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ABSTRACT
Oncolytic adenoviruses exploit tumour-specific properties to selectively kill tumor
cells. Anti-tumour effects of combined treatment with adenovirus dll 520
(selective for p53-deficient cells) and chemotherapy are well documented. It was
hypothesized that combined treatment of dll 520 and melphalan would be more
effective than established dh 520-chemotherapy combinations. Colourimetricbased cell viability assays and flow cytometric analysis of cell death were used to
assess anti-tumour effects of combined treatments. Melphalan-mediated
changes in coxsackievirus and adenovirus receptor (CAR) mRNA and protein
levels were assessed using RT-PCR and immunoblot, respectively. Melphalan
enhanced the anti-proliferative effects of dll 520 better than cisplatin and
paclitaxel. Combined dl1520-melphalan treatment resulted in greater-thanadditive cell death. Upregulation of CAR mRNA and protein after melphalan
treatment was observed, although at concentrations higher than assayed for
melphalan-mediated changes in dll 520 sensitivity. Combining dll 520 with
melphalan has potential to afford enhanced therapeutic benefit compared to an
established chemotherapy-dl1520 combination for treatment of cancer.

Key Words: dll 520, oncolytic, adenovirus, melphalan, cisplatin, paclitaxel,
cytotoxicity, head and neck cancer, colon cancer, drug-resistance
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CHAPTER 1:

1.1.

INTRODUCTION

Cancer
The vast majority of diseases afflicting human beings originate from the

introduction of foreign pathogens into the human body that share little homology
with normal human cells. Treatments for such diseases generally afford a high
therapeutic efficacy (that is toxicity is highly selective for pathogens while sparing
healthy human tissues) because they are tailored to target pathogen-specific
molecules and/or pathways. Conversely, cancer poses a unique problem in that it
is derived from one’s own cells. The result is a disease that shares considerable
homology with the surrounding normal human tissues, making it difficult to
generate treatments that are selective for cancer cells. As a result, therapies
remain sub-optimal due to non-specific toxicities and varying degrees of
therapeutic efficacy. Continued efforts are needed to better understand the
disease-specific changes that lead a normal cell to become cancerous, which
can then be used to develop tumour-specific therapies.

1.1.1.

The disease
A common misconception about cancer is that it is a single disease. In

fact, cancer is a generalized term used to describe a group of over 200 different
diseases all exhibiting similar characteristics. Cancer is the result of genetic
modifications that lead to deregulation of cellular homeostasis. Both mutations
that are hereditary and those that are acquired through exposure to exogenous

mutagens contribute to disease progression. Many, if not all cancers, exhibit
distinct cellular changes that lead to malignant growth including: self-sufficiency
in growth signaling, insensitivity to growth-inhibitory signals, evasion of
programmed cell death, limitless replicative potential, sustained angiogenesis,
and tissue invasion [1], The acquisition of these “hallmarks of cancer” is not due
to a single mutation but rather is the result of accumulated genetic damage to a
number of genes within the same cell over time [2]. The most common changes
include dominant gain-of-function mutations to proto-oncogenes, that is, genes
that positively regulate cell cycle progression, or recessive loss-of-function
mutations to tumour suppressors, the genes that negatively regulate the cell
cycle. The mechanism by which cells acquire each of these hallmarks and the
chronological order in which mutations occur is highly variable. As a result, it is
not uncommon to identify tumours that are histologically identical yet behave
differently in response to therapeutic intervention. This diversity in response to
treatment in combination with the fact that tumour-selective treatments are
difficult because tumours originate from normal cells make cancer a difficult
disease to treat.

1.1.2.

Cancer statistics
In its most recent study evaluating the global burden of disease in 2004,

the World Health Organization (WHO) estimates that approximately 3.3 million
females and 4.2 million males died from cancer worldwide, making it the third
leading cause of death [3]. In Canada, an estimated 173,800 people will be
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diagnosed and 76,200 people will die from cancer in 2010 [4]. Both the WHO and
the Canadian Cancer Society predict that cancer incidence and mortality will
continue to climb in the near future due to a growing and aging population.
Continued improvement of current therapies, in conjunction with the
establishment of novel, more efficient treatments, is needed to help combat this
growing disease burden.

1.2.

Head and neck cancer
This year approximately 600,000 people will be diagnosed with head and

neck squamous cell carcinoma (HNSCC) worldwide and more than half will die
from it [5]. The Canadian Cancer Society estimates that in 2010, 4,550
Canadians will be diagnosed and 1,650 people will die from the disease [4], If
caught in the early-stage of disease progression, treatments are generally
effective, but treatments for advanced disease are less effective. Moreover,
current treatments are associated with unfavorable toxicities to the patients.
Limited efficacy and unfavorable toxicities highlight the need to develop newer,
more effective treatments. The cell line (HN-5a) derived from a patient with
HNSCC was used as an in vitro model system for head and neck cancer in the
present study.

1.2.1.

Molecular biology
HNSCC originates from the squamous epithelium lining the upper

aerodigestive tract, which includes the nasal cavity, paranasal sinuses, mouth,
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pharynx and larynx. Major risk factors found to contribute to the incidence of
HNSCC include alcohol and tobacco consumption [6,7].
The disease pathogenesis for HNSCC originates from a single, normal,
epithelial progenitor that after the accumulation of mutations gives rise to a
preneoplastic lesion, eventually progressing to an invasive cancer [8]. The
progression from a normal epithelial progenitor begins with loss of cell cycle
control. A normal epithelial cell that loses control of the cell cycle and becomes
highly proliferative is termed a hyperplasia, a benign but proliferative
preneoplastic lesion. The next step in the development of preneoplastic lesions is
the progression from a hyperplasia to a dysplasia, that is cells that are highly
proliferative and are morphologically distinguishable from normal epithelium. A
mutation to note in the disease progression of HNSCCs is loss of chromosomal
region 17p, which is thought to be associated with the absence of a functional
p53 stress response and is found in over 50% of all HNSCCs [9,10]. The tumour
suppressor p53 has often been referred to as the “guardian of the genome”
because of the important role it plays in maintenance of genomic stability by
mediating the cell cycle arrest and apoptosis in response to DNA damage
[11,12]. The loss of functional p53 often occurs late in the progression from a
dysplasia to an in situ carcinoma, cancers that have not invaded beyond the site
of origin [9]. Thus, the loss of functional p53 likely contributes to genomic
instability, increasing the rate of both accumulation of mutations and disease
progression. Combined, these changes drive the progression from a preinvasive,
often treatable phenotype, to an invasive and deadly neoplasm.
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1.2.2.

