several mechanisms in place to ensure that inadvertent and
unnecessary damage does not occur within the brain. Neurons express surface proteins that
inhibit complement-mediated toxicity and NK cell-mediated cytotoxicity, although they
remain sensitive to bystander effects (Lebbink and Meyaard, 2007). Additionally,
complement protein and antibody concentrations are significantly reduced in the CSF
compared to peripheral levels, which may limit complement activation, via the classical
pathway, and the induction of antibody-dependent cell-mediated cytotoxicity (ADCC) by
innate cells such as NK cells and monocytes.

Since the adaptive immune response can act only in an antigen-dependent manner

and there is limited access of antigen to the systemic lymphoid organs, it raises the
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question as to how antigen originating within the CNS is presented to the adaptive immune
system. Within the CNS, the limited traffic of immune cells is less restricted during an
inflammatory process (Aloisi et al., 2000); DCs, typically absent from the CNS, appear
and are capable of presentation and priming T cells ex vivo suggesting their migration to
lymphoid organs may be responsible for initial T cell priming. Additionally, antigen placed
directly into the CNS is capable of reaching the cervical lymph nodes carried by draining
CES, although without sufficient ‘danger signals’, T cell anergy may be initiated (Walker
et al.,2003). Whatever the mechanism of initial T cell priming and subsequent migration
to the antigen site, it is at this juncture that the development of a cell mediated or humoral
adaptive response occurs. Within the CNS, the divergence of adaptive responses involves
crosstalk between astrocytes and microglia; the exact functions of CNS-derived APCs in
vivo has not been fully determined as sufficient numbers of APC populations are difficult
to isolate for ex vivo analysis. However, it is known that activated microglia are efficient
APCs capable of restimulating T cells by upregulating MHC class II and I molecules and
co-stimulatory factors such as CD80 and CD86 (Williams et al., 1993). Although
astrocytes are capable of upregulating MHC class II molecules and presenting antigen in
vitro it is unknown, and thought improbable, that astrocytes are the APCs that mediate T
cell restimulation within the CNS and that where CD4" T cell priming does occur it tends
to induce a Th2-type/anti-inflammatory response (Aloisi et al., 1999). Additionally,
astrocytes are capable of expressing TGF-f, IL-10 and PGE,, which inhibit
microglia/macrophage antigen-presentation function.

Given the limited renewal of neurons and the importance of immune surveillance
within the brain, it is not surprising that the outcome of infection must be heavily
controlled in order to produce a proportional response, the magnitude of which is
determined by danger signals, feedback loops and crosstalk among microglia, astrocytes

and infiltrating immune cells.

1.9 Cancer and the CNS

Tumors of the CNS can be broadly divided into three categories; non-CNS-derived tumors,
non-glial tumors and glial tumors. Non-CNS-derived tumors result from peripherally
derived metastatic disease, which infiltrates the CNS; metastases are phenotypically and
histologically similar to the tissue of origin and are most commonly the result of lung

cancer (40-50%), breast cancer (14-20%) and melanoma (10%) (Lemke, 2004). Non-glial
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tumors are those putatively arising from, and histologically and biochemically similar to,
non-glial cells such as neurons or Schwann cells and include medulloblastoma and
schwannomas/neurilemoma. Non-gliomas represent one-third of primary brain tumors and
although generally benign may result in malignancy and fatality (CBTRUS, 2009). Glial
tumors, or gliomas, represent the majority of newly diagnosed CNS tumors and may be
phenotypically and histologically similar to mature glial cells or may be anaplastic in
nature. Glioma nomenclature is typically based upon histological resemblance to glial cells
and may be classified as oligodendrogliomas, astrocytomas or mixed tumors known as
oligoastrocytomas. Brain tumors are categorised using the World Health Organisation
(WHO) classification system, the most recent revision of which was published in 2007
(Louis et al., 2007). The WHO classification grades tumors according to histology,
cellularity, mitoses, necrosis and endothelial proliferation (Table 1.1). While grade I and II
CNS tumors are considered benign and low-grade respectively, grade III and IV are
considered high-grade and have the worst prognosis.

Grade I CNS tumors are typically well-circumscribed, benign tumors associated
with the best prognosis and, although can be fatal due to mass induced compression,
surgical resection is typically curative (Buckner et al, 2007). Grade I tumors are typically
non-gliomas, including meningiomas and pituitary adenomas although several gliomas
may also be well circumscribed grade 1 neoplasms. Grade II gliomas are diffusely
infiltrative and include low-grade astrocytomas, oligodendrogliomas and
oligoastrocytomas which have median survival times of 5, 10 and 8 years respectively
(Buckner et al., 2007). Clinical therapy of grade II gliomas is complicated by the fact that
the majority of these lesions eventually develop into anaplastic astrocytoma (grade III) or
glioblastoma (grade IV) to which surgical and therapeutic intervention has extremely
limited efficacy. As a result, neurological symptoms may be treated with anticonvulsant,
corticosteroid or anticoagulant medication, designed to reduce tumor related seizures,
oedema and thrombosis, while harsh therapeutic interventions such as radiation therapy or
ressective surgery, which may result in neurological impairment, be delayed until
progression to grade III or IV gliomas (Buckner et al., 2007). Grade III gliomas are
generally distinguished from low-grade astrocytoma by the presence of mitoses and
anaplastic cells, hence the term anaplastic astrocytoma/oligodendroglioma. Anaplastic
astrocytoma (AA) has a median age at diagnosis of 45 years with standard initial treatment
being maximum surgical debulking, without increasing neurological deficit, and adjuvant

radiation therapy (Buckner et al., 2007). The use of adjuvant chemotherapy for the
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WHO grade [Malignancy |Example Histological Characteristics

| Beign Pilocytic astrocytoma, schwannoma, meningenoma Well-circumscribed, low proliferatve potential

I1 Low-grade |Astrocytoma/oligodendroma/oligoastrocytoma Typically inflitrative, low-level proliferative

II High-grade |Anaplastic astrocytoma/oligodendroma/oligoastrocytoma/meningenoma |Infiltration, nuclear plemorphsism, frequent mitoses

IV High-grade |Glioblastoma multiforme, gliosarcoma, medullablastoma Grade III plus widespread infiltration, necrosis and endothelial proliferation

Table 1.1: Classification of CNS tumors by the WHO classification system (from Louis ef al., 2007).




treatment of AA following primary surgical resection has produced conflicting results in a
number of clinical trials and meta-analyses although it is still under investigation; however,
the use of chemotherapy following tumor recurrence after primary surgical and
radiotherapeutic treatment has demonstrated some moderate survival enhancement (Yung
et al., 1999). In a American epidemiological study, AA patients demonstrated a median
survival time of 20 months and 5-year survival rate of 11% (Ohgaki and Kleihues, 2005).
Anaplastic oligodendrogliomas and oligoastrocytomas tend, unlike other gliomas, to be
chemosensitive although the median survival and survival rates closely approximate those
of AA. Grade IV CNS tumors are generally distinguished from lower grade lesions by
marked endothelial proliferation, primarily at the tumor perimeter, numerous mitoses,
nuclear pleomorphism, cellular anaplasia, extensive central necrosis and include
gliosarcoma, glioblastoma multiforme (GBM) and medulloblastoma. Both gliosarcoma
and medulloblastoma represent less than 1% of all CNS neoplasms; GBM is the most
frequently diagnosed grade IV lesion and represents 17.6% of all primary CNS tumors
(CBTRUS, 2009). Whereas medulloblastoma has a median age of diagnosis of 9 years,
both gliosarcoma and GBM have a median age of diagnosis of 50-60 years (Roberts et al.,
1991; Hess et al., 2004). As with the majority of high-grade gliomas, surgical resection is
the primary therapeutic intervention, however, the infiltrative capacity of high-grade
gliomas typically makes complete surgical resection impossible. The recurrence of tumors
following resection and the limited efficacy of radio- and chemotherapeutic interventions

accounts for the extremely high lethality associated with grade IV CNS tumors.

1.10 Gliomagenesis

Given the low level of cell proliferation in the normal CNS and the classical model of
oncogenesis involving rounds of mutagenesis and clonal expansion there has been
significant interest in the cells responsible for gliomagenesis, that is, the first mutant or
pool of mutants that eventually develop into clinical tumors. There are currently
considered two potential sources of cells initiating gliomagenesis; mature CNS cells and
neuroectodermal precursor or stem cells. Although limited proliferation of astrocytes does
occur during pathological conditions, there is no definite epidemiological link between
inducers of reactive astrocytosis and glioma incidence (Esiri, 2000). Additionally, brain
tumors histologically similar to neurons, such as medulloblastomas, that are putatively

derived from neural cells, which are in a post-mitotic state in the developed brain, initially
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suggested that mature glia or neurons may not be the initiating cancer cells which
underwent progressive rounds of clonal expansion. However, limited cell replication does
occur within the developing CNS, providing a potential ‘oncogenic window’ and the
relative frequency and age of on-set of neural and glial tumors is in line with the timing
and length of this oncogenic window in immature neurons and glia (Russel and Rubinstein,
2007). Interestingly, observations have shown that mature astrocytes with mutations in
pl6™** and p19**" are capable of dedifferentiation in response to EGFR activation and
forming a heterogeneous tumor mass (Bachoo et al., 2002). The alterative mechanism is
that CNS tumors are derived from neuroectodermal precursor or stem cells, which have the
ability to self-renew, proliferate and differentiate into mature neural or glia cells. The
belief that the developed CNS was fixed and immutable was reconsidered following the
seminal paper published by Joseph Altman (Alman and Das, 1965) demonstrating ongoing
neurogenesis in the hippocampus and olfactory bulbs of rats. Subsequent studies have
demonstrated ongoing neurogenesis in the dentate gyrus of the hippocampus and the
subventricular zone initiated by resident neuroectodermal stem cells (Martin-Villalba et
al., 2008). This population of proliferating cells, capable of differentiation into neural or
glia cells, has received much interest as putative tumor initiating cells, also called cancer
stem cells. Cancer stem cells, generally isolated by CDI133 expression and the
demonstration of enhanced dye efflux, have been isolated from numerous clinical CNS
tumors including GBM (Martin-Villalba et al, 2008) and are capable of regenerating a
heterogeneous tumor population with stem-cell frequencies similar to that isolated from the
primary tumors (Galli et al., 2004). There are thus two potential sources of glioma
initiating cells and experimental evidence has not yet ruled out either although a greater

understanding of the events involved in gliomagenesis may provide further insight.

1.11 Glioma etiology and epidemiology

Given the relative isolation of the brain to peripherally present genotoxic and mutagenic
substances, in comparison to peripheral organs, it is not surprising that a number of factors
causally linked to systemic tumors do not demonstrate an equivalent correlation with
primary brain tumors. The only unequivocal link to an increased brain tumor risk is
therapeutic X ray irradiation of the CNS, used as a prophylactic treatment in childhood
acute lymphoblastic leukaemia and associated with a greater than 20-fold increased risk of

subsequent CNS tumor development (Ohgaki and Kleihues, 2005). Interestingly, ionizing
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radiation induces the production of reactive oxygen species in the brain that increases
neural stem cell expansion (Zhang et al., 2004b) suggesting X ray irradiation may act as a
cancer promoter in addition to a direct mutagen. Other factors associated with a minor
increase in CNS tumor risk are parental occupation (Ohgaki and Kleihues, 2005) and
although tobacco smoke has not been causally linked to CNS tumor development, some
studies suggest a possible moderate increased risk. Additionally dietary factors, associated
with the majority of systemic cancers, are associated with a moderate increased risk of
CNS tumors and include the consumption of N-nitroso compounds (Ohgaki and Kleihues,
2005). The involvement of viruses in primary CNS tumor formation has been the subject
of much investigation and putative connections between simian virus, SV40 a contaminant
in early polio vaccines, John Cunningham (JC) virus and BK virus have been examined
although no definitive, reproducible correlation has been produced (Martin-Villalba er al.,
2008). Interestingly, an inverse correlation between CNS tumor incidence and allergies,
IgG antibodies to varicella-zoster virus and high serum IgE levels have been noted
although a causal relationship has not been identified (Swartzbaum et al., 2006). Primary
CNS lymphomas, although relatively rare, are associated with HIV infection although this
is related to the associated immunocompromisation (Baumgartner et al., 1990).

A number of genetic syndromes are associated with an increased occurrence of
glioma, although these are thought to represent only a small proportion of clinical
diagnoses (Ohgaki, 2009). Li-Fraumeni syndrome, neurofibromatosis 1 and 2 and Turcot
syndrome are all associated with increased CNS tumor incidence (Ohgaki and Kleihues,
2005). Like systemic cancers, mutation in the p53 gene is common among gliomas and
50% of grade II gliomas and 75% of GBM demonstrate mutation in the p53 gene (von
Deimling et al., 1992; Lemke, 2004). Additionally, the PTEN, phosphatase and tensin
homolog detected on chromosome 10, is an important target of disruption in gliomas. Pten
is a pleiotropic, tumor-suppressor protein involved in cell cycle regulation, angiogenesis,
cell adhesion and migration and homozygous loss is an indicator of extremely poor

prognosis in grade II and III gliomas (Knobbe e al., 2002).

1.12 Glioma angiogenesis and invasion

The infiltrative capacity of gliomas is the major determinant in their lethality and is evident
even in low-grade diffuse astrocytomas (grade II), which typically progress to invariably

fatal grade III and IV lesions. The precise infiltrative patterns vary among gliomas and can
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involve crossing into the contralateral hemisphere producing ‘butterfly lesions’, may
remain restricted to white matter areas, preferentially grow around neurons in the grey
matter or display a preference for perivascular growth (Louis, 2006). Although the ECM of
the CNS is less well defined than systemic tissues, with the exception of perivascular and
subpial regions, invasion and migration are thought to proceed similarly to peripheral
tumors. Proteases responsible for remodelling the ECM, facilitating glioma cell invasion,
are upregulated in clinical gliomas and include the MMPs and cathepsin B, a lysosomal
cystine protease (Rao, 2003). Integrin receptors, which upon ligation to ECM ligands
promote cytoskeleton rearrangement and locomotion, are upregulated in glioma cells
(Paulus and Tonn, 1994). Additionally, mitogens can participate in the migration and
invasion processes. Gliomas may express mitogenic proteins in an autocrine manner and
the most frequently amplified gene in AA encodes the EGF mitogen, which is a potent
stimulator of astrocytoma cell proliferation, migration and invasion (Hoelzinger et al.,
2007). Additionally, the insulin-like growth factor (IGF) pathway, involving two ligands,
their receptors and a number of binding proteins, has demonstrated particular importance
in glioma cell proliferation, glucose metabolism, apoptosis resistance and migration
(Trojan et al., 2007).

Gliomas represent one of the most vascularised clinical tumors (Brem et al., 1972)
and angiogenesis plays an important role in gliomagenesis, tumor expansion and resultant
death. It is sufficient to note that the expression of a large variety of pro-angiogenic
molecules have been demonstrated in clinical glioma samples and this is especially
pronounced in GBM. VEGF, thought to be the most important factor in glioma
neovascularisation (Bernsen and van der Kogel, 1999), and its receptor, are upregulated on
glioma tissue and tumor associated vasculature, respectively (Hoelzinger et al., 2007).
Additionally, PDGF, PDGFR, FGF and FGFR have all demonstrated upregulation in high-
grade clinical gliomas (Fischer et al., 2005) suggesting that there are a multitude of

angiogenic factors involved in glioma-induced angiogenesis.

1.13 Gliomas and the immune system

The analysis of clinical glioma patients and tissues has provided much direct and indirect
evidence of the involvement of gliomas in the suppression of host immune responses.
Being the primary innate immune cells in the brain and the first to encounter newly formed

tumors, microglia play an important role in the initiation and promotion of efficient anti-
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tumor responses. Microglia can represent one-third of cells in clinical gliomas (Graeber et
al.,2002) and gliomas may actively recruit microglia, monocytes and macrophages by the
expression of chemoattractants such as monocyte chemoattractant protein-1 (Leung et al.,
1997). Despite the relative abundance of microglia in glioma tissue, gliomas are almost
invariably fatal suggesting that microglial functions are either downregulated within the
tumor microenvironment or may actively support glioma growth. Clinical glioma
associated microglia have demonstrated numerous functional deficits that can be mimicked
by ex vivo co-culture with glioma cell lines. Glioma derived factors including TGF-f and
PGE, are potent suppressors of microglial activation and function (Bogdan and Nathan,
1993) inhibiting pro-inflammatory cytokine and reactive species production, co-
stimulatory molecule expression, TLR stimulation responsiveness and T cell stimulation
(Hussain et al., 2006). In addition to demonstrating dysfunction in elements important in
glioma eradication, glioma associated microglia themselves can be a source of factors
promoting glioma growth. Microglia are a major source of IL-10 in gliomas (Wagner et
al., 1999) and are thought to promote ECM remodelling enhancing glioma invasion
(Graeber et al., 2002). Additionally, both clinical glioma explant cultures and primary
tissues have demonstrated enhanced lectin-like transcript-1 mRNA and protein expression,
which is an inhibitory ligand for NK cells (Roth et al., 2007) providing an additional
immunoevasive mechanism and potentially allowing for the downregulation of MHC class
I molecules without resultant NK cell targeting.