Diagnosis
Accurate staging of patients with HNSCC is critical for determining the

appropriate therapeutic strategy. To do so, information must be gathered about
the primary tumour and the extent of metastasis to both cervical lymph nodes
and distant sites. Taken together, this data can be used to group HNSCC into
three general clinical categories: 1) early stage disease (stages l/ll) where the
primary tumour is no larger than 4 cm in diameter with no signs of metastasis, 2)
locally advanced disease (stages III) including primary tumours larger than 4 cm
with potential spread to lymph nodes, and 3) recurrent/metastatic disease (stage
IV) consisting of primary tumours larger than 4 cm with extensive metastasis to
lymph nodes and/or presence of distant metastasis [13].

1.2.3.

Treatment
The primary goal for treatment of patients with HNSCC is complete

abolition of tumour tissues while limiting patient morbidity and tumour relapse.
Further, preservation of both structure and function of the complex head and
neck organs must be taken into consideration in an attempt to preserve the
patient’s quality of life [14].
There are several well-established treatment modalities for HNSCC
consisting of surgery, radiotherapy, and/or chemotherapy. Determining the
specific treatment plan varies from patient-to-patient and is dependent on both
site and stage of the primary tumour in combination with other patient factors
(age, medical conditional 5].
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The standard treatment for early-stage (stages I and II) HNSCC is either
surgery or radiotherapy [16]. According to the National Cancer Institute (NCI)
treatment guidelines for HNSCC, early-stage primary tumours originating in the
nasopharynx, oropharynx, and larynx are preferentially treated with radiation
therapy, whereas tumours originating in the hypopharynx, oral cavity and
paranasal sinuses are preferentially treated with surgery. Taken together, both
treatment strategies are quite successful, with over 80% of early-stage HNSCC
patients exhibiting a 5-year survival [14].
Treatments for patients presenting with advanced locoregional and/or
recurrent metastatic disease (stages III and IV) are less effective. The overall
goal of surgical intervention is tumour excision with sufficient surgical margins to
ensure complete removal of all malignant tissues. However, these margins are
often difficult to achieve due to proximity of tumour tissue to vital organs and/or
spread to distant sites that are inoperable. While effective in early-stage HNSCC,
conventional radiation therapy as a lone therapeutic treatment for advanced
HNSCC is ineffective for locoregional control and does not improve overall 5-year
survival [17]. Further, severe acute toxicities associated with radiation therapy
may pose a problem for patient compliance [17],
Unfavorable side effects and limited therapeutic efficacy resulting from
surgery and radiation therapy for patients with locally advanced HNSCC have led
to the progression of chemotherapy from a palliative to a potentially curative
treatment. Chemotherapy has been used for HNSCC in a palliative setting for
over 50 years [18]. However, its curative potential was not investigated until the
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NCI’s multi-institutional, prospective randomized trial in 1987, which was one of
the first to demonstrate that chemotherapy was a possible adjuvant therapy for
patients with advanced HNSCC [19]. A meta-analyses conducted by the Meta
Analyses of Chemotherapy in Head and Neck Cancer Group of 63 clinical trials
between 1965 and 1993 demonstrated a 4% 5-year overall survival benefit for
patients treated with chemotherapy in conjunction with standard therapy [20]. A
follow-up report including an additional 24 trials between 1993 and 2000
confirmed the benefit of chemotherapy [21]. Tumour response to concurrent
chemotherapy and radiation treatment is more pronounced using platinum-based
regimens than radiation therapy alone [22,23].
The anticancer activity of c/s-Diammine-dichloro-platinum II (cisplatin)
results from the induction of DNA damage [24,25]. The concurrent treatment of
cisplatin with radiation, in doses of 100 mg/m2 every 3 weeks during the course
of the radiotherapy, was shown to be highly effective and has been widely
accepted as the standard of care for concurrent chemoradiotherapy of HNSCC
[22], Additional Food and Drug Administration approved usages of cisplatin
include ovarian, testicular, cervical, and non-small cell lung cancers [26],
However, common adverse events associated with use of cisplatin include
leucopenia, nausea/vomiting, anemia, and muscular fibrosis [22,27,28].
Unfavorable toxicity profiles, combined with marginal patient response with
conventional therapy for patients with advanced HNSCC highlights the need for
newer, more efficacious yet less toxic therapeutic strategies.
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1.3.

Establishment of a novel treatment strategy
Viruses are organisms that are capable of transferring foreign genetic

information into host cells, which are subsequently ‘hijacked’ and used for virus
replication. Following successful virus replication the host cell is killed, releasing
virus progeny able to infect adjacent cells. As the understanding of virus biology
grew, so too did the idea that these same disease-causing agents had the
potential to be used for therapeutic purposes. Two general strategies have
emerged for using viruses as therapeutics. The first utilizes their naturally
occurring ability to act as vectors capable of introducing foreign genetic
information into cells. Researchers are able to remove essential genes
necessary for virus replication, making them replication-deficient vectors that are
used to selectively deliver therapeutic payloads to target cells [29]. The second
strategy, which is utilized for this project, modifies the virus in a way that limits
the range of potential host cells, making them capable of infecting and/or killing
only target cells [30].
Oncolytic virus therapy utilizes replication-selective viruses capable of
infecting and/or replicating only in tumour cells. Two mechanisms are used for
the creation of oncolytic viruses. The first is to put the expression of essential
virus genes under the control of tissue-specific promoters [31]. The second
mechanism is to delete essential virus genes necessary for virus replication in
normal cells but that are complemented by the genetic defects found in various
cancer cells [30]. The latter strategy was used to generate a genetically-modified
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human adenovirus (HAdV) that was utilized for the project described in this
thesis.

1.3.1.

Human adenovirus

1.3.1.1.

Rationale for use as a therapeutic agent

The HAdV has three attractive features for its use as a platform for an
oncolytic virus: first, the HAdV is not associated with any serious disease [32];
second, the molecular biology underlying virus replication is well understood; and
third, commercial manufacturing of oncolytic HAdVs is possible because they can
be grown in high titers [33]. However, there are several limitations to the use of
HAdVs as oncolytic viruses. Most adults have been exposed to these viruses
growing up resulting in a relatively high prevalence of circulating anti-HAdV
antibodies, thus limiting the efficacy of systemic administration [34,35,36,37],
Secondly, barriers exist which limit the potential spread to adjacent tumour
tissues once virus replication occurs. For example, solid tumour tissues are most
often heterogeneous in their cellular composition. Oncolytic HAdVs that are
cytotoxic to epithelial-derived tumour cells may induce cytotoxicity less effectively
in other cell types such as fibroblasts, which make up a portion of the tumour
microenvironment [30]. Moreover, additional factors present in the tumour
microenvironment, such as the extracellular matrix, can act as physical barriers
that prevent efficient virus distribution within the tumour [38]. Despite these
limitations, the HAdV remains one of the most investigated viruses for use as an
oncolytic virus.
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1.3.1.2.

Taxonomy

The taxonomic delineation of the HAdV begins with the family
Adenoviridae, consisting of viruses able to infect a broad range of vertebrates,
which is further categorized into the genus Mastadenovirus, viruses capable of
infecting mammals. The HAdV was first discovered in 1953 by researchers trying
to establish cell lines from human adenoidal tissues and was named from the
tissue of origin [39]. Since then, 51 distinct serotypes have been identified which
fit into 7 subgroups (A-F) based on genetic and biological homology [40]. HAdV
from subgroup C (serotypes 1,2, 5 and 6), which is used in the present study,
are associated with 5-10% of all respiratory illnesses in children [32],

1.3.1.3.

Morphology

The HAdV is a non-enveloped virus approximately 90 nm in diameter. The
linear, double-stranded DNA genome is encapsulated within an icosahedral
protein capsid structure comprised of 9 proteins numbered ll-IX in order of their
increasing motilities in an SDS-polyacrylamide gel [41].
A combination of X-ray crystallography (resolution in the range of 1-10
and electron microscopy (resolution in the range of 25-500

A)

A) has been used to

construct a detailed high-resolution image of the capsid structure of the HAdV
[42]. The peptide structures comprising the capsid are categorized as major,
minor, and core proteins corresponding to their functions (Figure 1.3.1.3). The
major components of the capsid consist of hexons (II), penton base (III), and fiber
(IV) proteins [42], Hexons are the most abundant structural protein. Each capsid

Figure 1.3.1.3. Human adenovirus (class C, serotype 5) morphology.
Capsid proteins are classified according to function. Major capsid proteins
(penton, hexon, fiber) form basis of the icosahedral protein capsid. Minor capsid
proteins (Ilia, VI, VIII, IX) help to stabilize the major proteins and aid in
anchorage of the genome to the capsid. Core proteins (V, VII, Mu) are found
associated with HAdV-DNA.
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consists of 240 homotrimers arranged to form the 20 facets of the icosahedral
capsid shape. The 20 facets converge to form 12 vertices from which the penton
complex protrudes. The penton complex consists of a pentameric base of
peptide III surrounding the proximal portion of the fiber, a trimer of peptide IV,
which extends from its center [41,42].
Minor proteins Ilia, VI, VIII and IX are found associated with the hexons
and are thought to help cement together and thus stabilize the major capsid
proteins [42,43]. The remaining core protein peptides V, VII and Mu are
associated with DNA. Anchorage of virus DNA to the capsid is thought to occur
through an interaction with DNA-binding protein V and hexon-associated protein
VI [44].

1.3.2.

Human adenovirus replication process

1.3.2.1.

Cellular attachment

Whereas an enveloped virus is able to gain entry to targeted cells simply
by fusing with its cell membrane, the entry of a non-enveloped virus is more
complex. Typically, these viruses must induce the target cell to actively
internalize the virus. The HAdV does this mainly through the cellular process of
receptor-mediated endocytosis (Figure 1.3.2.1) [45]. The rate-limiting step in its
internalization is the initial binding of the HAdV fiber protein to its primary
receptor, the Coxsackievirus and Adenovirus Receptor (CAR) (Figure 1.3.2.1 A)
[46].

Figure 1.3.2.1. Human adenovirus internalization.
(A) Virus knob of the fiber protein binding to CAR mediates HAdV attachment.
(B) Binding of both av(33 and av05 integrins to an RGD sequence on penton
base facilitates receptor internalization.
(C) Formation of clathrin-coated pits occurs as the HAdV undergoes receptormediated endocytosis.
(D) The decrease in pH associated with the formation of endosome causes
detachment of the HAdV fibers and dissociation of av(33 but not av(35 which
remains bound.
(E) Cytosolic penetrance of the HAdV is still largely unknown. It is believed that
av(35 binding is associated with endosomal permeabilization.(F) Nuclear translocation of partially disassembled HAdV capsid.
(G) Association with the nuclear pore complex further mediates capsid
disassembly and HAdV genome entry to the nucleus.
(H) HAdV genome gains entry to the nucleus.
(I) Transcription of HAdV genes necessary for HAdV replication.
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1.3.2.2.