Immunosuppressive effects upon the adaptive immune system have additionally
been demonstrated in glioma patients and in in vivo/ex vivo studies. The adaptive immune
system is limited to targeting only antigens that have been correctly presented in the
lymphoid organs; this raises the question as to the immunogenicity of CNS tumors and
whether there is an opportunity for the development of an adaptive immune response.
Unlike the majority of pathogen derived antigens, which arise peripherally and
subsequently breach the BBB, the de novo development of tumors is likely to be an
immunologically silent event given the limited traffic of immune cells into the non-
inflamed CNS. However, the typically ill-formed vascularisation and necrotic potential of
malignant tumors results in increased permeability of the BBB and lymphoid and myeloid
cell entry. The extent of glioma expressed tumor/tumor-associated antigens, their
identification and antigenic relevance are important factors given their relevance for the
development of immunotherapeutic treatments. To date, a number of TAAs have been

identified in clinical glioma samples; however, this screening has been carried out against
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known tumor-associated antigens using immunohistochemistry and mRNA analysis and
for much of the TAAs their ability to elicit host T cell responses is unknown (Walker et al.,
2003). Although the immunosuppression of host T cells by gliomas has limited the
analysis of ex vivo antigen reactivity, Pannetier et al. (1995) have demonstrated T cell
receptor enrichment within the CNS indicative of the clonal expansion of CNS antigen
specific T cells. Additionally, anti-TAA antibodies have been identified in glioma patients
and studies indicate that gliomas do express tumor antigens to which the immune system is
capable of mounting a response. Despite the presence of an immune system capable of
targeting gliomas, curative immunologic intervention is rarely, if ever realized.
Suppression of the adaptive immune system, mediated by gliomas, may be indirect, via the
effects on innate cells discussed, or may occur directly upon cells of the adaptive immune
system. Serum IL-12 and IL-10 levels are measurably lower in clinical AA and GBM
patients compared to controls, indicative of a systemic Thl type immune suppression
(Kumar et al., 2006). The induction of apoptosis in glioma-infiltrating T cells has been
demonstrated in numerous clinical samples as a result of tumor cell-expressed Fas Ligand,
FasL, capable of binding Fas receptor on incoming T cells and inducing apoptosis
(Didenko et al., 2002). The destruction of infiltrating T cells is not the only mechanism
capable of inhibiting host adaptive responses, and effects upon resident APCs, as discussed
above, can prevent efficient activation of adaptive immune responses by skewing T cell
development towards inefficacious Th2 type immune responses. In fact, IL-10, the key
cytokine involved in Th2 type response development, can be expressed by both tumor and
non-tumor cells. Additionally, the induction of regulatory T cells (Tregs), which actively
suppress adaptive immune responses, can promote glioma growth and immune evasion.
The induction of regulatory immune cells has been observed in a number of animal glioma
models following peripheral vaccination before i.c. challenge; this resulted in the
enhancement of glioma growth and lethality compared to unvaccinated controls that could
be overcome by the blockade of Tregs (Fecci et al., 2007). Additionally, while absolute
numbers of CD4" T cells are reduced in glioma patients there is a greater proportion of
Treg cells (Fecci et al., 2006) and known glioma expressed immunosuppressive factors
such as TGF-p and IL-10 are essential cytokines in the development of CD4" Treg cells
(Wan and Flavelle, 2006).
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1.14 Glioblastoma multiforme

Glioblastoma multiforme represents 54% of gliomas and is the most common and most
malignant clinical glioma (CBTRUS, 2009); approximately 10-20% of GBM are
considered to be derived from pre-existing hyper/neoplastic lesions and are termed
secondary GBM (Dropcho and Soong, 1996). GBM is invariably fatal and can produce
devastating neurological consequences, particularly if the tumor is located in an
indispensable anatomical location. Typically, GBM first presents because of neurological
symptoms such as headaches, seizures or neurological defects. The initial therapeutic
intervention for GBM is surgical resection, where amenable, designed to attain tissue for
histological grading and to reduce mass effects, which can significantly improve
neurological symptoms. Surgical resection is typically supplemented by adjuvant
radiotherapy and various clinical trials have attempted to develop optimal radiotherapeutic
regiments ultimately producing a moderate but significant survival benefit (Laperriere et
al.,2002). While additional chemotherapy has historically provided little survival benefit,
newer chemotherapeutic agents and dosing regimens have demonstrated an increased
median survival and greater 2 and 5-year survival and are now included as standard care
for GBM (Stupp et al., 2005; Erpolat et al., 2009). Following initial treatment, even
resulting in MRI negative lesions, recurrence is inevitable and further resection and
adjuvant therapy may be considered and are associated with significant survival benefits,
although palliative care may be the most appropriate action. Despite advances in
therapeutic interventions in the last 20 years survival benefit has changed nominally,
producing a median survival time increase from 12 to 18 months and rarely producing
long-term cures. Given the minimal therapeutic benefit provided by conventional
therapies, it is not surprising that a number of clinical trials are currently under
investigation involving a variety of approaches, a subset of which is discussed below.

The use of oncolytic replication-restricted viruses has been examined in early phase
I/II clinical trials and includes herpes simplex virus-1 (HSV-1), Newcastle disease virus
(NDV), adenovirus and reovirus. The primary purpose of these trials was dose escalation
and toxicity assessment and in most cases the minimum toxic dose was not reached nor did
treatment result in viral encephalitis; however, one strain of NDV, PV701, resulted in
serious adverse events including a treatment related death (Pecora et al., 2002) while NDV
MTH-68/H demonstrated no such events. Although the clinical trials were small, some

promising results were obtained including 4/14 GBM patients with survival time of 5-9
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years when treated with NDV MTH-68/H (Csatary et al., 2004) and extended disease-free
survival in HSV-1 treated patients (Harrow et al., 2004). Adenovirus, although proven
safe, did not result in statistically significant survival extension (Chiocca et al., 2004),
possibly related to the immunogenicity and rapid clearance of adenovirus from the CNS.
An alternative strategy involved the use of replication-incompetent virus capable of
infecting tumor cells in vivo and inducing heterologous protein expression capable of
interfering with tumor growth. One strategy employed by Lang et al. (2003) was to
incorporate the TP53 gene into an adenovirus vector in an attempt to repair the glioma
cell’s p53 functional status and although safe, the nature of the phase I trial did not allow
for determination of efficacy. By far however, the most frequently incorporated gene is the
HSV thymidine kinase (HSV-TK) gene encoding the Tk phosphotransferase protein. Tk is
an enzyme capable of converting the prodrug ganciclovir (GCV) into GCV triphosphate,
an inhibitor of DNA replication, resulting in the induction of cell death. Transfection of
cancer cells with the TK gene, followed by GCV delivery, results in local activation of
GCV and cell death in transfected cells, although it has been shown that bystander and
immune adjuvant effects may also play an essential part in the anti-tumor process (Mensil
and Yamasaki, 2000; Barzon et al., 2006). Both retrovirus and adenovirus vectors have
been used for TK gene transfer in clinical trials and although both demonstrated safety,
only the latter produced survival enhancement, which increased median survival time from
38 to 62 weeks (Sandmair et al., 2000; Immonen et al., 2004).

The major obstacle in the treatment of malignant glioma is the invasive pattern of
growth; despite initial treatment, infiltrating cells rapidly and effectively reseed large
tumors and therapies that require the transduction of entire glioma cell populations are
inherently limited. One potential therapeutic intervention is the induction of specific and
efficacious anti-tumor immune responses capable of eliminating the primary tumor mass
and invading tumor cells. To this end, direct immunotherapeutic approaches for the
treatment of GBM have been examined in clinical trials and produced encouraging results
(reviewed by Ehtesham et al., 2004). Initial attempts at adoptive immunotherapy involved
the transfer of autologous or heterologous lymphocytes, which had been activated and
expanded ex vivo, into the tumor resection cavity. Results were largely negative and
thought to be the result of non-specific ex vivo lymphocyte expansion and the
immunosuppressive tumor microenvironment. Active vaccination therapy was examined
using irradiated autologous tumor cells delivered subcutaneously in combination with

immune stimulants such as BCG, GM-CSF and IL-2. Dendritic cell vaccines were
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examined using autologous DCs pulsed with tumor peptide or tumor lysates; when
administered peripherally or intratumorally these vaccination strategies proved safe and
resulted in increased tumor-infiltrating lymphocytes and prolonged survival times (Barzon
et al.,2006). Given the limited effectiveness of conventional radio- and chemotherapeutic
intervention in the treatment of high-grade glioma and the elucidation of some of the
contributing factors to glioma lethality, it is not surprising that novel treatment modalities
have recently entered a variety of clinical trials which represent interesting and potentially

beneficial therapies.

1.15 In vivo brain tumor models

Before progression of any therapeutic modality toward clinical trials, efficacy and safety
must be demonstrated in in vivo models and there are currently a large number of brain
tumor models in a variety of host animals. Metastatic disease can be easily modelled by the
inoculation of systemically originating tumor cells into the CNS, although for primary
CNS tumors there are 3 major types of CNS models in use; those derived from primary
human CNS tumors or human glioma cell lines; those arising spontaneously, typically in
susceptible strains or induced by mutagens; and gliomas induced using non-human glioma
cell lines originally induced, isolated and propagated from a variety of rodent species.
Although human glioma explant cultures or cells lines are the most representative of
human gliomas, the complications of host versus graft immune responses necessitates
implantation into immunocompromised animals. This obviously limits the investigation of
immunotherapeutic strategies or may underestimate the immunological adjunctive
mechanisms of treatments not directly targeting the immune system. Additionally, the
presence of pro- and anti-tumor immunological components, lacking in
immunocompromised animals, may be unaccounted for. Despite these caveats, the
xenograft model is an important tool in the investigation of therapeutics designed
specifically against tumor cells, such as pharmacological agents; additionally the genetic
manipulation of tumor cells in situ or before implantation can be extremely informative,
especially concerning basic biochemical research.

Endogenously arising tumors have the primary advantage of being initiated
similarly to clinical human tumors; that is, evolving within an immunocompetent host and
undergoing successive rounds of mutation, clonal expansion and immunoediting within the

CNS. Tumors may be induced by any number of biological or chemical mutagens or
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promoters delivered locally or systemically and may be carried out in a variety of
immunocompetent hosts. Alternatively, animals with increased susceptibility to certain
tumors, due to some accidental or intentional genetic lesion, can be used without invoking
the use of antigenic pathogens or non-specific chemical carcinogens. One major drawback
however is the potential variation between animals in terms of the tumor geno- and
phenotype that may complicate the interpretation of results. Although an important model
in the study of oncogenesis and tumor development, there are a number of limitations in its
use in a therapeutic setting.

Gliomas derived from cultured cell lines represent the most common in vivo glioma
model and is the model employed in this study. Gliomas derived from cell lines may
incorporate the use of immunocompetent, immunocompromised, syngeneic or allogeneic
hosts; in combination with cell lines derived from virally or chemically induced tumors,
which maybe inherently immunogenic in syngeneic hosts. Due to the ability of
immunogenic cell lines to form lethal tumors in the host animal’s CNS, immunogenicity is
typically determined by the ability of peripheral vaccination to protect animals from i.c.
challenge. Gliomas derived form cultured cell lines hold a number of advantages above
other models; the reproducibility and short incubation time required for lethal tumor
formation, the ability to readily characterise and/or modify cell lines in vitro before
implantation and their wide availability allows for greater inter-laboratory comparison.
Whereas tumors derived from human tissues are primarily implanted in
immunocompromised mice, both mice and rats represent commonly used hosts for non-
human glioma cell line implantation models. Rats, the host animal used in this study, have
an obvious advantage in terms of their size and docility when considering surgical
procedures and non-surgical manipulation.

There are in excess of eight commonly used rat brain tumor cell lines (reviewed by
Barth, 1998 and summarised in table 1.2); of these, two were derived from chemically
induced tumors, the 9L and T9 cell lines, and are considered WHO grade IV gliosarcoma
while the reminder are considered equivalent to WHO grade I1I (anaplastic astrocytoma) or
IV (GBM). The C6 glioma cell line was isolated from an out-bred Wister rat and as a result
there is no syngeneic host; consequently the immunogenicity of C6 gliomas in allogeneic
hosts has somewhat limited its use as an experimental model. The RT-2 tumor cell line
was isolated from Fischer 344 rat pups following i.c. inoculation with avian sarcoma virus
(ASV), is considered an anaplastic astrocytoma and, as a result of ASV antigen expression,

is immunogenic in syngeneic hosts (Watts and Merchant, 1992). The RG2, alternatively
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named D74-RG2 or D74, and F98 glioma cell lines were isolated from Fischer 344 rat
pups inoculated transplacentally with N-ethyl-N-nitrosourea and the resultant tumor cells
isolated and propagated in vitro (Ko et al., 1980). Both RG2 and F98 gliomas are classified
as high-grade undifferentiated astrocytoma based upon histological analysis in syngeneic
hosts. Gene expression analysis has also been carried out on both cell lines and
demonstrated a marked increase in the expression of a number of genes known to be
involved in human gliomas including PDGF, cyclin D1 and D2, MMPs, Ras and EGFR
(Sibenaller et al., 2005). While F98 cells are considered weakly immunogenic, with
peripheral vaccination marginally extending survival, RG2 cells are non-immunogenic,
with extensive vaccination failing to extend survival following i.c. challenge (Tzeng et al.,
1991). In vivo tumors from both cell lines have demonstrated remarkable resistance to
treatment; both chemo- and radiotherapy have generally resulted in little or no survival
benefit with rapid tumor regrowth and death. Recently however, significant progress has
been made in the treatment of F98 tumors and produced long-term survival following
radiotherapeutic interventions combined with radiosensitisers or i.c. delivered
chemotherapeutics. Irradiation combined with cis-diamminedichloroplatinum II (Biston et
al., 2004), boron compounds (Barth et al., 1997) or carboplatin (Rousseau et al., 2007)
resulted in a 34, 10 and 17% long-term survival respectively. There is currently no
published literature demonstrating a curative therapy for RG2 glioma, although its usage is
less common in therapeutic models. Interestingly, despite being considered non-
immunogenic, peripheral vaccination with RG2 cells is capable of inducing tumor
infiltration of cytotoxic T cells into i.c. tumors which demonstrate specific cytolytic
activity ex vivo (Tzeng et al., 1991). Additionally, TLR ligands, LPS or zymosan A,
delivered to s.c. RG2 tumors results in complete regression in syngeneic animals
accompanied by immunological memory and protection from subsequent s.c. challenge
(Mariani et al., 2007). Although treatment of or protection from subsequent i.c. challenge
was not examined in this study it nonetheless demonstrates the ability to induce an antigen-
dependent adaptive immune response capable of clearing the tumor.

The invasive nature of tumor growth, resistance to chemo- and radiotherapies and
the fact that death is caused by an expanding intracranial mass, are all characteristic of
clinical human GBM (Wesseling et al., 1997). It is for this close resemblance to human
GBM that the F98 and RG2 glioma cell lines are currently considered the most suitable
model for therapeutic in vivo experimentation (Barth, 1998) and were chosen as the

experimental models in this study.
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1.16 Immunotherapy and cancer

Given that the immune system is an inherent anti-cancer defence and an efficient immune
response should clear the tumor and invading or metastising cancer cells it is not surprising
that much research has explored the possibility of modulating the host’s immune system to
effectively mount and propagate an efficient anti-tumor response, termed cancer
immunotherapy. A number of immunotherapeutic strategies have been examined both in in
vivo models and in clinical trials and can be broadly categorised into either active or
passive immunotherapy, although some strategies have included elements of both. Active
immunotherapy involves vaccination of tumor bearing hosts with known individual tumor-
associated antigens or unknown pools of tumor antigens arising from tumor cell surface
proteins, whole irritated tumor cells or tumor lysates. Vaccination may additionally
incorporate cytokine co-administration designed to enhance immune cell activation,
infiltration or proliferation. Vaccination strategies have also incorporated the use of
autologous or heterologous professional APCs, primarily DCs (reviewed by Gilboa, E.,
2007), pulsed with tumor antigens, ex vivo stimulated and re-administered ensuring that, at
least, initial antigen capture and presentation are efficiently accomplished. An alternative
approach is passive immunotherapy involving the use of immune components that possess
some anti-tumor activity and include antibodies (reviewed by Adams and Weiner, 2005),
possibly linked to cytotoxic molecules, or immune cells (reviewed by Rosenberg et al.,
2008) that demonstrate oncolytic activity. These effector molecules can be host derived or
obtained from allogeneic or xenogeneic hosts and in the case of effector cells may be ex
vivo expanded or activated prior to infusion. The use of immunotherapeutic intervention, in
one form or another, has been carried out in clinical settings for at least 30 years and,
although generally less effective than pre-clinical studies, have provided clinically relevant
results.

The central role of immune cytokines in the development, regulation and
determination of host effector mechanisms in response to immunological challenges
highlights their potential use in anti-cancer immunotherapeutic strategies, termed cytokine
therapy. Given the complexity of the immune system and the responsibility of cytokines in
orchestrating these responses, it is not surprising that each cytokine has multiple effects on
a variety of cell populations. In fact, tumor cells are a novel ‘pathogen’ in that they can,
and do, respond to host cytokines and as a result, cytokine therapy cannot only modify host

immune and non-immune cells but potentially the tumor cells themselves. As a result,
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Cell Line Carcinogen Species and strain  |Histological grade (WHO grade) Syngeneic model  (Immunogenic* |Reference

CNS-1 N-nitroso-N-methylurea|Inbred Lewis Uncharacterised Yes Not determined™** |Kruse er al., 1994
Co N-methylnitrosourea  [Outbred Wistar Astrocytoma No Yes Schmidek et al ., 1971
RG2 (D74,RG2-D74) |N-ethyl-N-nitrosourea |Fischer 344 Anaplastic glioma (grade IV) Yes No Ko et al ., 1980

F98 N-ethyl-N-nitrosourea |Fischer 344 Anaplastic glioma (Grade IV) Yes Moderately Ko et al ., 1980

RT-2 Avian Sarcoma Virus  |Fischer 344 Anaplastic Astrocytoma (Grade III) Yes Yes Copeland et al .,1976
T9 N-methylnitrosourea  [Fischer 344 Gliosarcoma (Grade IV) Yes Yes Benda et al ., 1971
9L N-methylnitrosourea Fischer 344 Gliosarcoma (Grade V) Yies Yes

Benda et al ., 1971

Table 1.2: Summary of rat glioma cell lines currently used in experimental neuro-oncology.