Coxsackievirus and adenovirus receptor

The integral membrane cell surface protein CAR consists of 365 amino
acids with intracellular, transmembrane, and extracellular domains consisting of
107, 22, and 236 amino acid residues, respectively [47], This receptor is
evolutionarily conserved between humans and mice, which share 91%, 77%, and
95% homology between extracellular, transmembrane, and intracellular domains,
respectively [48]. The predicted molecular weight based on the amino acid
sequence is 40 kDa [47]. However, N-glycosylation at two amino acid residues,
N106 and N201, change the observed molecular weight to 46 kDa as observed
by migration using SDS-PAGE [47,49,50],
The extracellular domain of CAR consists of two immunoglobulin-like
domains, D1 and D2, corresponding to the distal and proximal regions,
respectively [46,47]. The D1 domain is believed to serve as the site for HAdV
fiber binding [46]. Deletion of this domain resulted in reduced HAdV infection.
The D2 domain was also implicated in HAdV fiber binding by acting as a spacer
to allow the D1 domain to be presented [46].
The intracellular domain of CAR is thought to be involved in intracellular
signaling [51]. Typically, peptides involved in cell signaling contain conserved
multi-molecular protein interaction domains able to modulate peptide-peptide
signaling (e.g. SH2, SH3, PDZ). Yeast two-hybrid screening, combined with in
vitro pull-down experiments demonstrated a direct interaction between the
intracellular domain of CAR and several intracellular signaling molecules [51].
This interaction may be due to a sequence similarity between the last four amino
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acids on the intracellular c-terminal (DGSIV) tail and known PDZ-binding
domains [47].
Epithelial cells are found lining all surfaces of the body. This densely
packed layer of cells forms a protective barrier helping to regulate transfer of
molecules between the apical and basal surfaces. Epithelial cells associate with
each other through junctional complexes formed between cell surface proteins
expressed on the lateral plasma membrane. The most apical component of these
junctional complexes is known as the tight junction. CAR localizes to tight
junctions between epithelial cells where it interacts with extracellular CAR
domains on adjacent cells [46,48]. Therefore, putative functions for CAR include
cell-cell adhesion and cell signaling.

1.3.2.3.

Internalization

After binding to CAR, secondary binding of integrins avp3 and av(35 to
Arginine-Glycine-Aspartic acid (RGD) sequences found on the penton base
complex occurs [52,53]. Association of integrins facilitates the formation of early
endosomes and subsequent dissociation of the capsid fiber and several minor
capsid proteins [54,55]. HAdV penetration of the endosome may involve av(35
due to the ability of this integrin to remain bound to the penton base under the
slightly acidic conditions of the endosome [56,57], Once in the cytoplasm,
additional capsid proteins dissociate, further destabilizing the capsid structure
[55]. Partially disassembled HAdV capsids then utilize dynein-tubulin interactions
to translocate to the nucleus [58]. The process of HAdV internalization and
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subsequent endosomal escape is rapid, with over 80% of HAdV particles found
in the cytoplasm or perinuclear space only 20 min after HAdV infection [55]. The
nuclear pore complex aids in further capsid disassembly and serves as the
gateway for the HAdV genome to enter the nucleus where it is able to initiate
HAdV gene transcription [60,61].

1.3.2.4.

Gene expression

Several studies in the early 1980’s collectively helped map the genome of
the HAdV subclass C, serotype 5 [62,63,64,65,66,67]. They identified several
clusters of gene products responsible for various functions during HAdV
replication. Nomenclature of transcribed genes is assigned based on the
chronological order relative to HAdV DNA replication. Early genes (E) are
transcribed prior to DNA replication, whereas late genes (L) are transcribed
following it (Figure 1.3.2.4A).
E(1-4) generate the optimal environment for HAdV replication by inducing
cells to enter S-phase of the cell cycle, protection from cellular defense
mechanisms, induction of HAdV gene products necessary for replication, and
replication of the HAdV genome (Figure 1.3.2.4A).
E1 A, the first transcribed HAdV gene, protein is able to induce entry into
S-phase of the cell cycle by binding to and inactivating the tumour-suppressor
retinoblastoma protein (pRB) [68]. In quiescent cells, pRB exists bound to cellular
E2F-1 transcription factor, rendering E2F-1 inactive [69]. Binding of E1A to pRB
causes the release of E2F-1, which translocates to the nucleus and initiates

Figure 1.3.2.4. Human adenovirus genome.
(A) Transcription map of the HAdV genome (modified from [67]). The 36 kb
double-stranded DNA genome is broken into 100 map units. Gene products are
represented as early (E) or late (L) according to the chronological order in which
they are expressed. E1-4 are represented with white arrows, L1-5 are
represented with black arrows.
(B) Expression of E1A and E1B gene products drive the cell cycle and inhibit
host cell defense mechanisms. E1A induces the cell cycle by liberating cellular
transcription factor E2F-1 from inhibitory protein pRB, allowing for transcription of
genes that initiate cell cycle progression. However, E1A indirectly activates p53
stress response. E1B-55 and E1B-19 inhibit both p53-dependent and p53independent apoptosis.

20

L5
L4
E1B (= >
E 1 A i=>

0

L1

10

20

E3 i--------- >

30

40

50

60

70

80

90

100

1 -1--- 1--- 1-----1-- 1-----1--1-----1-- 1--- 1
<

< = '

i

<
E2B

B
s

i E2A

< = □ E4

21

transcription of genes, the products of which drive the progression of the cell
cycle [70,71], These S-phase-specific gene products help generate the optimal
environment for HAdV replication. However, E1 A-dependent activation of cell
cycle progression indirectly activates a p53-dependent response to protect
against aberrant proliferation. This is because one of the genes activated by
E2F-1 is p14ARF [72], the product of which is a negative regulator of mdm2, which
in turn is a negative regulator of p53 protein. Therefore, the p53 response
pathway is inadvertently activated as a result of E1A activity, which would hinder
the ability of the HAdV to successfully reproduce [72,73,74]. Thus, to circumvent
this problem, the second transcribed HAdV gene product, E1B, inhibits this E1Ainduced p53 response.
Four differentially spliced mRNAs (13S, 14S, 14.5S, and 22S) are
generated from transcription of the E1B promoter, the two most abundant being
the 13S and 22S mRNAs [75]. These mRNAs all contain two open reading
frames [67], Translation from the first open reading frame begins at nucleotide
1711 and proceeds to a stop codon at nucleotide 2236, resulting in a 175 amino
acid polypeptide that migrates on SDS polyacrylamide gels with an apparent
molecular weight of 19 kDa (E1B-19) [76]. Translation from the second open
reading frame begins at nucleotide 2016 and is prematurely stopped on all
mRNAs except the 22S product that proceeds uninterrupted to nucleotide 3501,
generating a 495 amino acid polypeptide that migrates on SDS polyacrylamide
gels with an apparent molecular weight of 55 kDa (E1B-55) [76]. The function of
E1 B-19 and E1 B-55 is to protect the HAdV from the host cell defense
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mechanisms. The E1B-55 protein binds to and inactivates p53 protein [77].
Further, E1 B-55 has been implicated in p53 protein shuttling from the nucleus to
cytoplasm where it then targets p53 protein for poly-ubiquitination and
subsequent degradation [78]. Therefore, E1B-55 is responsible for direct
inhibition of the p53 stress response. However, in addition to its indirect
activation of p53, E1A expression also sensitizes cells to p53-independent cell
death, such as TNF-alpha-induced death receptor signaling [79]. The E1B-19
protein shares considerable functional and sequence homology with the cellular
anti-apoptotic protein Bcl-2 [80]. E1B-19 binding of proapoptotic proteins (Bak
and Bax) prevents mitochondrial pore formation and subsequent apoptosis
[81,82].
Transcription of the E2 genes generates proteins necessary for HAdV
replication, including the single-stranded DNA-binding protein, DNA polymerase,
and the terminal protein precursor [83,84],
Transcription of the E3 region of the HAdV genome yields several
immune-modulating proteins that function to protect the HAdV from attack by
cytotoxic T-cells by preventing the expression of MHC class I molecules at the
cell surface [85], preventing the activation of pro-apoptotic cytokines and also
blocking immune-mediated inflammation [86]. Further, transcription from the E3
region is also important for producing a protein necessary for efficient host cell
lysis and release of HAdV progeny following HAdV replication [87,88].
The E4 region of the HAdV genome codes for proteins responsible for
induction of both early and late HAdV gene transcription, HAdV DNA replication,
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shut-off of host mRNA and protein synthesis, and inhibition of host DNA repair
mechanisms [89,90].
Transcription of the L1-5 regions is initiated from a single, major late HAdV
promoter that is only fully activated during the latter stages of HAdV replication
[91]. Transcriptional products from this promoter produce capsid proteins
necessary for constructing HAdV progeny [62,63,64,65,66,67].

1.4.

Oncolytic human adenovirus dl1520 (ONYX-015, CI-1042)
The ultimate goal in the development of new anticancer treatments is

selective activity against tumour cells. Conservative estimates predict that over
50% of all tumours lack functional p53, a tumour suppressor protein able to
mediate growth inhibition and/or apoptosis [92]. This difference between normal
and cancerous or precancerous cells can be exploited for development of
tumour-specific therapies.
In 1996, Dr. Frank McCormick and his team at Onyx Pharmaceuticals
were the first to successfully identify a genetically-modified HAdV of serotype 5
capable of selective cytolysis of p53-deficient cells in vitro [30]. The HAdV,
dll 520 (also known as ONYX-015 and CI-1042) was originally created in an
attempt to identify the E1B proteins essential for the process of cellular
transformation [93]. The HAdV is genetically modified to contain an 827-base pair
(bp) deletion and a point mutation in codon 2022 within the gene coding for E1B.
Consequently, a truncated and non-functioning E1B-55 protein is produced
without affecting the production of E1B-19 protein [93].
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During wild-type HAdV infection, E1B-55 protein binds to and inactivates
p53 [77,94], Further, E1B is able to associate with E4orf6, another early HAdV
protein, to export p53 to the cytoplasm and target it for degradation [95,96].
Inhibition of p53 function results in a loss of its growth inhibitory and apoptotic
effects thereby allowing for HAdV reproduction to occur [94], When dll 520
infects a cell expressing functional p53, dll 520 replication is inhibited due to the
p53 response. This is because dll 520 does not have functional E1B-55 to
inactivate p53. In contrast, p53-deficient cells are unable to induce the p53
response when infected with d ll520 and thus support dll 520 replication and
subsequent tumour cell lysis [30], This preferential replication in p53-deficient
cells serves as the basis for the selectivity of dll 520 for cancer.

1.4.1.