* - as determined by protection from i.c. challenge following vaccination in syngeneic animal

#% _ although successful immunotherapy has been achieved resulting in immunological memory




cytokines are considered potential therapeutic effector molecules and have been examined
in a variety of pre-clinical and clinical anti-tumor settings. There are currently a large
number of cytokines described in scientific literature and at least 20 of which have entered
phase I clinical trials as cancer therapies, although this discussion will be limited to the
three cytokines examined in this study which are, interferon gamma (IFN-y), interferon

beta (IFN-) and interleukin-12 (IL-12).

1.17 Interferon gamma

Interferon gamma is the sole member of the type II interferon group and is expressed by a
subset of immune cells including NK and T cells (reviewed by Schroder et al., 2004). First
identified for its ability to protect cells from viral infection in vitro, the functions of IFN—y
have been elucidated more extensively and include, among others, antiviral,
antiproliferative and antineoplastic effects as well as modulating elements of the innate and
adaptive immune responses. Although IFN-y expressed by a limited number of cells the
IFN-y receptor, composed of the two subunits IFNGR1 and IFGR2, is ubiquitously
expressed. The functional IFNGR is composed of a two IFNGR1 and two IFNGR2 chains
and specifically binds the IFN-y homodimer to initiate signal transduction. Initially, the
ligand-receptor interaction causes a conformational change resulting in the rapid
autophosphorylation of the IFNGR2-associated Janus tyrosine kinase, Jak2. Jak2 then
transphosphorylates the IFNGR 1-associated Jak1l which directly phosphorylates residue
440 on the IFNGRI1 intracellular region, required for recruitment of the unphosphorylated
STAT (signal transducer and activator of transcription), STAT1. STATI is in turn
phosphorylated at residue 701, thought to be mediated by Jak2, which dissociates from the
IFNGR1 chain. The primary STAT complex induced by IFNGR engagement is the STAT1
homodimer, also know as y-IFN activation factor, which enters the nucleus and to bind
promoter elements bearing the GAS, interferon-gamma activated site, sequence allowing
for transcriptional suppression or enhancement. It should be noted that although STAT]1
homodimers are essential for much of the IFN-y mediated transcriptional regulation other
member so the STAT family and non-STAT co-factors are capable of forming multimer
complexes capable of transcriptional regulation; these include, but are not limited to,
STATI1:STAT2, STAT2:STAT2:IRF-9, STAT1:STAT1:IRF-9. Interestingly, although it
was thought that the STATI1:STAT2:IRF-9 complex, also called ISGF3 (interferon-

stimulated gene factor-3) which binds the ISRE (interferon-stimulated response element)

99



sequence was exclusively an element of the type I IFN signal pathway it now appear to be
an, albeit minor, component of the type II IFN signal pathway demonstrating some overlap
between the two cytokine receptor systems. Figure 1.4 is a schematic of the signal
transduction of following IFN-y/IFNGR engagement, additionally a subset of IFN-y-
induced genes important in various physiological effects of IFN-y are listed (Schroder et
al.,2004).

IFN-y has demonstrated, albeit typically in an in vitro setting, direct
antiproliferative and pro-apoptotic effects on a variety of tumor cells lines. IFN-y induced
CDK inhibitors, such as p21 and p17, and pro-apoptotic proteins, such as caspase-8, and
Fas/FasL are though to be responsible for the anti-proliferative and pro-apoptotic effects,
respectively (Chin et al., 1996; Chin et al., 1997; Xu et al., 1998b). A second effector
function relevant to cancer immunotherapy is the upregulation, by tumor and antigen-
presenting cells, of members of the antigen presentation pathway including mediators of
antigen processing, loading and ultimate presentation at the cell surface (reviewed by
Boehm er al., 1997). The antigen presentation capacity of tumor cells directly impacts the
ability of adaptive and innate cells to mediated antigen specific cell cytotoxicity; in vivo
experiments incorporating IFN-y-insensitive tumors into wild-type mice have
demonstrated that tumor cell responsiveness to IFN-y is crucial in [FN-y cytokine therapy
(Dunn et al., 2006).

IFN-y also induces antiangiogenic/angiostatic effects upon developing tumors in
vivo which is again dependent upon tumor cell sensitivity to IFN-y (Beatty and Paterson,
2001). The angiostatic effects of IFN-y are mediated by members of the chemokine CXC
family and the induction of IP-10, interferon-gamma-inducible protein-10 or CXCL10,
MIG, monokine induced by interferon-gamma or CXCL9, and I-TAC, interferon-inducible
T cell alpha chemoattractant or CXCL11. The CXC ligands also play important roles as
lymphocyte chemoattractants and their contribution to tumor elimination appears
obligatory, at least in some tumor models, although the relative contribution of the
angiostatic and chemoattractant effects remain to be fully defined.

IFN-y has numerous effects upon cells of the immune system, some of which are
themselves endogenous IFN-y producers. IFN-y is a direct activator of macrophages,
inducing production of reactive species and the upregulation of cytotoxic ligands such as
TNF-a and FasL (Farrar and Schreiber, 1993). NK and NKT cells have demonstrated an
important role in protection from, and rejection of, induced or transplanted tumors. These

effects depend upon, although not exclusively, IFN-y expression which acts as an
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Figure 1.4; Schematic of type II interferon signal transduction system

IEN-y/IFNR engagement (1) initiates receptor rearrangement and autophosphorylation of
Jak2 (2). Jak2 transphosphorylates Jak1 (3) which mediates IFNGR1 chain phosphorylation
(4) allowing for STAT docking to the receptor complex and subsequent phosphorylation by
Jak2 (5). Various STAT homo/heterodimers associate and mediate transcriptional
activation/repression by binding conserved sequences in gene promoters, although
STAT1:STAT1 dimers are the major transcriptional regulator induced by IFN-y.



important mediator of the NK/NKT cell activation cascade (Smyth et al., 2000B). IFN-y is
also an essential component in the development and propagation of adaptive immune
responses. As discussed previously, the upregulation of members of the MHC class I
presentation pathway allows for enhanced propagation of CTL effector mechanisms.
Additionally, and unlike type I interferons, IFN-y also upregulates the expression of
members of the MHC class II pathway (Boehm et al., 1997) in APCs, thereby enhancing T
cell restimulation and the development of an active adaptive response. The polarisation of
the adaptive immune response also relies upon members of the IFN-y signalling pathway
and various studies have demonstrated the requirement for IFN-y, or its downstream
products, in the development of a Thl adaptive immune response (reviewed by Dunn et
al., 2005) and the inhibition of Th2 cell development (Del Vecchio et al., 2007).
Additionally, IFN-y has been shown to directly block the activation and development of
regulatory T cells, which can play an important role in tumor growth and immune escape
(Nishikawa et al., 2005).

Previous experimentation has elucidated some of the key effector functions of
IFN-y in transplantable and induced tumors although the use of IFN-y as a recombinant
protein or via gene therapy has been somewhat limited, especially relative to the type I
interferons. Early clinical trials involving systemic delivery of rIFN-y demonstrated dose
limiting toxicities and overall poor responses (Goldstein and Laszlo, 1986) although more
recent clinical trails have demonstrated some adjuvant activity such as the i.p.
administration of IFN-y in the treatment of ovarian cancer which extended time to
progression and increased overall survival rates (Windbichler et al., 2000). A number of
phase one clinical trials have examined adenovirus or retroviral mediated transduction of
tumor cells with the IFN-y gene. Fujii et al. (2000) demonstrated host anti-tumor-antigen
immunity following retroviral transduction of in situ malignant melanoma and Khorana et
al. (2003) demonstrated the safety of adenovirus use in a similar setting accompanied by
encouraging results, despite being early phase trials.

IFN-y cytokine therapy has additionally been examined as a therapeutic
intervention against brain tumors both in pre-clinical and clinical trials. Initial attempts at
systemic delivery of rIFN-y for the treatment of recurrent gliomas did not demonstrate an
objective response (Mahaley et al., 1988) nor did the direct intratumoral delivery of IFN-y
in newly diagnosed GBM patients (Farkkila et al., 1994). Clinical trials of glioma therapy
have thus far examined only the use of recombinant IFN-y delivery, although a number of

pre-clinical studies using IFN-y gene therapy have demonstrated some efficacy. Tjuvajev
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et al. (1995) demonstrated an initially effective anti-tumor response following implantation
of IFN-y encoding retrovirus, although IFN-y expression resulted in lethal vasogenic
oedema. Oshiro et al. (2001) demonstrated an inhibition of RG2 glioma growth and
survival extension, although long term survival was not assessed, following intracarotid
infusion of recombinant rat IFN-y. Ehtesham et al. (2002) used an adenovirus vector
encoding IFN-y for direct intratumoral delivery into GL-26 glioma and resulted in reduced
tumor size, lymphocyte infiltration and extended survival, although no complete tumor
regressions were observed. Saleh et al. (2000) demonstrated the complete eradication of
C6 glioma following treatment with an IFN-y encoding retroviral vector found to be

mediated by B/T cells and angiogenic effects.

1.18 Interferon Beta

Interferon beta (IFN-f) is a member of the type I interferons which include at least 16
other members, the majority of which are IFN-a subtypes, and all bind a common
receptor, IFNAR. The functional type I interferon receptor is composed of two subunits
IFNAR1 and IFNAR?2 and is capable of binding numerous type I interferon proteins. The
IFNAR1 and IFNAR?2 chains are associated with the Janus tyrosine kinases Tyk2 and Jak1
respectively. Upon ligand/receptor engagement, Tyk2 and Jakl are autophosphorylated
followed by phosphorylation of the IFNAR1 subunits allowing for STAT2 recruitment and
Tyk2-mediated phosphorylation. Phosphorylated STAT?2 then serves to attract STAT1 to
the receptor complex where it is phosphorylated by Jak1. Phosphorylated STATs can then
form homo- and heterodimers that may or may not associate with additional cellular co-
factors. The most important complex is the STAT1:STAT2:IRF-9 complex, also called
ISGF3, that is the only transcriptional complex capable of binding the ISRE DNA
sequence. Additionally, STAT1 homodimers and STAT1:STAT3 heterodimers may bind
the GAS DNA sequence although this is though to be only a minor component of the type I
interferon signalling pathway. Figure 1.5 is a schematic of the signal transduction pathway
of the type I interferon system, additionally a subset of type I IFN induced genes important
in various physiological effects are listed (Stark et al., 1998).

The type I interferons play important roles in almost all immunological responses
including those to viral, bacterial, schistosome infections and neoplastic transformation.
Whereas the investigation and elucidation of the mechanisms of endogenous and

exogenous type II IFNs in cancer formation and elimination has produced an
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Figure 1.5: Schematic of type I interferon signal transduction system

Type I IFN/IFNR engagement (1) initiates receptor rearrangement and autophosphorylation
of Tyk2 and Jakl (2). Tyk2 phosphorylates the IFA1R chain (3) allowing for STAT2
docking to the receptor complex and phosphorylation by Tyk2 (4). Phosphorylated STAT2
recruits STAT1 that is itself phosphorylated. Various STAT homo/heterodimers associate
and mediate transcriptional activation/repression by binding conserved sequences in gene
promoters although the STAT1:STAT2:IRF-9 complex is the major transcriptional regulator
induced by type I interferon receptor engagement.



understanding of the complex host-tumor interactions, the equivalent functions of the type
I IFN system are less well defined. In contrast to IFN-y, the type I IFNs appear to have no
influence on tumor cell immunogenicity (Dunn et al., 2005). Furthermore, ablation and
reconstitution experiments in mice have demonstrated that type I interferon responsiveness
is required only by members of the haematological compartment for the anti-tumor effects
of type I interferons and that blockade of the type I receptor prevents lymphocyte-
dependent elimination of highly immunogenic tumors (Dunn et al., 2005). Although the
involvement of the type I interferons in pathologic infections have largely been elucidated,
the exact cell populations and molecular functions required for the type I interferon anti-
tumor responses remain to be fully determined. As a result, the specific anti-tumor
functions of exogenous IFN-f§ maybe best determined by the analysis of IFN-f tumor
therapy models. Despite this, a number of effects of IFN-f3 upon immune and host cells
have been elucidated, although their relative contributions in an anti-tumor therapy remain
to be fully determined.

Interferon beta has demonstrated direct anti-proliferative and pro-apoptotic effects
in vitro (Takaoka et al., 2003). Interestingly, unlike IFN-y, the anti-tumor effects of the
type I interferons do not require tumor cells to be sensitivity to the type I interferons
suggesting that the direct anti-proliferative and pro-apoptotic effects mediated by type I
interferons are not essential mediators of the anti-tumor effects elicited by IFN-f3. The anti-
angiogenic and chemoattractant chemokines induced by IFN-y are also induced following
signalling via the interferon type I receptor and will additionally play some role in the
overall anti-neoplastic effects of IFN-B. Given the requirement for interferon
responsiveness of the haematological compartment it is not surprising that the type I
interferons would have various effects on these cellular components. The type I interferons
activate NK cells, inducing the development of cytotoxic competency and cytokine
production (Nguyen et al., 2002A). IFN-B may also have inhibitory or stimulatory effects
on macrophages, however the eventual outcome appears to depend upon other signals and
can potentially induce cell activation, IL-12 and inducible nitrous oxide synthetase (iNOS)
production (Bogdan et al., 2004). Type I interferons may also stimulate the activation,
maturation and differentiation of DCs into efficient antigen-presenting cells, important for
adaptive immunity development (Luft er al., 1998). The effector functions of adaptive
immunity are also influenced by type I IFNs that enhance T-cell proliferation, Thl

development, migration and cytotoxicity (Bogdan et al., 2004).
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Cao et al. (2001) demonstrated reduced microvessel density and increased
apoptotic index, resulting in an overall reduction of metastases and, in some animals,
complete regression of orthotopic prostate cancer model in nude mice following
adenovirus mediated IFN-f3 (Ad-IFNP) gene delivery. These results suggested a tumorcidal
and anti-angiogenic effect that was independent of T lymphocytes. Olson et al., (2006)
later demonstrated this inhibitory effect to be dependent upon nitric oxide synthetase
activity and correlated with decreased mRNA levels of a number of pro-angiogenic factors
including MMP-9, TGF-f3 and VEGF. Xu et al. (1998A) provided additional evidence in
an ovarian cancer model that NOS production was mediated by macrophages. Lu et al.
(1999) independently corroborated these observations in an immunocompetent murine
model (Kito et al., 2002), which demonstrated the ability to induce regression of
fibrosarcomas in immunocompetent mice accompanied by immunological memory,
following Ad-IFNp vector delivery.

IFN-B gene therapy has also been examined in pre-clinical glioma models and as a
therapeutic intervention in malignant glioma patients. Natsume et al. (2000) delivered
lipoencapsulated IFN-f encoding DNA into established GL261 murine gliomas resulting
in complete tumor regression and long-term survival. Initial clinical trials utilising
recombinant IFN-B produced mixed results with some trials producing statistically
significant enhancement in survival (Duff et al., 1986; Packer et al., 1996; Yung et al.,
1991; Yung et al., 1990). The use of adenovirus mediated IFN-f3 gene delivery has also
been examined in a small phase I/II clinical trials and demonstrated safety and a significant

reduction (>50%) in two of four treated patients.

1.19 Interleukin 12

Interleukin 12 (IL-12) is a pro-inflammatory cytokine produced by a number of immune
cells including macrophages, DCs and B cells in response to both pathogenic and
immunostimulatory molecules (Trinchieri, 1998). The active IL-12 protein is a
heterodimer composed of two disulphide linked subunits, p40 and p35. Both subunits are
regulated separately; the p35 subunit is constitutively expressed in a wide variety of cells
while the inducible subunit, p40, is expressed only by IL-12 producing cells. The IL-12
receptor is composed of two subunits IL-12Rf1 and IL-12Rf2 and is expressed on a
limited number of immune cells including T cells, macrophages, NK cells and NKT cells

(Portielje et al., 2003). Signal transduction is mediated, like the IFNs, by the JAK-STAT
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pathway however, unlike IFN signal transduction the biochemical events initiated by IL-
12/IL-12R engagement largely remain to be elucidated (Watford et al., 2003). IL-12R
engagement occurs via binding to both IL-12Rf1 and IL-12RB2 subunits via the IL-12 p40
and IL-12 p35 subunits respectively. Following receptor binding the receptor-associated
Jaks, Tykl and Jak2 become transphosphorylated which lead to IL-12Rf1 chain
phosphorylation facilitating STAT docking and phosphorylation by Jak2. STAT1, STAT3,
STAT4 and STATS have been reported to undergo phosphorylation following IL-12
binding however STAT4:STAT4 homodimers are though to be the most important
transcription factors induced as a result of IL-12R engagement. STAT complexes then
migrate to the nucleus mediating transcriptional activation/repression -of target genes.
Figure 1.6 is a schematic representation of the signal transduction cascade following IL-
12R/IL-12p70 binding.

Cellular expression of active IL-12p70 protein is reliant upon pathogenic signals,
cytokines and cell-cell interactions, combinations of which are especially important for
efficient and optimal production (Del Vecchio et al., 2007). IL-12 receptor engagement
results in a variety of downstream effects including the expression of pro-inflammatory
cytokines such as granulocyte-macrophage colony stimulating factor (GM-CSF), TNF-a.,
IL-8, 6, 15 and 18 (Portielje e al., 2003). Additionally, IL-12 is a potent immune cell
activator/stimulant (reviewed by Watford et al., 2003) inducing neutrophil activation and
chemoattractant production and NK and NKT migration, cytotoxicity and cytokine
production. IL-12 has demonstrated the capacity to stimulate, directly and in-directly,
dendritic cells inducing their maturation and enhancement of their antigen presentation
capacity. IL-12 is also of importance in the development and stimulation of T cells and is
an essential cytokine for the development of naive CD4" T cells toward a Th1 phenotype
as well as their subsequent activation and proliferation. IL-12 is also involved in the
priming, expansion and differentiation of Thl effector cells, namely CD8" CTLs
responsible for cell-mediated immunity.

In addition to the direct effects of IL-12, there are a number of important in-direct
effects mediated primarily by IL-12 induced IFN-y, discussed in section 1.17. Unlike IL-
12R, the IFN-y receptor is present on the majority of cells including tumor cells allowing
for the amplification of downstream effects and enhancement of immune mediated
detection and elimination of neoplastic cells. The importance of IFN-y in IL-12 anti-tumor
therapy is highlighted by the fact that IFN-y blockade inhibits IL-12 mediated tumor
regression (Nastala et al., 1994). In fact, IL-12 and IFN-y are intimately linked and
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function in a mutual positive amplification loop and IFN-y upregulates the § chain of the
IL-12 receptor, further enhancing IL-12 binding and function (Afkarian et al., 2002).

The use of IL-12 in pre-clinical anti-tumor models has been extensive. Toxicity as
a result of systemic delivery, mediated primarily by IFN-y induction, has been
demonstrated in a variety of animal models and human clinical trials (Car ef al., 1990). As
a result of systemic toxicity, local delivery by the direct intratumoral injection of rIL-12,
transduced IL-12 expressing non-tumor cells or viral vector mediated transduction of
tumor cells has taken favour in pre-clinical and clinical investigations. The delivery of IL-
12 expressing fibroblasts to the tumor bed has produced encouraging results accompanied
by limited toxicity (Zitvogel et al., 1995; Tahara et al., 1995) and was the subject of a
phase I clinical trial (Kang ef al., 2001) demonstrating initial safety. Given the labour-
intensive requirements for the production of transduced fibroblasts under GMP conditions
and the inherent batch-to-batch variability, the use of viral vectors for local delivery has
received much attention. In pre-clinical models, various neoplastic malignancies have been
treated with adenovirus (Caruso et al., 1996), retrovirus (Tahara et al., 1995), herpes
simplex virus (Toda et al., 1998), vaccinia virus (Chen et al., 2001), Semliki Forest virus
(Chikkanna-Gowda et al., 2005) and non-viral vectors (Iwashita et al., 2004) encoding the
IL-12 gene and have demonstrated impressive results.

IL-12 treatment of CNS tumors has also been examined; neural stem cells
transduced to express IL-12 and co-implanted or subsequently implanted into gliomas
demonstrated significant growth inhibition accompanied by an influx of CD4" and CD8" T
cells (Ehtesham et al., 2002; Yang et al., 2004). Herpes virus and vaccinia virus vectors
encoding the IL-12 gene have also been examined and demonstrated survival enhancement
and lymphocyte infiltration (Parker er al., 2000; Chen et al., 2001). Liu et al. (2002)
examined the effect of IL-12 gene transfer by a replication-incompetent adenoviral vector
encoding IL-12 in a GL-26 murine glioma model. This treatment protocol produced a 50%
long-term survival rate accompanied by the elicitation of an adaptive memory response.

The extensive use of IL-12 gene therapy in in vivo models has allowed for an
elucidation of the molecular events following the therapeutic use of IL-12. In peripheral
anti-tumor models, cellular mediated immunity has been shown to be CD8* CTL
dependent and CD4" T cell and NK cell independent. The Th1 cell mediated regression
mechanism has been further elaborated and additionally involved activated macrophages
with nitrous oxide (NO) being the major effector molecule (Tsung et al, 1997). In contrast

to above, other studies have found that both NK and NKT cells are essential for tumor

42



IL-12RB1 1
IL-12p70  IL-12RA2

Cytoplasm

STAT4:STAT4 .
STAT1

STATS

Figure 1.6: Schematic of IL-12 signal transduction system

IL-12 p70/IL-12R engagement (1) initiates receptor rearrangement and transphosphorylation
of Tykl and Jak2 (2). Tykl phosphorylates the IL-12Rf1 chain (3) allowing for STAT
docking to the receptor complex and phosphorylation by Jak2 (4). Various STAT
homo/heterodimers associate and mediate transcriptional activation/repression by binding
conserved sequences in gene promoters although the STAT4:STAT4 homodimer complex is
the major transcriptional regulator induced by IL-12 receptor engagement.



inhibition (Smyth et al., 2000a), although both agree on the necessity of CD8" T cells for
immunological memory. It has been suggested that the specific innate cell subpopulations
directly responsible for tumor regression are model dependent and may be particular to the
genetic lesions/expression profiles of tumors as well as the concentration of IL-12

achieved during treatment (Smyth et al., 2000a).

1.20 Immunogene Therapy

Immunogene therapy differs from direct cytokine delivery in one significant way; in place
of administering the therapeutic protein, nucleic acid encoding the cytokine is delivered
resulting in cytokine production from transfected cells. While gene delivery can be
mediated by direct intratumoral or systemic injection, ideally with some degree of tumor
targeting, cell transfection can be carried out by biophysical means, such as electroporation
or ultrasound; chemical transfection, such as liposome encapsulated DNA/RNA, or by the
use of viral vectors which have their own inherent transfection potential. The particular
viral vector used for gene transfer is also subject to variation and can result in transient
protein expression, typically accompanied by virally initiated host-cell death, or long-term
integrative or non-integrative protein expression. Additionally, cytokine expression levels
will depend upon the gene promoters included, which may be virally derived or specific
host cell promoters included in the viral vector design. This study uses the viral vector
system based on the Semliki Forest virus, termed SFV virus-like particles. VLPs are
produced specifically to encode a transgene in place of the virus’ own structural genes.
Following infection, the transgene, encoded by the RNA genome, is expressed under
control of the subgenomic promoter resulting in rapid and high level expression of the
protein product. Ultimately, infected host-cells will undergo apoptosis initiated by the viral
non-structural replicase resulting in cell death by approximately 72 hours post-transfection.
The use of viral vectors to mediate cytokine expression may have additional, albeit
potential, therapeutic effects or caveats compared with direct cytokine delivery. Because of
apoptosis induction in transfected cells, expression will be limited and will require re-
administration in order to achieve prolonged cytokines expression. However, this apoptosis
induction has the advantage of providing cellular material for phagocytosis and allowing
some control over expression levels by the cessation of treatment. Anecdotal observations
of virus infection coinciding with spontaneous tumor regression were the initiating factor

in the use of replicating viruses in virotherapy. Obviously then, viral infection has the
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potential to produce some anti-tumor effects, possibly due to tumor oncolysis or adjuvant
effects in the initiation of a host anti-tumor immune response. The induction of a local
anti-viral response accompanied by interferon, pro-inflammatory cytokine and chemokine
release in association with innate, and later, adaptive immune cell infiltration and
activation, have advantages in providing a suitable environment of the initiation of immune
responses as well as increasing cytokine-target cell populations. The cross-presentation
process, in which apoptotic material can be phagocytosed and presented by APCs, which
have been sufficiently activated by internal TLR binding or cytokine activation, to T cells,
may provide tumor antigen in the context of ’danger signals’. Additionally, epitope
spreading may occur, in which the immune response, initially initiated against a single or
multiple antigens, can develop to include antigen(s) not present in the initial antigen
challenge. Epitope spreading may have an important role in the use of the SFV VLP
system in an anti-cancer setting by providing an initial immune response to the viral
vector, infection with which is associated with ‘danger signals’ and the induction of an
immune response targeting antigen at the tumor environment. Additionally, these
cytokine/vector interactions may be synergistic and may not be fully represented by
analysis of either alone. An additional advantage of viral vector-mediated cytokine
delivery is the provision of local high-dose cytokine expression while reducing systemic

levels avoiding systemic toxicity which can limit administration to sub-optimal doses.
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Objectives of study

This study has been designed and carried out to investigate a number of primary and

secondary goals that include;

* The cloning and production of SFV VLPs encoding the interferon beta, interferon
gamma and interleukin 12 genes and an assessment of their in vitro and in vivo
expression.

* To examine the ability of the SFV VLP system to infect, mediate transgene
expression from, and induce apoptosis in glioma cells lines in vitro and in vivo.

* To develop two intracranial glioma models suitable for repeated intracranial
treatment with SFV VLPs.

* To determine the safety of direct intracerebral delivery of SFV VLPs, and the
relative contributions, if any, of the VLPs and the encoded transgene.

* To determine the efficacy of intracranial SFV VLP mediated IL-12 gene delivery
as an anti-tumor agent and, where possible, determine the effector mechanisms
responsible for these effects.

* To examine the use and efficacy of the SFV VLP system encoding IFN-f, I[FN-y
and IL-12 as an anti-glioma therapy when delivered via the non-invasive intranasal
route and, where possible, determine the effector mechanisms responsible for these

effects.
The overall objective of this study was to examine the hypothesis that IL-12 expression

within the CNS, mediated by the SFV VLP expression system, could inhibit the growth of

gliomas in a rat model.
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Chapter 2

Cloning of interferon beta, interferon gamma and
interleukin-12 into the SFV enhanced expression vector

system




2.1 Introduction

SFV VLPs are produced by the co-transfection of S-BHK cells with three distinct mRNA
species, two of which encode the structural proteins required for virion production. The
third mRNA molecule is the SFV expression RNA, into which transgenes are cloned, and
is the only mRNA species encapsidated during virion production. There have been several
generations of SFV expression plasmid produced, each successively modified to enhance
transgene expression and ease of cloning. The SFV expression plasmids contain a SP6
RNA polymerase promoter for in vitro transcription, an ampicillin resistance gene for
plasmid selection, the SFV 5’ and 3’ untranslated regions and the SFV non-structural ORF,
which includes the packaging signal sequence. The first produced SFV expression plasmid,
pSFV1, had a small multiple cloning site in place of the structural ORF and was flanked by
the subgenomic ORF sequence. pSFV3 was subsequently cloned including a Kozak
sequence for enhanced transgene translation, however cloning was cumbersome due to the
necessity to maintain frame and the limited number of cloning sites. Following this, the
pSFV4.2/pSFV 10 expression plasmid was created containing a larger multiple cloning site,
for ease of cloning, but lacking the Kozak sequence. The most recent plasmid, and the one
used in this study, is pSFV10-b12a/pSFV-Enh. To allow for ease of cloning, a larger
multiple cloning site was included comprising approximately 7 unique endonuclease
restriction sites into which transgenes can be ligated. Additionally, the 5° 102 nucleotide
capsid sequence (bl sequence) has been included which enhances transgene expression by
approximately ten-fold. This translational enhancer sequence then forms the translational
start site located upstream of the multiple cloning site. For this reason, the foot-and-mouth
disease virus (FMDV) 2A protease sequence was cloned directly downstream of the capsid
enhancer sequence. The 2A sequence is 17 amino acids in length and contains an
autocatalytic protease that specifically and co-translationally cleaves between the 16"
(glycine) and 17" (proline) residues. This allows for the removal of the bl and 2A
sequence from the transgene protein product.

The rat IFN-y, IFN-B and IL-12 genes were cloned into the enhanced expression
vector. Cloning of the IFN-f and IFN-y genes was carried out by PCR amplification of
gene-encoding cDNA followed by in-frame ligation into the pSFV-Enh vector. The IL-12
protein is a heterodimer composed of two subunits, p35 and p40, both encoded by
individual genes and processed differentially (Murphy et al., 2000). Due to the potential

production of p40 homodimers, which antagonistically bind the IL-12 receptor (Ling et al.,
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1995), optimal IL-12 p70 production is dependant upon equimolar expression of both
subunits. For this reason a pSFV-Enh double construct was produced incorporating both
subunits under the control of individual sub-genomic promoters. This strategy has been
successfully employed for the production of multiple transgene-encoding SFV-Enh

plasmids including mouse IL-12 (Chikkanna-Gowda et al., 2005; Rodriguez-Madoz et al.,
2005).
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2.2 Experimental Procedures

2.2.1 Materials

2.2.1.1 Cell lines and bacterial cultures

Baby hamster kidney (BHK-21) cells were obtained from the American type culture
collection (ATCC, USA) and propagated in Glasgow minimum essential medium
(GMEM) supplemented with 5% (v/v) newborn calf serum (NCS), 5% (v/v) tryptose
phosphate broth, 2mM L-glutamine and 100 units/ml penicillin/streptomycin. Swedish
BHK (S-BHK) cells were a kind gift from Prof. P. Liljestrom (Karolinska Institute,
Sweden) and maintained in GMEM supplemented with 5% (v/v) fetal calf serum (FCS),
5% (v/v) tryptose phosphate broth, 20mM hepes, 2mM L-glutamine and 100 units/ml
penicillin/streptomycin. Overlay medium was composed of 20% minimum essential
medium (MEM), 8% (v/v) NCS, 10% (v/v) tryptose phosphate broth, 100 units/ml
penicillin/streptomycin, 2mM L-glutamine and 0.4% NaHCO, in sterile distilled water.
Infection medium was composed of MEM supplemented with 0.2% (v/v) bovine serum
albumin (BSA), 20mM hepes, 2mM L-glutamine and 100 units/ml penicillin/streptomycin.
All tissue culture flasks and dishes were purchased from Sarstedt (Germany). E. coli DH5a
cells and S.0.C. medium were obtained from Invitrogen (UK). XL-10 Gold®
ultracompetent E. coli cells were purchased from Stratagene® (USA). 1.8% Difco agar,
Luria-Bertani broth (LB-broth), Luria-Bertani broth agar (LB-agar) and NZY" broth were
obtained in house. Dulbecco’s PBS (D-PBS), PBS with Ca**/Mg** and all medium and
supplements were purchased from Invitrogen. Ampicillin and trypan blue were purchased

from Sigma-Aldrich (USA).

2.2.1.2 Semliki Forest virus and the SFV enhanced expression vector

The SFV enhanced expression vector plasmid, pSFV-Enh, and map were a kind gift from

Prof. P. Liljestrom. A seed stock of SFV4 virus was obtained in house.
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2.2.1.3 Animals

Male Fischer 344 rats were obtained from Harlan (UK). Animals were maintained in

temperature-controlled rooms and given food and water ad libitum.
2.2.1.4 Molecular biology reagents

The QIAprep® spin Miniprep and Midiprep kits, QIAquick® PCR purification kit,
QIAquick® nucleotide removal kit and TripleMaster® enzyme PCR system were purchased
from Qiagen (UK). The Improm-II™ reverse transcription system, nuclease free water and
agarose were purchased from Promega (USA). TRIzol® reagent was purchased from
Invitrogen. All restriction endonucleases, endonuclease reaction buffers, 1 kb and 100 bp
DNA ladders, Tag DNA polymerase, ThermoPol® buffer, MgCl,, Quick Ligase® Kit,
Klenow, antarctic phosphatase and antarctic phosphatase buffer were purchased from New
England Biolabs (NEB, UK). SP6 polymerase, RNA polymerase buffer, CAP analogue,
rNTPs and RNasin were also purchased from NEB.

Agarose gels were run on a Bio-Rad® electrophoresis apparatus (Bio-Rad®, USA)
and ethidium bromide was purchased from Bio-Rad®. Gels were visualised using the
MiniBis Bio-Imaging system and GelCapture v4.25 software (DNR Bio-Imaging Limited,
Israel). Electroporation was carried out on a GenePulser XCell™ (Bio-Rad®)
electroporation apparatus using 4mm electroporation cuvettes {Cell Projects, UK).

Bacterial cultures were agitated in an Innova 2300 orbital shaker (New Brunswick
Scientific, USA). QIAquick® and QIAprep® kit protocols were carried out using the ALC®
4214 microCENTRIFUGETTE® microcentrifuge (Thermo Scientific, USA), bacterial and
tissue culture cells were centrifuged using the ALC® PK131R centrifuge and RNA and
DNA centrifugation carried out using the ALC® PK 121R centrifuge. Tissue
homogenisation was carried out using Lysing Matrix D in a FastPrep™ FP120
homogenising apparatus (Q-Bio gene, USA).