In vitro and in vivo studies
Preferential replication of dll 520 in several p53-deficient cell lines and

evidence that non-functional E1B-55 protein (unable to bind and inactivate host
p53) produced by dll 520 was responsible for this preferential replication
demonstrated the potential for dll 520 to be used as a replication-competent
oncolytic virus for the treatment of cancer [30]. In addition, in vivo data
demonstrated that treatment of p53-deficient but not p53-functional tumour cell
xenografts with dll 520 resulted in an 84% reduction in mean tumour volume
compared to a UV-inactivated wild-type HAdV control.
Subsequent studies by the same group and others validated these
preliminary findings. A panel of tumour cell lines (brain, breast, cervix, colon,
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larynx, liver, lung, ovary and pancreas) each with a non-functional p53 were
screened in vitro and were shown to be sensitive to the cytolysis induced by
dll 520 [97], Further, reducing expression of functional p53 in cell lines resistant
to the dl1520-induced cytolysis sensitized them to dll 520 [30,98].
Nonimmortalized, primary human epithelial cells in culture are resistant to the
cytolysis induced by dll 520 at concentrations up to 1000x higher than those able
to induce complete cytolysis of p53-deficient tumour cell lines [97,99]. This
preferential cytolysis of tumour cells while sparing healthy tissues may lead to a
relatively high therapeutic index for dll 520 therapy.
In vivo pharmacokinetic studies were conducted in nude mice
[97,100,101,102,103,104], For intratumoural (i.t.) injections, multiple smaller
doses were found to be more effective at inhibiting tumour growth than a single
dose, possibly due to an increase in dll 520 distribution within the tumour [102].
Maximum tolerated dose for intravenous (i.v.) injection with 100% survival was
determined to be 1.7 x 109 plaque forming units (PFU), while the lethal dose,
primarily due to liver necrosis, was 5 x 101° PFU [103]. There is a rapid uptake of
dll 520 by the liver and clearance from the blood following i.v. injection [103].
In vivo selectivity was evaluated by administration of dll 520 to mice
xenografted with tumour cell lines that were either p53-functional or p53deficient. An i.t. injection of tumours with 108 PFU daily for 5 d resulted in
significantly improved survival for mice with tumours deficient in p53 compared to
those with functional p53 [97], Additional in vivo studies have demonstrated the
ability of dll 520 to reduce tumour growth in both newly injected and established
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tumours, suggesting a potential treatment of metastasis [103].
In addition, dll 520 may have potential for treatment of drug-resistant
tumours because the mechanism underlying dll 520 cytotoxicity should not, in
theory, be blocked by tumour cell strategies that mediate resistance to
chemotherapeutic drugs. In fact, acquisition of cisplatin-resistance in an ovarian
carcinoma cell line conferred enhanced sensitivity to dll 520 in vitro [97,
100,105].
Typical chemotherapeutic regimens rarely consist of a single agent. More
often patients receive a treatment consisting of multiple chemotherapeutics in
order to enhance therapeutic effect and minimize any side effects. Consequently,
combination therapies enhance the potential for positive agent-agent
interactions. Therefore, dll 520 should be considered for use as a part of
combination therapy.
The potential for conventional chemotherapy and dll 520 to be
administered in combination was first evaluated in 1997 [97], Nude mice were
xenografted with HLaC cells, a tumour cell line derived from a human laryngeal
carcinoma with a non-functional p53 response. Tumours were then injected with
108 PFU dll 520 daily for 5 d and/or intraperitoneal (i.p.) injection of either
cisplatin or 5-fluorouracil (5-FU, a chemical inhibitor of thymidylate synthase
[106]). Unlike either drug alone, treatment with dll 520 alone enhanced survival
times. Further, the median survival was significantly increased by the
combination therapy compared to the respective chemotherapy alone treatments:
38 days versus 24 days for 5-FU-treated groups and 44 versus 27 days for the
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cisplatin-treated groups, respectively [97], This study identified a potential
additivity between dll 520 and chemotherapy, although they failed to provide
evidence to support a greater-than-additive effect. Additional studies
investigating treatments consisting of dll 520 and traditional chemotherapeutic
drugs have been promising. The in vitro and in vivo cytotoxicity of dll 520 were
augmented when combined with various chemotherapy drugs, including cisplatin,
paclitaxel (microtubule-stabilizing anticancer agent [107]), L-phenylalanine
mustard (melphalan, a DNA-alkylating agent [108]), and doxorubicin (an inhibitor
or topoisomerase II [109]) at concentrations that had minimal cytotoxicity when
administered alone [98,99,110]. The combination of dll 520 with radiation therapy
did not inhibit d ll520 replication in vitro, and the combination treatment resulted
in a tumour growth inhibitory effect in vivo greater than that achieved with either
monotherapy [104]. Taken together, these studies highlight the potential for
combined treatment with chemotherapy to potentially improve the therapeutic
benefit of d ll520.

1.4.2.

Phase I & II clinical trials
Collectively, pre-clinical studies provided promising data for the potential