Reverse transcription and PCR primers were synthesised by MWG Biotech,
Germany (Table 2.1). Site-directed mutagenesis primers (HPLC purified) were also
purchased from MWG biotech. All thermocycle reactions were carried out on a Hybaid

gradient PCR machine (Hybaid Limited, UK).
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Target gene | Direction | Restriction site Primer sequence (5’ - 3’)

IL-12 p35 Forward | Xmal CAT GTG CCC GGG ATG TGT CAA
TCA CGCTACC

IL-12 p35 Reverse Xhol GAC GTG CTC GAG TTA GGA GGA
GCT CAG ATA G

IL-12 p40 Forward Xmal GAT ACA CCC GGG ATG TGT CAT
CAG AAG TTA AC

IL-12 p40 Reverse Spel TAC AAG ACT AGT TTA GGA TCG
GCCCCY GO

IFN-y Forward | Xhol TCG ATA CTC GAG ATC CAT GAG
TGC TAC ACG

IFN-y Reverse Notl GTC TAA GCG GCC GCA GAATCA
GCA CCG ACT CC

IFN-B Forward | Xhol AGT GGC TTC TCG AGC ATG GCC
AAC AGG TGG

IFN-B Reverse Spel TGG CTC ACT AGT GGT CTT CAG
TTC TGG

Table 2.1: Primers used for PCR amplification.
Red bases signify restriction sites for directional cloning, blue bases signify start/stop

codons.

2.2.1.5 ELISA reagents

The BD OptEIA™ set rat IFN-y ELISA was purchased from BD Biosciences (USA) and
the rat IL-12 p70 CytoSet™ purchased from BioSource International (USA). ELISAs were
carried out on Nunc™ MaxiSorp™ flat-bottomed 96-well plates (Thermo Fischer
Scientific, USA). ELISA buffers were produced in house. ELISA ancillary reagents
including 3,3',5,5'-tetramethylbenzidine (TMB) liquid substrate system, NaCl, Tween® 20,
Na,HPO,*2H,0 and KH,PO, were purchased from Sigma-Aldrich. NaHCO,, Na,CO,, KCl
and H,SO, were purchased from BDH (UK). ELISAs were read on a Multiskan EX plate
reader using the Ascent software v2.6 (Thermo Labsystems, USA). IL-12 ELISAs were

incubated on the Titramax 1000 orbital shaker (Heidolph Instruments, Germany).
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2.2.1.6 Immunofluorescence reagents

Neutralising polyclonal rabbit IgG anti-rat interferon beta (ab-25470) was purchased from
Abcam (UK). Biotinylated mouse anti-rabbit I1gG and streptavidin/FITC were purchased
from DAKO (Denmark). Normal rabbit and mouse sera were purchased from Sigma-
Aldrich. VECTASHIELD® Hard Set™ mountant with DAPI was purchased from Vector
Laboratories (USA). Glass slides and 22x22 mm coverslips were purchased from Menzel-

Glaser® (Germany).

2.2.1.7 Microscopy

A Nikon Eclipse E400 epifluorescence microscope was used for both bright field and
fluorescence microscopy. Green fluorescent protein (GFP, emission wavelength 460-500
nm) and 4',6-diamidino-2-phenylindole (DAPI, emission wavelength 340-380 nm) Nikon
filters were used for fluorescence detection.

2.2.1.8 Miscellaneous

Isopropanol, ethanol, acetone, acetic acid, paraformaldehyde and crystal violet dye were

purchased from BDH. Dithiothreitol (DTT) was purchased from Sigma-Aldrich.
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2.2.2 Methods

2.2.2.1 Cell culture techniques

Cells were thawed rapidly in a 37°C water bath and placed into appropriate medium. 12-24
hours later medium was changed to remove residual DMSO. Cells were grown to
confluence and sub-cultured at a ratio of 1/8-1/12. For sub-culturing of cell lines,
incubation medium was removed, cells washed twice in D-PBS and incubated for 2-5
minutes in 1ml/75cm’® of 0.05% trypsin. Once cells had detached 9ml of appropriate
medium was added per 1ml of trypsin, the cells pipetted 10 times, divided into sterile

tissue culture flasks and maintenance medium added.

2.2.2.2 Virus production

2.2.2.2.1 Virus infection

A seed culture of SFV4 was obtained in house and used to infect a confluent 150cm’ tissue
culture flask of BHK cells. Cells were infected with 2x10° p.f.u. of SFV4 in Iml of
infection medium for 1 hour with gentle rocking every 15 minutes. Following infection,
the inoculum was removed and cells replenished with 30ml of BHK medium. Cells were
placed in an incubator (37°C, 7.5% CO,, 100% RH) for 18 hours after which medium was
removed, centrifuged at 4000rpm (2934 .4g) at 4 °C for 5 minutes, sterile filtered through a
0.22um filter, aliquoted and frozen at —70 °C.

2.2.2.2.2 Virus titration

A confluent 150cm’ flask of BHK cells was trypsinised and divided into 60mm? sterile
petri dishes in a total volume of 2ml of BHK medium per dish. Cells were grown until
confluent, the medium removed and infected with 10-fold serial dilutions of virus stock in
0.5ml of infection medium. Cells were infected for 1 hour in a 37 °C incubator with gentle
rocking every 15 minutes. Following infection, the inoculum was removed and 3ml of
1.8% Difco agar/overlay medium (1:1) added gently to each dish. Dishes were placed in a
37°C incubator for 48 hours followed by fixation with 3ml of 4% PFA for 10 minutes at

RT. PFA and agar were removed using gently running water followed by the addition of
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3ml of crystal violet dye for 5 minutes. Dishes were washed extensively with tap water and

dried overnight at 37 °C. Plaques were counted and used to calculate virus titers.

2.2.2.3 Cloning of interferon beta, interferon gamma and IL-12 into the SFV

enhanced vector

2.2.2.3.1 Cloning strategies for the production of pSFV-Enh-IFNf, pSFV-Enh-
IFNy, pSFV-Enh-IL12(p35) and pSFV-Enh-1L12(p40)

2.2.2.3.1.1 SFV enhanced expression vector

Figure 2.1 shows a schematic of pSFV-Enhindicating the non-structural ORF, the sub-
genomic translation start site and the multiple cloning site. Figure 2.2 indicates the

restriction sites used for cloning and for the conformation of correct inserts.

2.2.2.3.1.2 Interferon beta cloning

Figure 2.3 is a schematic of the cloning strategy used for the production of pSFV-Enh-
IFNP. Briefly, IFN-f mRNA was reverse transcribed with primers incorporating the Xhol
and Spel restriction sites into the forward and reverse primers, respectively. Both the SFV-
Enh plasmid and PCR product were digested with Xhol and Spel, ligated and screened for
the correct insert. Figure 2.4 is a schematic of the completed pSFV-Enh-IFNf construct.
The 4th year undergraduate student Ms. Michelle Cashin-Cox carried out the interferon

beta cloning under my planning and supervision.

2.2.2.3.1.3 Interferon gamma cloning

Figure 2.5 is a schematic of the cloning strategy used for the production of pSFV-Enh-
IFNy. Briefly, IFN-y mRNA was reverse transcribed with primers incorporating the Xhol
and Notl restriction sites into the forward and reverse primers, respectively. Both the SFV-
Enh plasmid and PCR product were digested with Xhol and Notl, ligated and screened for
the correct insert. Figure 2.6 is a schematic of the completed pSFV-Enh-IFNy construct.
The 4th year undergraduate student Ms. Sarah Leonard carried out the interferon gamma

cloning under my planning and supervision.
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Figure 2.1: Schematic of pSFV-Enh.
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Figure 2.3: Schematic representation of IFN- cloning strategy.

IFN-B mRNA was reverse transcribed with primers incorporating the Xhol and Spel
restriction sites into the forward and reverse primers, respectively. Both the SFV-Enh plasmid

and PCR product were digested with Xhol and Spel, ligated and screened for the correct
insert. Blue bases signify start/stop codons; red bases signify restriction sites used for cloning.
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Figure 2.5: Schematic representation of IFN-y cloning strategy.

IFN-y mRNA was reverse transcribed with primers incorporating the Xhol and Notl restriction

sites into the forward and reverse primers, respectively. Both the SFV-Enh plasmid and PCR

product were digested with Xhol and Notl, ligated and screened for the correct insert. Blue
bases signify start/stop codons; red bases signify restriction sites used for cloning.
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2.2.2.3.141L-12 cloning

Figures 2.7 and 2.8 are schematic representations for the construction of pSFV-Enh-
IL12(p35) and pSFV-Enh-IL12(p40). For the construction of pSFV-Enh-1L-12(p35), IL-12
p35 mRNA was reverse transcribed with primers incorporating the Xmal and Xhol
restriction sites. Both the SFV-Enh plasmid and PCR product were digested with Xmal
and Xhol, ligated and screened for the correct insert. pSFV-Enh-IL12(p40) was
constructed similarly using the Xmal and Spel restriction sites. Schematics of the
completed pSFV-Enh-IL12(p35) and pSFV-Enh-1L12(p40) are shown (Figure 2.9 and 2.10
respectively) and include the restriction sites used for cloning, insert confirmation and the
production of pSFV-Enh-1L12.

Figure 2.11 is the cloning strategy for the production of the double construct pSFV-
Enh-IL12. Briefly, the 26S sub-genomic promoter, translational enhancer and IL-12 p40
sequence were excised by Bglll/Spel digestion and ligated into the Spel linearised SFV-
Enh-IL12(p35) plasmid. Figure 2.12 is a schematic representation of the SFV-Enh-IL12
plasmid encoding both the p35 and p40 IL-12 subunits.
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2.2.2.3.2 Growth of expression plasmids

2.2.2.3.2.1 Transfection of E. coli DH5a cells

Competent E. coli DHSa cells were thawed on ice and 30-100 ng of plasmid, in no more
than 1ul, added to 100ul of cells. Cells remained on ice for 30 minutes followed by
incubation at 42°C for 90 seconds. Cells were incubated for 2 minutes on ice, added to
800ul of S.O.C. buffer in a 20ml test tube and placed in an orbital shaker at 37°C and
200rpm for | hour. 10-fold serial dilutions of cells were made in L-broth and 200ul of each
dilution plated onto LB-agar (100ug/ml ampicillin) plates. Control plates included LB-
broth alone and LB-agar plates without ampicillin. Plates were allowed to dry and

incubated overnight at 37 °C.

2.2.2.3.2.2 Isolation of transfected colonies

Individual colonies were picked, placed in 50ml of LB-broth plus ampicillin in 250ml

baffled conical flasks and grown overnight in an orbital shaker at 200 rpm and 37 °C.

2.2.2.3.2.3 Plasmid extraction and purification

Cultures were centrifuged at 4000rpm (2934 .4g) for 10 minutes, plasmids extracted and
purified using the Qiagen Midiprep™ kit and resuspended in 1ml of nuclease-free water.

DNA concentrations were determined using the NanoDrop™ system.

2.2.2.3.2.4 Confirmation of correct plasmid

EcoRI and Nrul restriction endonucleases were used to produce digestion patterns
sufficient for the gross confirmation of the SFV-Enh plasmid. Plasmid digests were run on

a 1% agarose (0.4 mg/ml EtBr) gel at 90 volts for 30-60 minutes. 0.5ug per lane of 1 kb

and 100 bp DNA ladders were run concurrently.
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Figure 2.7: Schematic representation of IL-12 p35 cloning strategy.

IL-12 p35 mRNA was reverse transcribed with primers incorporating the Xmal and Xhol
restriction sites. Both the SFV-Enh plasmid and PCR product were digested with Xmal and
Xhol, ligated and screened for the correct insert. Blue bases represent start and stop codons;
red bases represent restriction sites used for cloning.
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Spel, ligated and screened for the correct insert. Blue bases represent start and stop codons;
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2.2.2.3.3 Isolation of cytokine encoding DNA

2.2.2.3.3.1 Inoculation of rats with SFV4

Two 250-300g male Fischer 344 rats were injected intraperitoneally (i.p.) with 5 x 10°
p.f.u. of SFV4 in 500ul of TNE buffer.

2.2.2.3.3.2 Isolation of total splenic RNA

72 hours post-inoculation animals were culled by anesthetic overdose and cervical
dislocation. Spleens were removed, divided into three and placed in TRIzol® buffer
(100mg tissue/ml). Splenic tissue plus TRIzol® reagent was placed in Lysing Matrix and
homogenised in a FastPrep™ FP120 apparatus.

Homogenised spleen tissue RNA was extracted with TRIzol® as per
manufacturer’s instructions. Briefly, homogenate was brought to room temperature and
allowed to stand for 5 minutes before the addition of 200ul of chloroform per 1ml of tissue
homogenate. Samples were briefly vortexed and allowed to stand at RT for 2-3 minutes
before centrifugation at 12,000g and 4°C for 15 minutes. Following centrifugation the
aqueous phase was removed and isopropanol added (0.5ml per 100 mg homogenised
tissue). Samples were incubated at RT for 10 minutes and centrifuged as above. Following
centrifugation the supernatant was discarded, the pellet washed with 1ml of 100% EtOH
per 100mg tissue and centrifuged at 7,500g at 4°C for 5 minutes. The EtOH was discarded
and the RNA pellet air-dried for 5 — 10 minutes. RNA was resuspended in 20ul of

nuclease-free water.

2.2.2.3.3.3 In vitro reverse transcription of RNA

Purified total splenic RNA was reversed transcribed using the Improm II™ reverse
transcription system. Reverse transcription was carried out according to manufacturer’s
instructions with Sul/reaction of RNA using oligo(dT),s primers (0.5ug/reaction, supplied)
or gene specific primers, |uM (Table 2.2). Reverse transcription reactions were incubated

at 25 °C for 5 minutes, 42°C for 1 hour and 70°C for 15 minutes in a PCR thermocycler.
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Gene Primer sequence (5’ —3’)

IFN-B ACA GGT CTT CAG TTCTGG

IFN-y A GAA TCA GCA CCG ACT CC

IL-12 p35 TTA GGA GGA GCT CAG ATA G

IL-12 p40 TTA GGA TCG GCC CCT GC

Table 2.2: Reverse transcription primers for primary strand cDNA synthesis.

Blue bases signify stop codon.

2.2.2.3.4 Cloning of cytokine encoding DNA into pSFV-Enh
2.2.2.3.4.1 PCR amplification of the IFN-f coding region
Reverse transcribed cDNA was PCR amplified using primers specific for the IFN-f3 coding

sequence and included 5° and 3’ restriction sites for directional cloning into pSFV-Enh

(Table 2.3).

Gene | Direction | Restriction | Tm (°C) | Primer sequence (5’ —3’)
site
IFN-B | Forward | Xhol 2% AGT GGC TTC TCG AGC ATG GCC
AAC AGG TGG
IFN-B | Reverse Spel 54°C TGG CTC ACT AGT ACA GGT CTT
CAG TTC TGG

Table 2.3: IFN-B PCR primers.

Blue bases signify start/stop codons; red bases signify restriction sites.

PCR amplification was carried out using the TripleMaster® PCR System, as per
manufacture’s instructions. PCR amplification was carried out in 1x TripleMaster® high-
fidelity buffer with Mg" with the addition of 500uM of each dNTP, 200nM of each
forward and reverse primer, 0.05u/ul of TripleMaster® polymerase and approximately 1ng

of template cDNA. PCR reactions conditions are shown in Table 2 4.
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Cycle | Step | Temperature | Duration | Description
1 94°C 2 min Initial template denaturation
2 94°C 30 sec Template denaturation
30x 3 48°C 30 sec Primer annealing
4 T2 1 min Primer extension
5 T27°C 2 min Final primer extension

Table 2.4: PCR reaction conditions for IFN-f gene amplification.

Successful PCR amplification was confirmed by agarose gel electrophoresis, the specific

PCR product excised and purified using the QIAquick® PCR purification kit.

2.2.2.3.4.2 PCR amplification of the IFN-y coding region

PCR amplification of the IFN-y coding region was carried out using the TripleMaster®
PCR System, as per 2.2.2.3.4.1. Amplification was carried out using primers specific for
the IFN-y coding sequence (Table 2.5). PCR reaction conditions were as per Table 2.4
using an annealing temperature of 50 °C. Successfully amplified PCR product was gel

purified.
Gene | Direction | Restriction | Tm (°C) | Primer sequence (5’ —3’)
site
IFN-y | Forward | Xhol 54°C TCG ATA CTC GAG ATC CAT GAG
TGC TAC ACG
IFN-y | Reverse Notl 56°C GTC TAA GCG GCC GCA GAATCA
GCA CCG ACT CC

Table 2.5: IFN-y PCR primers.

Blue bases represent start/stop codons; red bases represent restriction sites.

2.2.2.3.4.3 PCR amplification of IL-12 p35 coding region

The IL-12 p35 coding region was amplified using Taq DNA polymerase. The PCR
reaction was carried out in 1x ThermoPol buffer (20 mM Tris-HCl, 10 mM (NH,),SO,, 10
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mM KCl, 2 mM MgSQ,, 0.1 % Triton X-100) supplemented with 1.5mM MgCl,, 100uM
of each dNTP, 200nM each forward and reverse primer (Table 2.6) and 0.025 u/pl Taq
DNA polymerase. PCR amplification conditions were as per 2.2.2.3.4.1 using an annealing

temperature of 50°C.
Gene Direction | Restriction | Tm (°C) Primer sequence (5’ - 3’)
site
IL-12 p35 | Forward | Xmal 54°C CAT GTG CCC GGG ATG TGT
CAA TCA CGCTACC
IL-12 p35 | Reverse | Xhol 56°C GAC GTG CTC GAG TTA GGA
GGA GCT CAG ATAG

Table 2.6: IL-12 p35 PCR primers.

Blue bases represent start/stop codons; red bases represent restriction sites.

2.2.2.3.4.4 PCR amplification of I1L.-12 p40 coding region

The IL-12 p40 subunit coding region was amplified and purified as per 2.2.2.3.4.1. IL-12

p40 subunit primers (Table 2.7) were used at an annealing temperature of 50°C.

Gene Direction | Restriction | Tm (°C) | Primer sequence (5’ - 3’)
site
IL-12 p40 | Forward | Xmal 54°C GAT ACA CCC GGG ATG TGT
CAT CAG AAG TTA AC
IL-12 p40 | Reverse | Spel 56°C TAC AAG ACT AGTTTA GGA
TCG GCC CCT GC

Table 2.7: IL-12 p40 PCR primers.

Blue bases represent start/stop codons; red bases represent restriction sites.

2.2.2.3.45 Ligation of PCR amplified cytokine-encoding DNA into pSFV-Enh

Successfully amplified fragments were digested with restriction enzymes recognising the
5’ and 3’ recognition sites incorporated during PCR amplification (Tables 2.3, 2.5,2.6 and

2.7). pSFV-Enh was similarly digested with combinations of restriction enzymes to allow
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the directional ligation of PCR inserts. Following digestion of pSFV-Enh and PCR
products, DNA was purified using the QIAquick® nucleotide removal kit. Ligation was
carried out using the T4 DNA quick ligation kit as per manufacture’s instructions. Ligation
reactions were carried out in 1x quick ligation buffer (66mM Tris-HCl, 10mM MgCl,,
ImM DTT, ImM ATP, 7.5% polyethylene glycol) using a 3:1 molar excess of insert and
1ul Quick T4 DNA ligase in a total volume of 20ul. Ligation proceeded for 12-16 hours at

room temperature.

2.2.2.3.4.6 Transformation of ligation products

Ligation reactions were used to transform XL-10 Gold® ultracompetent cells, as per
manufacture’s instructions. Briefly, XL-10 Gold® ultracompetent cells were thawed on ice
and 50ul of cells per transformation reaction aliquoted into pre-chilled 14ml BD Falcon®
polypropylene round-bottomed tubes. 2ul of beta mercaptoethanol (B-ME) was added to
each tube, stored on ice for 10 minutes with gentle swirling every 2 minutes. 2ul of
ligation reaction was added; the cells swirled gently and incubated on ice for 30 minutes.
Cells were heat shocked at 42 °C for 30 seconds and placed on ice for 2 minutes. 450ul of
preheated NZY" broth was added to each tube and incubated at 37 °C for 1 hour in an
orbital shaker at 200rpm. Cultures were plated on LB-agar plates containing 1mg/ml

ampicillin, allowed to dry and incubated at 37 °C overnight.

2.2.2.3.4.7 Screening of colonies

Following transformation of competent cells, individual colonies were used to inoculate
15ml of L-broth (1 mg/ml ampicillin) and grown overnight at 37 °C in an orbital shaker at
200rpm. The resultant cultures were centrifuged for 10 minutes at 4000rpm (2934 .4g), the
plasmids extracted and purified using the QIAprep® spin Miniprep kit. Multiple colonies
from each transformation reaction were grown and minipreped for screening. In order to
detect the presence of the correct insert, ligation products underwent restriction digestion
and insert positive clones were additionally digested with an enzyme that cut within the
expected insert. Digestion reactions were run on a 1% agarose gels with the inclusion of an

appropriate DNA ladder.



2.2.2.3.5 Confirmation and correction of pSFV-Enh inserts

2.2.2.3.5.1 DNA sequencing

Lark Cogenics (UK) carried out all DNA sequencing and additional primer synthesis.
Sequencing was carried out using the primers used for PCR amplification and primers
recognising a sequence within the expected insert. DNA sequencing was analysed using

Chromas Pro 2.23 and blasted against the NCBI database (www.ncbi.nlm.nih.gov).

Multiple alignment was carried out using the Clustal W (www .ebi.ac.uk/clustalw) and Box

shade (www.ch.embnet.org/software/BOX form.html) online programs.

2.2.2.3.5.2 Site-directed mutagenesis.

Site-directed mutagenesis was carried out using the Quickchange® XL site-directed
mutagenesis kit, as per manufacture’s instructions. Primer design used the online

Quickchange® primer design program (http:/www stratagene.com/qcprimerdesign) (Table

2.8). Where possible, corrected mutations were screened for by restriction digest.
Sequencing was used to confirm the correction of all mutations.

Within the IL-12 p35-containing plasmid, both the -5 insertion and 374
substitution corrections were confirmed by Xmal and Ncol digestion, respectively.
Following the third correction at 535, the plasmid was sequenced to confirm all 3
corrections. Following sequencing, the corrected IL-12 p35 subunit was excised from
pSFV-Enh-IL12(p35) and re-ligated into pSFV-Enh that had not undergone PCR
amplification, as described in 2.2.2.34.5.
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Base %GC | Tm )
Direction | Primer sequence (5’ —3’)
Change | content | (°C)
GTC CAA CCCTGG GCC CGG GAT GTG
5_4c Forward
TCA AT
62 79
ATT GAC ACA TCC CGG GCC CAG GGT
-5_4,. Reverse
TGG AC
CCT TGG TAG CAT CTA TGA GGA CT1
374 Forward
e i GAA GAT GTA CC
GGT ACA TCT TCA AGT CCT CAT AGA
374 1.n Reverse
TGC TAC CAA GG
GCA CCA GAA AGCTCC CAT GGG AGA
535G-a) Forward
s s AGC AGA TCC
GGA TCT GCT TCT CCC ATG GGA GCT
335G=a) Reverse
TTC TGG TGC

Table 2.8: Site-directed mutagenesis primers.

Base change designated from adenine of start codon. Blue bases signify the start codon,
green bases signify an insertion correction and red bases signify a substitution correction.

2.2.2.3.6 Production of pSFV-Enh-IL12

2.2.2.3.6.1 Digestion of plasmids

pSFV-Enh-IL12(p35) was linearised by Spel digestion. The sub-genomic promoter, bl12a
sequence, 2A protease and p40 gene fragment was excised from pSFVEnh-IL12(p40) by
Bglll/Spel digestion. Backbone (pSFV-Enh-IL12(p35)) and insert (pSFV-Enh-IL12(p40)

fragment) were gel purified following digestion.

2.2.2.3.6.2 Pre-ligation modification of DNA

Backbone and insert were blunt-ended using DNA polymerase I, large (Klenow) fragment.
The Klenow reaction was carried out in 1x NEB buffer 2 (10 mM Tris-HCI, 50 mM NaCl,
10 mM MgCl,, 1 mM DTT) supplemented with 33uM dNTPs and 2.5 units of Klenow.

Reactions were carried out for 30 minutes at 37 °C followed by heat inactivation for 20
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minutes at 75 °C. Blunt-ended backbone was dephosphorylated by supplementing the
Klenow reaction mixture with 10x antarctic phosphatase buffer to a 1x concentration and
lu of antarctic phosphatase per ug of backbone. Reactions were incubated at 37 °C for 30
minutes followed by heat inactivation at 65 °C for 5 minutes. Backbone and insert were
purified using the QIAquick® nucleotide removal kit and quantified by agarose gel

electrophoresis.
2.2.2.3.6.3 Ligation of pSFV-Enh-1L.12(p40) gene fragment into pSFV-Enh-I1L12(p35)

Backbone and insert ligation was carried out as per 2.2.2.3.4.5 and used to transform XL-
10 Gold® ultracompetent cells, as per 2.2.2.4.6. Individual colonies were isolated and

grown overnight in LB-broth containing 1 mg/ml ampicillin.
2.2.2.3.6.4 Screening of colonies for correct insert

Plasmids were extracted and purified from overnight cultures as per 2.2.2.3.4.7. Restriction
enzyme analysis was used to determine the correct insert and orientation. Briefly, plasmids
were digested with HindIIl and examined for the presence of insert and its correct
orientation. Insert-positive plasmids were further digested with EcoRI and Xmal/Xhol

before sequencing.
2.2.2.4 Analysis of transgene expression
2.2.2.4.1 In vitro transcription of expression plasmids

1.5ug of each expression plasmid was linearised with Nrul, cleaned using the QIAquick®
nucleotide removal kit and used as template for the in vitro transcription reaction. In vitro
transcription was carried out in 1x RNA polymerase reaction buffer (40 mM Tris-HCl, 6
mM MgCl,, 10 mM DTT, 2 mM spermidine) supplemented with SmM DTT, ImM CAP,
ImM rATPs, ImM rUTP, 1mM rCTP, 0.5mM rGTP, 1.2 units/ul RNasin and 1.59 units/ul
SP6 polymerase with 1.5ug DNA template per SOul reaction. Reactions proceeded for 90
minutes at 37 °C and 1ul of the transcription reaction run on a 0.6% agarose gel to confirm

a sufficient quantity of RNA for electroporation.
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2.2.2.4.2 Electroporation of S-BHK cells

For each electroporation, one 75cm’ of S-BHK cells was grown to 90-95% confluence.
The medium was removed, cells washed twice with D-PBS, trypsinised, pipetted 10 times
and 9ml of S-BHK medium and 40ml D-PBS added. Cells were centrifuged at 1,500rpm
(412.65g) for 5 minutes at RT. Following centrifugation supernatant was discarded and
cells resuspended in 50ml of D-PBS followed by centrifugation as before. Supernatant was
discarded and cells resuspended in 750ul of D-PBS followed by the addition of freshly
thawed mRNA. The suspension was transferred to a 4mm electroporation cuvette and
electroporated. Electroporation used two 850-volt pulses of 4 milliseconds each with an
inter-pulse interval of 5 seconds. Electroporated cells were pipetted into 9ml of pre-
warmed S-BHK medium and the cuvette washed 3 times with 1ml of S-BHK medium.
Electroporated cells were divided into 6 wells of a 6-well tissue culture dish with
22x22mm sterile coverslips placed on the floor of each well. pPSFV-Enh RNA, lacking any

transgene, and PBS alone were used as controls.

2.2.2.4.3 Immunofluorescent analysis of IFN-f expression by SFV-Enh-IFNf mRNA

18 hours post-electroporation, cell supernatant was removed, cells washed twice in D-PBS
(with Ca’**/Mg*") and fixed/permeabilised in 100% cold acetone for 5 minutes at —20 °C.
Cells were washed twice further in D-PBS and blocked with 5% normal mouse serum
(NMS) in D-PBS for 1 hour at RT. Following blocking, coverslips were incubated with a
1/200 dilution of rabbit anti-rat IFN-f antibody in blocking buffer for 1 hour in a
humidified chamber at RT. Cells were washed twice for 5 minutes in PBS-T (0.05%
Tween® 20 in PBS), coverslips incubated in a 1/100 dilution of biotinylated mouse anti-
rabbit IgG antibody in blocking buffer for 1 hour as before. Following two washes as
before, cells were incubated in a 1/100 dilution of streptavidin/FITC in PBS for 40
minutes. Cells were washed twice for 15 minutes each in high salt/hepes buffer (0.5M
NaCl, 10mM hepes) followed by two 7.5 minute washes in PBS-T, two 5 minute washes in
PBS and dipped in distilled water before being air-dried and mounted on glass slides with

mountant containing DAPI. Cells were examined by fluorescent microscopy.
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2.2.2.4.4 ELISA analysis of IFN-y expression by SFV-Enh-IFNy mRNA

Medium was harvested from electroporated cells at 0, 16, 24, 48 and 72 hours post-
electroporation, snap frozen in liquid nitrogen and stored at —80 °C until assayed. A
commercial rat IFN-y ELISA was used to measure IFN-y production in supernatant
samples. 96-well ELISA plates were coated with 100ul of a 1/250 dilution of capture
antibody in coating buffer overnight at 4 °C. Plates were aspirated and washed five times
with 300ul/well of wash buffer and blocked with 300ul/well of blocking buffer for 1 hour
at RT. Plates were washed as before and samples and IFN-y standard diluted in blocking
buffer and incubated in triplicate with 100ul/well for 2 hours at RT. Plates were washed as
before and 100ul/well of a 1/250 dilution of detection antibody added to each well and
incubated for 1 hour at RT. Plates were washed and 100ul of a 1/250 dilution of
streptavidin/horseradish peroxidase conjugate added to each well and incubated for 30
minutes at RT. Plates were washed seven times with 300ul/well of wash buffer, 100ul
TMB substrate added to each well and incubated in the dark for 30 minutes at RT. The
HRP reaction was stopped by the addition of 50ul of 2N H,SO, and read at 450nm within
30 minutes. Samples were compared to the standard curve to extrapolate IFN-y

concentrations per ml of sample and figures adjusted per 1 x 10° cells.

2.2.2.4.5 ELISA analysis of IL-12 p70 expression by SFV-Enh-IL12 mRNA

Medium was harvested from electroporated cells at 0, 24, 48 and 72 hours post-
electroporation, snap frozen in liquid nitrogen and stored at —80 °C until assayed. A
commercial rat IL-12 p70 ELISA was used to analyse IL-12 production in supernatant
samples. 96-well ELISA plates were coated with 100ul of a 1/500 dilution of capture
antibody in coating buffer overnight at 4 °C. Plates were aspirated, washed once with
300ul/well of wash buffer and blocked with 300ul/well of blocking buffer for 2 hours at
RT. Plates were washed as before and samples and IL-12 standard diluted in blocking
buffer and incubated in triplicate with 100ul/well immediately followed by the addition of
50ul/well of a 1/1250 dilution of biotinylated detection antibody. Plates were incubated in
an orbital shaker at 700rpm for 2 hours at RT. Plates were washed four times as before and
100ul/well of a 1/2500 dilution of streptavidin/horseradish peroxidase conjugate added to
each well and incubated at 700rpm for 30 minutes at RT. Plates were washed four times

with 300ul/well of wash buffer and 100ul TMB substrate added to each well and incubated
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in the dark at 700rpm for 30 minutes at RT. The HRP reaction was stopped by the addition
of 100ul of 1.8N H,SO, and read at 450nm within 30 minutes. Samples were compared to
the standard curve to extrapolate IL-12 concentrations per ml of sample and figures

adjusted per 1 x 10° cells.
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2.3 Results

2.3.1 Virus production

Virus was produced and titers of 10° p.f.u./ml were routinely obtained.

2.3.2 Cloning of interferon beta, interferon gamma and IL-12 into the SFV enhanced

vector

2.3.2.1 Conformation of pSFV-Enh plasmid

pSFV-Enh was obtained in house and confirmed by digestion with EcoRI and Nrul.
Restriction digest analysis predicted the presence of 3 bands at 5552, 3627, 1578 bps as a
result of EcoRI digestion and linearisation by Nrul digestion. Figure 2.13 shows the

resultant gel accompanied by uncut plasmid.

2.3.2.2 PCR amplification of cytokine encoding DNA

PCR amplification of the IFN-f, IFN-y, IL-12 p35 and IL-12 p40 coding regions was
carried out and reaction products analysed by agarose gel electrophoresis for IFN-f (Figure
2.14-A), IFN-y (Figure 2.14-B), 1L-12 p35 (Figure 2.14-C) and IL-12 p40 (Figure 2.14-D).
PCR fragments of 590pb, 505bp, 672bp and 1032bp were expected following IFN-f3, IFN-
v, IL-12 p35 and IL-12 p40 gene amplification.

2.3.2.3 Pre-ligation preparation of pSFV-Enh and PCR amplified cytokine-encoding
DNA

Prior to ligation of PCR-amplified cytokine genes into pSFV-Enh, both pSFV-Enh and
PCR products were digested with enzymes corresponding to those included in the PCR
primers. pSFV-Enh and PCR products were digested with Xhol/Spel for IFN-f cloning,
Xhol/Notl for IFN-y cloning, Xmal/Xhol for IL-12 p35 cloning and Xmal/Spel for IL-12
p40 cloning. As a control, single digestions with each enzyme were carried out and are

included in each gel (Figure 2.15).
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Figure 2.13: Confirmation of pSFV-Enh by restriction digest.

Lanes 1 and 5 are 1 kb DNA ladder, Lane 2 is uncut pSFV-Enh, Lane 3 and 4 are Nrul and
EcoRI digested pSFV-Enh. The presence of a single linearised band following Nrul digest and
the presence of 3 bands at 5552, 3627 and 1578 bps following EcoRI digestion confirmed the
plasmid was pSFV-Enh.



1.200bp
1.000bp

700bp

Figure 2.14: PCR amplification of cytokine encoding cDNA.

PCR amplification of the IFN-@, IFN-y, IL-12 p35 and IL-12 p40 coding regions was carried
out following first stand DNA synthesis. PCR reaction products were analysed by agarose gel
electrophoresis. Lanes I are 100bp DNA ladder, Lanes 2 are PCR reaction products for IFN-
(A), IFN-y (B), IL-12 p35 (C) and IL-12 p40 (D). Lanes 3 are negative control lacking DNA
template. PCR fragments of 590pb, 505bp, 672bp and 1032bp were expected following IFN-
B, IFN-y, IL-12 p35 and IL-12 p40 gene amplification.



Figure 2.15: Digestion of pSFV-Enh prior to ligation of PCR products (overleaf).

A - pSFV-Enh digested with Xhol/Spel for IFN- cloning. Lanes I and 6 represent 1kb DNA
ladder. Lanes 2, 3 and 4 represent uncut, Xhol digested and Spel digested pSFV-Enh
respectively. Lane S is pSFV-Enh digested simultaneously with Xhol and Spel.

B —~ pSFV-Enh digested with Xhol/Notl for IFN-y cloning. Lanes I and 6 represent 1kb DNA
ladder. Lanes 2, 3 and 4 represent uncut, Xhol digested and Notl digested pSFV-Enh
respectively. Lane S is pSFV-Enh digested simultaneously with Xhol and Notl.