use of dll 520 as a first-line therapy for many human cancers, at least as part of a
combination with chemotherapy [97,98,99,103,105]. This pre-clinical success led
to the initiation of several small phase I clinical trials by Onyx Pharmaceuticals
Inc., the company that, at the time, held the intellectual property rights to the
dll 520 in North America and Europe. A broad scope of both primary tumour
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origins (head and neck, lung, colorectal, liver and pancreas) and administration
routes (i.t., i.v., and intra-arterial [i.a.] injections) were investigated in their trials
[34,35,36,111,112,113]. Regardless of route of administration, no dose-limiting
toxicities were observed up to and including the maximum administered dose of
2.0 x 1013 PFU [113].
Following both i.v. and i.a. injections of dll 520, HAdV genome was
detectable in patient blood samples using a polymerase chain reaction (PCR) for
up to 6 h [35,36,113]. One study determined its elimination half-life from the
blood to be approximately 20 min [113]. Clearance of dll 520 particles from the
blood was likely due to the liver, but dll 520 does not adversely affect liver
function [111,112]. Several studies were able to detect a reappearance of dll 520
in blood plasma samples several days after complete clearance of virus particles
from the initial treatment [36,113]. This, in combination with detection of dll 520
particles in several tumours but not healthy tissue biopsies, lead to the
speculation that the re-emergence of dll 520 particles in the blood was evidence
that dll 520 replication and dissemination had occurred from tumour tissues back
into systemic circulation [34,36,111,113].
Approximately 50-70% of patients are positive for anti-HAdV-neutralizing
antibodies in blood plasma prior to treatment [34,35,36,37], Following dll 520
treatment, titers were increased and/or became positive for all patients
regardless of the virus dose [34,35,36,111,113].
Adverse effects were well documented during the various clinical trials.
The most common adverse events were local pain at the site of injection and
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mild flu-like symptoms including fever, rigors, myalgias, asthenia and/or chills
[34,35,36,111,112,113]. These symptoms presented up to 8 h following
administration of dll 520, subsided without therapeutic intervention, and lasted
only 24-48 h.
Whereas dll 520 treatment was well tolerated, there were mixed results
with regards to therapeutic efficacy. One study reported a significant correlation
between the induction of tumour response and the absence of functional p53.
However, objective tumour response was observed in only 14% of patients
enrolled in the trial with no significant change in time-to-tumour progression
[114]. Another trial by the same group evaluated therapeutic efficacy when
dll 520 was administered according to the standard i.t. injection schedule (2 x
1011 PFU daily for 5 d) verses a hyperfractionated 4-fold higher dosing schedule
(2 x 1011 PFU twice daily for 10 d). There was no difference in the percentage of
patients with a tumour response between the two dosing schedules. Further,
patient response was similar to their previous trial, with only 14% of patients
demonstrating either a partial or complete regression of the injection-treated
tumours [115]. Other studies failed to demonstrate objective patient responses,
although several trials reported transiently stabilized tumours prior to disease
progression and patient death [34,111,113].
While seemingly inefficient as a solo treatment option, the potential for
combined therapy of d ll520 with conventional chemotherapeutics has been
demonstrated both in vitro and in vivo [97,98,99,104], In 2000, phase II clinical
trials investigating the combination of d ll520 with cisplatin and 5-FU in patients

30

with recurrent HNSCC were reported. In one trial, locoregional control was
observed [116]. In the second study, patients with multiple tumours were injected
with dll 520 into only the largest, most clinically relevant one leaving the others
as intra-patient controls [37]. Treatment with concurrent 5-FU or cisplatin induced
objective tumour response (greater than or equal to a 50% decrease in size of
injected tumour) in 19 of the 37 patients. Of the patients that had tumour
responses, no dl1520-injected tumours progressed up to a year after treatment.
In patients with multiple tumours, objective response was observed in 9 of 11
dl1520-injected and 3 of 11 non-injected tumours. Further, tumour progression
was significantly slowed in dl1520-injected compared to the non-injected
tumours. However, a pitfall of this study is they failed to inject the non-injecteddl1520 tumours with a volume of saline to control for the mechanistic act of
tumour injections.

1.4.3.

Phase III clinical trials
Success both at the preclinical and early phase I and II clinical trials led

Onyx Pharmaceuticals to initiate a phase III trial early in 2000, investigating the
combination of dll 520 with chemotherapy for the treatment of recurrent head and
neck cancer [117], The proposed trial was to take place at over 40 centers in
both the United States and Europe and include over 300 patients. The trial was
designed to be a randomized two-arm study comparing intratumoural injection of
dll 520 in combination with standard chemotherapy (cisplatin and 5-FU) verses
chemotherapy alone.
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Unfortunately, in 2000, Onyx Pharmaceuticals lost its financial backing
when Pfizer acquired its development partner, Warner-Lambert. At the time,
Onyx Pharmaceuticals had two agents that were slated to begin phase III testing:
the oncolytic HAdV dll 520 and the small molecule tyrosine kinase inhibitor BAY
43-9006 (now known as Sorafenib). Subsequently, due to loss of financial
backing, Onyx Pharmaceuticals suspended the dll 520 project in favor of further
development of the BAY 43-9006 [118,119]
At the same time, a similar HAdV was under development in China by
Shanghi Sunway Biotec. The HAdV, H101, is almost identical to dll 520 with the
only difference being a slightly larger deletion of H101 ’s E3 region [93,120]. In
2000 Sunway Biotech initiated a phase III clinical trial investigating i.t. injection of
H101 in combination with cisplatin-based chemotherapy for HNSCC [121].
Patients received i.t. injection of H101 daily for 5 d in combination with or without
standard chemotherapy (20 mg/m2 cisplatin and 500 mg/m2 5-FU daily for 5 d)
followed by 16 d treatment hiatus. Patients received more than 2 but no more
than 5 cycles of this treatment regimen. Patients not responding after a single
cycle were treated with an alternate chemotherapy (50 mg/m2 doxorubicin and
500 mg/m2 5-FU daily for 5 d). Overall patient responses as evaluated according
to the WHO criteria were significantly greater when treated with H101 and
standard chemotherapy compared to standard therapy alone (78.8% vs. 39.6%,
respectively). The main side effects were fever (45.7%), injection site reaction
(28.3%) and influenza-like symptoms (9.8%). A major criticism of this study is
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that Sunway did not report patient survival due to the fact that many patients
lived in isolated rural areas, making patient follow up very difficult [118].
It was on the basis of this trial that the Chinese State Food and Drug
Administration (SFDA) approved H101 for the treatment of advanced
nasopharyngeal carcinoma in combination with chemotherapy on November 17,
2005 [118]. This legislation marked the first time that any governing body had
ever approved an oncolytic virus therapy for cancer.
In 2005, Sunway Biotech Inc. acquired the intellectual property rights to
dll 520 from Onyx Pharmaceuticals in hopes to develop use of H101 in North
American and European markets [122,123].

1.5.

Limitations of oncolytic human adenoviruses
The FIAdV is an attractive candidate for generation of oncolytic vectors.

Flowever, several obstacles need to be overcome before they are acceptable to
be used regularly in the clinic.

1.5.1.