C ~ pSFV-Enh digested with Xmal/Xhol for IL-12 p35 cloning. Lanes I and 6 represent 1kb
DNA ladder. Lanes 2, 3 and 4 represent uncut, Xhol digested and Xmal digested pSFV-Enh
respectively. Lane 5 is pSFV-Enh digested simultaneously with Xhol and Xmal.

D - pSFV-Enh digested with Xmal/Spel for IL-12 p35 cloning. Lanes I and 6 represent 1kb
DNA ladder. Lanes 2, 3 and 4 represent uncut, Xmal digested and Spel digested pSFV-Enh
respectively. Lane 5 is pSFV-Enh digested simultaneously with Xhol and Spel.






2.3.2.4 Screening of ligation reaction products

Following ligation of the insert into pSFV-Enh, colonies were screened for the presence of
the insert by restriction digest. 6 colonies were screened from each ligation reaction.

IFN-B insert-positive clones were confirmed by Xhol/Spel digestion (Figure 2.16).
The presence of a band of 570 bps indicated the successful ligation of the IFN-f coding
sequence into pSFV-Enh. As an additional confirmation, the 2 insert-positive clones were
digested with Pvull, a recognition sequence of which is within the IFN-f coding sequence.
Restriction digest analysis predicted the presence of 5 bands at 6396, 3385, 595, 568 and
374 bps following Pvull digestion of pSFV-Enh-IFNP while the absence of the IFN-f
coding sequence produced 4 bands. Figure 2.17 is a representative gel of the Pvull
digestion; in both cases the insert was confirmed to contain the Pvull recognition site and
both clones underwent DNA sequencing.

IFN-y insert-positive clones were confirmed by Xhol/Notl digestion (Figure 2.18).
The presence of a band of 478 bps indicated the successful ligation of the IFN-
y coding sequence into pSFV-Enh. As an additional conformation, the 2 insert positive
clones were digested with Bsu36I, a recognition sequence of which is within the IFN-y
coding sequence. Restriction digest analysis predicted the presence of 2 bands at 8107 and
3113 bps following Bsu36I digestion of pSFV-Enh-IFNy while the absence of the IFN-y
coding sequence produced a single band. Figure 2.19 is a representative gel of the Bsu36l
digestion; in both cases the insert was confirmed to contain the Bsu36I recognition site and
both clones underwent DNA sequencing.

IL-12 p35 insert-positive clones were confirmed by HindIII/Spel digestion (Figure
2.20). The presence of a band of 687 bps indicated the successful ligation of the IL-12 p35
coding sequence into pSFV-Enh. As an additional conformation, the 3 insert-positive
clones were digested with Clal/Xhol, a Clal recognition sequence is found within the IL-12
p35 coding sequence. Restriction digest analysis predicted the presence of 2 bands at
10948 and 455 bps following Clal/Xhol digestion of pSFV-Enh-IL12(p35) while the
absence of the IL-12(p35) coding region produced a single band. Figure 2.21 is a
representative gel of the Clal/Xhol digestion; in all cases the insert was confirmed to
contain the Clal recognition site and all 3 clones underwent DNA sequencing.

IL-12 p40 insert-positive clones were confirmed by HindIII/Spel digestion (Figure
2.22). The presence of a band of 1047 bps indicated the successful ligation of the IL-12

p40 coding sequence into pSFV-Enh. As an additional conformation, the 3 insert-positive
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clones were digested with Dral, a recognition sequence of which is within the IL-12 p40
coding sequence. Restriction digest analysis predicted the presence of 5 bands at 6568,
2479, 1996, 692 and 19 bps following Dral digestion of pSFV-Enh-IL12(p40) while the
absence of the IL-12(p40) coding region produced 4 bands at 6403, 3385, 595 and 374 bps.
Figure 2.23 is a representative gel of the Dral digestion; in all cases the insert was
confirmed to contain the Dral recognition site and all 3 clones underwent DNA

sequencing.
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Figure 2.16: Screening of IFN-@ ligation reactions by Xhol/Spel restriction digests.

6 colonies were selected and digested. Lanes I, 3 and 5 are uncut plasmid, Lanes 2, 4, 6 are
Xhol/Spel digested plasmids and Lanes 7 are 1kb DNA marker. The presence of a 570 bp
band indicated the successful ligation of the IFN-f coding sequence into pSFV-Enh.
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Figure 2.17: Screening of IFN-f insert-positive ligation reactions by restriction digest.

Figure is representative of both insert-positive plasmids. Lane 2 and 4 are 1kb DNA and 100bp
DNA ladder respectively, Lanes I and 3 are uncut and Pvull digested insert-positive plasmid
respectively. The presence of 5 bands at 6396, 3385, 595, 568 and 374 bps indicated the
successful ligation of the IFN-f coding sequence into pSFV-Enh.
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Figure 2.18: Screening of IFN-y ligation reactions by Xhol/NotI restriction digests.

6 colonies were selected and digested. Lanes 2, 4 and 6 are uncut plasmid, Lanes 3, 5, 7 are
Xhol/Notl digested plasmids and Lanes I are 1kb DNA marker. The presence of a 478 bp
band indicated the successful ligation of the IFN-y coding sequence into pSFV-Enh.



Figure 2.19: Screening of IFN-y insert-positive ligation reactions by restriction digest.

Figure is representative of both insert-positive plasmids. Lanes 2 and 4 are 1kb DNA ladder,
Lanes I and 3 are uncut and Bsu36l digested insert-positive plasmid respectively. The
presence of 2 bands at 8107 and 3113 bps following Bsu36I digestion confirmed the presence
of the IFN-y coding region.
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Figure 2.20: Screening of IL-12 p35 ligation reactions by HindIII/Spel restriction digests.

6 colonies were selected and digested. Lanes 2, 4 and 6 are uncut plasmid, Lanes 3, 5, 7 are
HindIII/Spel digested plasmids and Lanes I are 100bp DNA marker. The presence of a 687 bp
band indicated the successful ligation of the IL-12 p35 coding sequence into pSFV-Enh.
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Figure 2.21: Screening of IL-12 p35 subunit insert-positive ligation reactions by
restriction digest.

Figure is representative of all 3 insert-positive plasmids. Lane I is Clal/Xhol digested insert-
positive plasmid and Lane 2 is 100bp DNA ladder, respectively. The presence of a band at 455
bps indicated the successful ligation of the IL-12 p35 subunit coding sequence into pSFV-Enh.



Figure 2.22: Screening of IL-12 p40 ligation reactions by HindIII/Spel restriction
digests.

6 colonies were selected and digested. Lanes 2, 4 and 6 are uncut plasmid, Lanes 3, 5, 7 are
Xhol/Notl digested plasmids and Lanes I are 100bp DNA marker. The presence of a 1047bp
band indicated the successful ligation of the IL-12 p40 coding sequence into pSFV-Enh.
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Figure 2.23: Screening of IL-12 p40 subunit insert-positive ligation reactions by
restriction digest.

Figure is representative of all 3 insert-positive plasmids. Lane I is 1kb DNA ladder and Lane
2 is Dral digested insert-positive plasmid respectively. The presence of 5 bands at 6568,
2479, 1996, 692 and 19 bps indicated the successful ligation of the IL-12 p40 subunit coding
sequence into pSFV-Enh. The 19bp fragment is not visible on the agarose gel.



2.3.2.5 Confirmation and correction of pSFV-Enh inserts

2.3.2.5.1 DNA sequencing

2.3.2.5.1.1 pSFV-Enh-IFN@ sequencing

Three IFN-f insert-positive SFV-Enh clones were analysed by DNA sequencing.
Sequencing results were used to produce contiguous sequences for each plasmid using
Chromas Pro, blasted against the NCBI database, aligned using Clustal W and the
alignment file used to produce the Box shade representation. The NCBI Rattus norvegicus
IFN-B mRNA sequence (NM_019127) was included in the multiple alignment. Multiple
alignment results include the 5’ and 3’ sequences containing the restriction sites used for
cloning. Additionally, a Box shade representation of the translated plasmid and
NM_019127 sequences was produced.

Of the three sequenced plasmids only one contained non-synonymous mutations.
Clone 3 contained a single mutation at base 159 (Figure 2.24) which did not produce any
changes in the amino acid sequence (Figure 2.25). This clone was designated pSFV-Enh-
IFNf and used for all further work.

2.3.25.1.2 pSFV-Enh-IFNy sequencing

Two IFN-y insert-positive SFV-Enh clones were analysed by DNA sequencing.
Sequencing results were used to produce contiguous sequences for each plasmid using
Chromas Pro, blasted against the NCBI database, aligned using Clustal W and the
alignment file used to produce the Box shade representation. The NCBI Rattus norvegicus
IFN-y mRNA sequence (NM_138880) was included in the multiple alignment. Multiple
alignment results include the 5’ and 3’ sequences containing the restriction sites used for
cloning. Additionally, a Box shade representation of the translated plasmid and
NM_138880 sequences was produced.

Of the two sequenced plasmids only one contained non-synonymous mutations.
Clone 1 contained a single mutation at base 132 (Figure 2.26) which did not produce any
changes in the amino acid sequence (Figure 2.27). This clone was designated pSFV-Enh-

IFNy and used for all further work.
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2.3.2.5.1.4 pSFV-Enh-1L12(p35) sequencing

Three IL-12 p35 insert-positive SFV-Enh clones were analysed by DNA sequencing.
Sequencing results were used to produce contiguous sequences for each plasmid using
Chromas Pro, blasted against the NCBI database, aligned using Clustal W and the
alignment file used to produce the Box shade representation. The NCBI Rattus norvegicus
IL-12a (IL-12 p35) mRNA sequence (NM_053390) was included in the multiple
alignment. Multiple alignment results include the 5’ and 3’ sequences including the
restriction sites used for cloning. Additionally, a Box shade representation of the translated
plasmid and NM_022611 sequences was produced.

All 3 clones contained a number of synonymous and non-synonymous mutations
(Figure 2.28, Figure 2.29). Both clone 1 and 3 contained three non-synonymous mutations
however clone 1 was chosen for site-directed mutagenesis as two mutations were within
endonucleases restriction sites and correction could be confirmed without the need for

repeated sequencing.

2.3.2.5.1.3 pSFV-Enh-1L12(p40) sequencing

Three IL-12 p40 insert-positive SFV-Enh clones were analysed by DNA sequencing.
Sequencing results were used to produce contiguous sequences for each plasmid using
Chromas Pro, blasted against the NCBI database, aligned using Clustal W and the
alignment file used to produce the Box shade representation. The NCBI Rattus norvegicus
IL-12b (IL-12 p40) mRNA sequence (NM_022611) was included in the multiple
alignment. Multiple alignment results include the 5’ and 3’ sequences including the
restriction sites used for cloning. Additionally, a Box shade representation of the translated
plasmid and NM_022611 sequences was produced.

Clone 2 contained an inversion at bases 505-506 (Figure 2.32) which resulted in a
single amino acid change at 125 from valine to glutamic acid (Figure 2.31). This inversion
was present in all 3 sequenced clones (not shown) and in the Rattus norvegicus I1L-12 p40
genomic DNA reference assembly (NW_047334, Figure 2.30). This suggested that the
inversion was a genuine polymorphism and as a result was not corrected by site-directed

mutagenesis. Clone 2 was designated pSFV-Enh-IL12(p40) and used for all further work.
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Clone_3

CTCGAGCATGGCCAACAGGTGGACCCTCCACATTGCGTTCCTGCTGTGCTTCTCCACCAC

NM_019127 ) e 1 TGGCCAACAGGTGGACCCTCCACATTGCGTTCCTGCTGTGCTTCTCCACCAC
Clone_3 [(PWITGCCCTCTCCATCGACTACAAGCAGCTCCAGTTCCGACAAAGCACTAGCATTCGGACATG
NM_019127 LEMITGCCCTCTCCATCGACTACAAGCAGCTCCAGTTCCGACAAAGCACTAGCATTCGGACATG
Clone_3 IWBENTCAGAAGCTCCTGAGGCAGCTGAATGGAAGGCTCAACCTCAGCTAWAGGACGGACTTCAA
NM_019127 ISR TCAGAAGCTCCTGAGGCAGCTGAATGGAAGGCTCAACCTCAGCTAMAGGACGGACTTCAA
Clone_3 IR PEGATCCCTATGGAGGTGATGCACCCGTCACAGATGGAGAAGAGTTACACTGCCTTTGCCAT
NM_019127 IWEBGATCCCTATGGAGGTGATGCACCCGTCACAGATGGAGAAGAGTTACACTGCCTTTGCCAT
Clone_3 P SWTCAAGTGATGCTCCAGAATGTCTTTCTTGTCTTCAGAAGCAATTTCTCCAGCACTGGGTG
NM_019127 PR MTCAAGTGATGCTCCAGAATGTCTTTCTTGTCTTCAGAAGCAATTTCTCCAGCACTGGGTG
Clone_3 L BENGAATGAGACTATTGTTGAAAGTCTCTTGGATGAACTACATCAGCAGACAGAGCTTCTGGA
NM_019127 AR BGAATGAGACTATTGTTGAAAGTCTCTTGGATGAACTACATCAGCAGACAGAGCTTCTGGA
Clone_3 X PERGATAATACTAAAGGAAAAGCAAGAGGAAAGATTGACTTGGGTGACATCCACGACTACTTT
NM_019127 kLT BGATAATACTAAAGGAAAAGCAAGAGGAAAGATTGACTTGGGTGACATCCACGACTACTTT
Clone_3 [ PBEAGGCTTGAAGAGCTATTACTGGAGGGTACAAAGGTACCTTAAAGACAAGAAGTACAACAG
NM_019127 [P MAGGCTTGAAGAGCTATTACTGGAGGGTACAAAGGTACCTTAAAGACAAGAAGTACAACAG
Clone_3 [ PECTATGCCTGGATGGTGGTCCGAGCAGAAGTCTTCAGGAACTTTTCCATTATTCTAAGACT
NM_019127 [YEWMCTATGCCTGGATGGTGGTCCGAGCAGAAGTCTTCAGGAACTTTTCCATTATTCTAAGACT
Clone_3 LESENTAATAGAAACTTCCAGAACTGAAGACCTGTACTAGT

NM_019127 LR BT A A TAGAAACT TCCAGAACTGA

Figure 2.24: IFN-f sequencing.

Multiple alignment and Box shade representation of the IFN-f clone 3 and Rattus

norvegicus IFN- mRNA nucleotide sequences (Pubmed accession number NM_019127).

Clone_3 IENS SMANRWTLHIAFLLCFSTTALSIDYKQLOQFROSTSIRTCQKLLRQLNGRLNLSYRTDFK
NM_019127 P MANRWTLHIAFLLCFSTTALSIDYKQLOQFROSTSIRTCQKLLRQLNGRLNLSYRTDFK
Clone_3 [(PENI PMEVMHPSQMEKSYTAFAIQVMLONVFLVFRSNFSSTGWNETIVESLLDELHQQTELLE
NM_019127 LRI PMEVMHPSOQMEKSYTAFAIQVMLONVFLVFRSNFSSTGWNETIVESLLDELHQOTELLE
Clone_3 IBENT I LKEKQEERLTWVTSTTTLGLKSYYWRVOQRYLKDKKYNSYAWMVVRAEVFRNFSIILRL
NM_019127 IO INT I LKEKQEERLTWVTSTTTLGLKSYYWRVOQRYLKDKKYNSYAWMVVRAEVFRNFSIILRL
Clone_3 181 RENOINTIAUH

NM_019127 PACIEN RN F O NEEEE

Figure 2.25: IFN-B protein sequence.

Multiple alignment and Box shade representation of the IFN-f clone 3 and Rattus norvegicus
IFN-B mRNA translated amino acid sequence (Pubmed accession number NM_019127).



Clone_1 IBICTCGAGATCCATGAGTGCTACACGCCGCGTCTTGGTTTTGCAGCTCTGCCTCATGGCCCT
NM_138880 l cmmmmmm =l TGAGTGCTACACGCCGCGTCTTGGTTTTGCAGCTCTGCCTCATGGCCCT,

Clone_1 [(PFEC TCTGGCTGTTACTGCCAAGGCACACTCATTGAAAGCCTAGAAAGTCTGAAGAACTATTT
NM_138880 LBECTCTGGCTGTTACTGCCAAGGCACACTCATTGAAAGCCTAGAAAGTCTGAAGAACTATTT
Clone_1 I B TAACTCAAGTAGCATGGATGCLIATGGAAGGAAAGAGCCTCCTCTTGGATATCTGGAGGAA
NM_138880 ISRENTAACTCAAGTAGCATGGATGCIATGGAAGGAAAGAGCCTCCTCTTGGATATCTGGAGGAA
Clone_1 IR BENC TGGCAAAAGGACGGTAACACGAAAATACTTGAGAGCCAGATTATCTCTTTCTACCTCAG
NM_138880 IWBSNC TGGCAAAAGGACGGTAACACGAAAATACTTGAGAGCCAGATTATCTCTTTCTACCTCAG
Clone_1 PESEACTCTTTGAAGTCTTGAAAGACAACCAGGCCATCAGCAACAACATAAGTGTCATCGAATC
NM_138880 FEBSMACTCTTTGAAGTCTTGAAAGACAACCAGGCCATCAGCAACAACATAAGTGTCATCGAATC
Clone_1 KN BERGCACCTGATCACTAACTTCTTCAGCAACAGTAAAGCAAAAAAGGATGCATTCATGAGCAT
NM_138880 rAERSNGCACCTGATCACTAACTTCTTCAGCAACAGTAAAGCAAAAAAGGATGCATTCATGAGCAT,
Clone_1 EIPENCGCCAAGTTCGAGGTGAACAACCCACAGATCCAGCACAAAGCTGTCAATGAACTCATCAG
NM_138880 ELBENCGCCAAGTTCGAGGTGAACAACCCACAGATCCAGCACAAAGCTGTCAATGAACTCATCAG

Clone_1 LY BEMAGTGATTCACCAGCTGTCACCAGAATCTAGCCTAAGGAAGCGGAAAAGGAGTCGGTGCTG,
NM_138880 (PR WMAGTGATTCACCAGCTGTCACCAGAATCTAGCCTAAGGAAGCGGAAAAGGAGTCGGTGCTG

Clone_1 481
NM_138880 471

Figure 2.26: IFN-y sequencing.

Multiple alignment and Box shade representation of the IFN-y clone 1 and Rattus norvegicus
IFN-y mRNA nucleotide sequences (Pubmed accession number NM_138880).

Clone_1 IESRSMSATRRVLVLOLCLMALSGCYCQGTLIESLESLKNYFNSSSMDAMEGKSLLLDIWRN
NM_138880 | SATRRVLVLOLCLMALSGCYCQGTLIESLESLKNYFNSSSMDAMEGKSLLLDIWRN
Clone_1 61 OKDGNTKILESQIISFYLRLFEVLKDNQAISNNISVIESHLITNFFSNSKAKKDAFMSI
NM_138880 58 OKDGNTKILESQIISFYLRLFEVLKDNQAISNNISVIESHLITNFFSNSKAKKDAFMSI

Clone_1 IWBEAKFEVNNPOQIQHKAVNELIRVIHQLSPESSLRKRKRSRCFCGR
NM_138880 ISR IAKFEVNNPOQIQHKAVNELIRVIHQLSPESSLRKRKRSRCEEESY

Figure 2.27: IFN-y protein sequence.

Multiple alignment and Box shade representation of the IFN-y clone 1 and Rattus norvegicus
IFN-y mRNA translated amino acid sequence (Pubmed accession number NM_138880).



Clone_1 1

Clone_2 1

Clone_3 1

NM_053390 i ATGTGTCAATCACGCTACCTCCTCTTCTTGGCCACCCTTGTCCTCCTAAACCAC
Clone_1 61 CTCACTTCGGCCAGGGTCATACCAGTCTCTGGACCTGCCAAGTGTCTTAACCAGTCCCAA
Clone_2 61 CTCECTTCGGCCAGGGTCATACCAGTCTCTGGACCTGCCAAGTGTCTTAACCAGTCCCAA
Clone_3 61 CTCACTTCGGCCAGGGTCATACCAGTCTCTGGACCTGCCAAGTGTCTTAACCAGTCCCEA
NM_053390 LEMIC TCACTTCGGCCAGGGTCATACCAGTCTCTGGACCTGCCAAGTGTCTTAACCAGTCCCAA
Clone_1 121 AACCTGCTGAAGACCACGGACGACATGGTGAGGACGGCCAGAGAAAAATTGAAACATTAC
Clone_2 121 [AACCTGCTGAAGACCACGGACGACATGGTGAGGACGGCCAGAGAAAAATTGAAACATTAC
Clone_3 121 AACCTGCTGAAGACCACGGACGACATGGTGAGGACGGCCAGAGAAAAATTGAAACATTAC
NM_053390 115 AACCTGCTGAAGACCACGGACGACATGGTGAGGACGGCCAGAGAAAAATTGAAACATTAC
Clone_1 181 TCTTGCACTGCTGGAGACATCGATCATGAAGACATCACACGGGACAAAACCAGCACACTG
Clone_2 11811 TCTTGCACTGCTGGAGACATCGATCATGAAGACATCACACGGGACAAAACCAGCACACTG
Clone_3 181 TCTTGCACTGCTGGAGACATCGATCATGAAGACATCACACGGGACAAAACCAGCACACTG
NM_053390 175 TCTTGCACTGCTGGAGACATCGATCATGAAGACATCACACGGGACAAAACCAGCACACTG
Clone_1 241 GAGGCCTGCTTACCACTGGAACTCCACAAGAATGAGAGTTGCCTGGCTACTAAAGAGACT
Clone_2 241 GAGGCCTGCTTACCACTGGAACTCCACAAGAATGAGAGTTGCCTGGCTACTAAAGAGACT
Clone_3 241 GAGGCCTGCTTACCACTGGAACTCCACAAGAATGAGAGTTGCCTGGCTACTAAEGAGACT
NM_053390 235 GAGGCCTGCTTACCACTGGAACTCCACAAGAATGAGAGTTGCCTGGCTACTAAAGAGACT
Clone_1 P TCTTCCATCATAAGAGGGAGCTGCCTGCCTCCACAAAAGACTTCTTTGATGATGACCCTG)
Clone_2 301

Clone_3 301

NM_053390 295

Clone_1 361

Clone_2 361

Clone_3 361

NM_053390 355

Clone_1 421

Clone_2 421

Clone_3 421

NM_053390 415

Clone_1 481

Clone_2 481

Clone_3 481

NM_053390 LY MIATTGATGAGCTAATGCGGTCTCTGAATCACAGCGGCGAGACTCTGCACCAGAAAGCTCCC
Clone_1 L P MGTGGGAGAAGCAGATCCTTACAGAGTGAAGATGAAGCTCTGTATCCTGCTCCATGCCTTC
Clone:2 LEP WG TGGGAGAAGCAGATCCTTACAGAGTGAAGATGAAGCTCTGTATCCTGCTCCATGCCTTC
Clone_3 541 GTGGGAGAAGCAGATCCTTACAGAGTGAAGATGAAGCTCTGTAECCTGCTCCATGCCTTC
NM_053390 LKL I \TGGGAGAAGCAGATCCTTACAGAGTGAAGATGAAGCTCTGTATCCTGCTCCATGCCTTC
Clone_1 LIS MAGCACCCGCGTCATGACTATCAACAGGGTGATGAACTATCTGAGCTCCTCCTAACTCGAG
Clone_2 601

Clone_3 601

LR LIl GCACCCGR\GTCATGACTATCAACAGGGTGATGAACTATCTGAGCTCCTCCTAA

Figure 2.28: IL-12 p35 subunit sequencing.

Multiple alignment and Box shade representation of the IL-12 p35 subunit clones 1-3 and the
Rattus norvegicus IL-12 p35 subunit mRNA nucleotide sequences (Pubmed accession
number NM_053390).



Clone_1 I AGMCOSRYLLFLATLVLLNHLTSARVIPVSGPAKCLNQSONLLKTTDDMVRTAREKLKHY
NM_053390 I eI COSRYLLFLATLVLLNHLTSARVIPVSGPAKCLNQSONLLKTTDDMVRTAREKLKHY

Clone_1 [PENSCTAGDIDHEDITRDKTSTLEACLPLELHKNESCLATKETSSIIRGSCLPPQKTSLMMTL
NM_053390 FEMSCTAGDIDHEDITRDKTSTLEACLPLELHKNESCLATKETSSIIRGSCLPPQKTSLMMTL
Clone_1 IVBENCLGSIY\UDLKMYQOSEFQAINAALOSHNHQOQITLDRNMLMAIDELMRSLNHSGETLHQKAP
NM_053390 IS CLGSIY)IDLKMYQOSEFQAINAALOSHNHQQITLDRNMLMAIDELMRSLNHSGETLHQKAP

Clone_1 IR PR YGEADPYRVKMKLCILLHAFSTRVMTINRVMNYLSSSLE
NM_053390 IR BN  IGEADPYRVKMKLCILLHAFSTRVMTINRVMNYLSS SEE

Figure 2.29: IL.-12 p3S subunit protein sequence.

Multiple alignment and Box shade representation of the IL-12 p35 subunit clone 1 and Rattus

norvegicus IL-12 p35 subunit mRNA translated amino acid sequence (Pubmed accession
number NM_053390).

Clone_2 IBICAGTTCCCCTGAGTCTCGGGCGGTGACATGTGGAGCAGCATCTCTGTCTGCAGAGAAGGT
NW_047334 IAICAGTTCCCCTGAGTCTCGGGCGGTGACATGTGGAGCAGCATCTCTGTCTGCAGAGAAGGT
Clone_2 [(PENCACACTGAACCAAAGGGACTACGAGAAGTACTCAGTGGCGTGCCAGGAGGACGTCACCTG
NW_047334 [(PENCACACTGAACCAAAGGGACTACGAGAAGTACTCAGTGGCGTGCCAGGAGGACGTCACCTG

Clone_2 I BENCCCAACTGCCGAGGAGACCCTGCCCATTGAACTGGTGGTGGAGGCCCAGCAGCAGAATAA
NW_047334 )R ENCCCAACTGCCGAGGAGACCCTGCCCATTGAACTGGTGGTGGAGGCCCAGCAGCAGAATAA

Clone_2 IR BERATATGAGAACTACAGCACCAGCTTCTTCATCAGGGACATCA
NW_047334 IR BERATATGAGAACTACAGCACCAGCTTCTTCATCAGGGACATCA

Figure 2.30: IL-12 p40 sequencing.

Multiple alignment and Box shade representation of the IL-12 p40 clone 2 and the partial
genomic Rattus norvegicus IL-12 p40 DNA nucleotide sequence (Pubmed accession number
NW_047334).

Clone_2 I PGMCHOKLTFSWFAMVLLVSPLMAMWELEKDVYVVEVDWRPDAPGETVTLTCDSPEEDDI
NM_022611 I I CHOKLTFSWFAMVLLVSPLMAMWELEKDVYVVEVDWRPDAPGETVTLTCDSPEEDDI

Clone_2 [ FETWTSDOQRRGVIGSGKTLTITVREFLDAGQYTCHRGGETLSHSHLLLHKKENGIWSTEILK
NM_022611 LI TWTSDORRGVIGSGKTLTITVREFLDAGOQYTCHRGGETLSHSHLLLHKKENGIWSTEILK
Clone_2 W BEINFKNKTFLKCEAPNYSGRFTCSWLVHRNTDLKFNIKSSSSSPESRAVTCGLIASLSAEKVT
NM_022611 IS INFKNKTFLKCEAPNYSGRFTCSWLVHRNTDLKFNIKSSSSSPESRAVTCGIUASLSAEKVT
Clone_2 IR BN NORDYEKYSVACQEDVTCPTAEETLPIELVVEAQOONKYENYSTSFFIRDIIKPDPPKN
NM_022611 I I NORDYEKYSVACQEDVTCPTAEETLPIELVVEAQOONKYENYSTSFFIRDIIKPDPPKN
Clone_2 P S W OVKPLKNSQVEVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKTKETEEECNQKGAFLVEK
NM_022611 PRI OVKPLKNSQVEVSWEYPDSWSTPHSYFSLKFFVRIQRKKEKTKETEEECNQKGAFLVEK
Clone_2 KLBENTSAEVOQCKGANICVQAQDRYYNSSCSKWTCVPCRGRSTS

NM_022611 PAEMITSAEVOQCKGANICVOQAQDRYYNSSCSKWTCVPCRGRSER

Figure 2.31: IL-12 p40 subunit protein sequence.

Multiple alignment and Box shade representation of the IL-12 p40 subunit clone 2 and the
Rattus norvegicus IL-12 p40 subunit mRNA translated amino acid sequence (Pubmed
accession number NM_022611).



Clone_2
NM_022611

CCCGGGATGTGTCATCAGAAGTTAACCTTCTCCTGGTTTGCCATGGTTTTGCTGGTGTCT
------ IATGTGTCATCAGAAGTTAACCTTCTCCTGGTTTGCCATGGTTTTGCTGGTGTCT

Clone_2 [PEICCACTCATGGCCATGTGGGAGCTGGAGAAAGATGTTTATGTTGTAGAGGTGGACTGGCGC
NM_022611 EEMICCACTCATGGCCATGTGGGAGCTGGAGAAAGATGTTTATGTTGTAGAGGTGGACTGGCGC
Clone_2 JWABNCCCGATGCCCCTGGAGAAACGGTGACCCTCACCTGTGACAGTCCTGAAGAAGATGACATC
NM_022611 IR MICCCGATGCCCCTGGAGAAACGGTGACCCTCACCTGTGACAGTCCTGAAGAAGATGACATC
Clone_2 IR BEACCTGGACCTCAGACCAGAGACGTGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACT
NM_022611 WA MMACCTGGACCTCAGACCAGAGACGTGGAGTCATAGGCTCTGGAAAGACCCTGACCATCACT
Clone_2 PXSMGTCAGAGAGTTTCTAGATGCTGGCCAATACACCTGCCACAGAGGAGGCGAGACTCTGAGC
NM_022611 FRLMIGTCAGAGAGTTTCTAGATGCTGGCCAATACACCTGCCACAGAGGAGGCGAGACTCTGAGC
Clone_2 KL BENCACTCACATCTGCTGCTCCACAAGAAGGAAAATGGAATTTGGTCCACCGAGATTTTAAAA
NM_ 022611 FELMICACTCACATCTGCTGCTCCACAAGAAGGAAAATGGAATTTGGTCCACCGAGATTTTAAAA
Clone_2 EXPERAATTTCAAAAATAAGACTTTCCTGAAGTGTGAAGCACCAAACTACTCCGGACGGTTCACC
NM_022611 ELLMAATTTCAAAAATAAGACTTTCCTGAAGTGTGAAGCACCAAACTACTCCGGACGGTTCACC
Clone_2 [ YBWTGCTCATGGCTGGTGCACAGAAACACGGACTTGAAGTTTAACATCAAGAGCAGCAGCAGT
NM_022611 [P WTGCTCATGGCTGGTGCACAGAAACACGGACTTGAAGTTTAACATCAAGAGCAGCAGCAGT
Clone_2 [ PEITCCCCTGAGTCTCGGGCGGTGACATGTGGA[JMAGCATCTCTGTCTGCAGAGAAGGTCACA
NM_022611 LY MITCCCCTGAGTCTCGGGCGGTGACATGTGGAMEUAGCATCTCTGTCTGCAGAGAAGGTCACA
Clone_2 LESENC TGAACCAAAGGGACTACGAGAAGTACTCAGTGGCGTGCCAGGAGGACGTCACCTGCCCA
NM_022611 LELMICTGAACCAAAGGGACTACGAGAAGTACTCAGTGGCGTGCCAGGAGGACGTCACCTGCCCA
Clone_2 [ BEACTGCCGAGGAGACCCTGCCCATTGAACTGGTGGTGGAGGCCCAGCAGCAGAATAAATAT
NM_022611 EELMIACTGCCGAGGAGACCCTGCCCATTGAACTGGTGGTGGAGGCCCAGCAGCAGAATAAATAT
Clone_2 (X PENGAGAACTACAGCACCAGCTTCTTCATCAGGGACATCATCAAACCGGACCCACCCAAGAAC
NM_022611 [ IGAGAACTACAGCACCAGCTTCTTCATCAGGGACATCATCAAACCGGACCCACCCAAGAAC
Clone_2 IFRWICTGCAGGTGAAACCTTTGAAGAACTCTCAGGTGGAGGTCAGCTGGGAGTACCCTGACTCC
NM_022611 RS- MICTGCAGGTGAAACCTTTGAAGAACTCTCAGGTGGAGGTCAGCTGGGAGTACCCTGACTCC
Clone_2 IR PWITGGAGCACTCCCCATTCCTACTTCTCCCTCAAGTTCTTCGTCCGCATCCAGCGCAAGAAA
NM_022611 AR TGGAGCACTCCCCATTCCTACTTCTCCCTCAAGTTCTTCGTCCGCATCCAGCGCAAGAAA
Clone_2 X SEGAAAAGACGAAGGAGACAGAGGAGGAGTGTAACCAGAAAGGTGCGTTCCTCGTAGAGAAG
NM_022611 L MIGAAAAGACGAAGGAGACAGAGGAGGAGTGTAACCAGAAAGGTGCGTTCCTCGTAGAGAAG
Clone_2 FIBEACCTCTGCCGAAGTCCAATGCAAAGGGGCGAATATCTGCGTGCAAGCGCAGGACCGCTAC
NM_022611 R MIACCTCTGCCGAAGTCCAATGCAAAGGGGCGAATATCTGCGTGCAAGCGCAGGACCGCTAC
Clone_2 EXPETACAATTCATCATGCAGCAAATGGACATGTGTACCCTGCAGGGGCCGATCCTAAACTAGT,
NM_022611 PELMITACAATTCATCATGCAGCAAATGGACATGTGTACCCTGCAGGGGCCGATCCTAAREEEEES

Figure 2.32: IL-12 p40 subunit sequencing.

Multiple alignment and Box shade representation of the IL-12 p40 subunit clone 2 and the
Rattus norvegicus IL-12 p40 subunit mRNA nucleotide sequences (Pubmed accession number
NM_022611).



2.3.2.5.2 Site-directed mutagenesis

Site-directed mutagenesis was carried out by successive rounds of screening and
correction. Correction efficiencies of 90% were routinely obtained. The frameshift
mutation in pSFVEnh-IL12(p35) at —5bp was corrected and confirmed by Xmal/Spel
restriction digestion (data not shown). The second round of mutagenesis involved the
correction of the 535bp substitution and was confirmed by Ncol restriction digest (data not
shown). The remaining mutation at 374bp was corrected as above and analysed by DNA

sequencing.

2.3.2.5.2 DNA sequencing
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