CAR levels in tumour tissues
Oncolytic HAdVs are reliant on gaining entry to the target cell before they

are able to elicit a therapeutic effect. Association of the FIAdV with CAR serves
as the primary and rate-limiting step in virus internalization [46,47], Flowever,
there is a complex relationship between CAR level and cancer progression. Both
CAR mRNA and CAR protein levels have been shown to be elevated in breast
tumour tissues with CAR levels correlating to poor overall survival [124]. In
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contrast, a reduction in CAR levels was associated with increased human
prostate tumour grade [125]. Further, loss of CAR in patients with gastric cancer
significantly correlated to reduced survival and an increase in metastases [126].
In vitro siRNA-mediated CAR-knockdown in a gastric carcinoma cell line
correlated with increased cell proliferation, migration and invasion [126].
Together, these studies indicate that changes in CAR levels may be tumourspecific and that further studies are needed to better understand the complexity
of the interaction between CAR and cancer progression.
Tumour cells that express high levels of CAR may serve as potential
targets for HAdV-based therapies. However, sub-cellular CAR protein localization
may further limit which tumour cells are potential targets. Cells with basolateral
localization of CAR protein have reduced HAdV entry [48]. Disruption of epithelial
cell polarity causes deregulation of both CAR protein levels and localization,
which subsequently alters HAdV infection [127]. CAR levels was measured in a
parental mammary epithelial cell line (S1) expressing a normal, non-malignant
phenotype and a transformed variant (T4-2) derived from S1 cells grown in
culture deficient in epidermal growth factor signaling [127], Both cell lines had
similar CAR levels when grown in a two-dimensional (2-D) plastic tissue culture
plates. However, cultures grown on a reconstituted basement membrane
simulating a three-dimensional (3-D) growth environment resulted in a significant
increase in both CAR mRNA and CAR protein in the T4-2 cell line compared to
the S1 parental line. Further, CAR levels appeared to be localized to tight
junctions in S1 cells whereas T4-2 cells exhibited a more diffuse cytoplasmic
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localization. As expected, the T4-2 cell line cultured in 3-D was more susceptible
to infection with HAdV than its parental counterparts, a difference not observed
when both were grown in 2-D culture. A better understanding of both sub-cellular
localization and cellular expression of CAR is useful for determining suitable
candidates for HAdV-mediated therapies.
In addition to basal levels and localization, CAR levels are responsive to
various stimuli, which adds additional level of complexity to the understanding of
its biology. Treatment of cells in vitro with cytokines diminished CAR cell surface
protein levels, total cellular CAR protein and CAR mRNA levels [128]. Contrary to
this, disruption of the Raf-MEK-ERK pathway by treating with various MEK
inhibitors resulted in an up-regulation of both total CAR protein and CAR cell
surface levels [129]. Indeed, CAR levels appears to be modifiable upon exposure
to both exogenous and endogenous stimuli. A better understanding of how these
stimuli affect CAR levels may lead to the identification of new therapeutic drugdll 520 combinations which are likely to enhance d ll520 therapy through
modification of its primary cell surface receptor.

1.6.

Thesis rationale, hypothesis, and objectives

1.6.1.

Rationale
Cisplatin, a drug frequently used to treat HNSCC [22,130] augmented

therapy with dll 520 in vitro, in vivo [97,98] and in the clinic [37,116,121]. To date,
research has focused primarily on the use of dll 520 to treat HNSCC
[34,37,97,98,101,102,114,115,116,121], There has been limited interest in using
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dll 520 for the treatment of different tumour types, such as colorectal carcinomas
[36]. We chose to study two human tumour cell lines originating from different
tissues, a HNSCC (HN-5a) and a human colorectal adenocarcinoma (HT-29) to
both identify new, more effective treatments for HNSCC and to investigate
colorectal carcinomas as a potential target for dl1520-mediated therapy.
Additionally, previous studies have identified that the acquisition of resistance to
chemotherapy has the potential to enhance the sensitivity of human tumour cell
lines to dl1520-mediated cytotoxicity in vitro [97,105]. Treatment with cisplatin
remains part of the standard of care for patients with HNSCC [22]. Use of cisDiammine-1,1-cyclobutane dicarboxylate platinum II (carboplatin, a similar
platinum-based DNA-damaging agent to cisplatin) has emerged as an alternative
to cisplatin therapy because of similar therapeutic efficacy while exhibiting a
more favorable toxicity profile [23,131,132]. However, approximately 30% of
patients exhibit locoregional recurrence and/or distant metastasis with only 30%
of patients surviving past 5 years [23]. Therefore, included in this study were both
cisplatin-resistant (HT-29/CP-5c) and carboplatin-resistant (HN-5a/carbo-15a and
HT-29/carob-15d-1) variants of our parental cell lines to investigate the use of
dll 520 as a therapeutic strategy for management of these drug-resistant
phenotypes. The present study investigated the combination of dll 520 with
chemotherapy to enhance therapeutic effect. Chemotherapy drugs chosen to be
screened in combination with dll 520 included: cisplatin as it is frequently used to
treat HNSCC and has been shown to enhance therapy of HNSCC when
combined with dll 520 [22,97,98,130], paclitaxel and melphalan as they have

36

both previously shown to augment the effect of dll 520 in vitro [107,110].
Furthermore, the interaction between dll 520 and chemotherapy has been poorly
studied. The present study investigates potential chemotherapy-mediated
changes to both levels CAR and d!1520 replication as a potential mechanisms for
any potential enhanced therapeutic effects observed when chemotherapy was
used in combination with dl520.

1.6.2.

Hypotheses

1) Melphalan will enhance the capacity of dll 520 to reduce proliferation/kill
human tumour cells better than cisplatin or paclitaxel.
2) Melphalan-mediated induction of CAR protein and CAR mRNA levels
enhances sensitivity to dll 520.
3) Melphalan treatment of human tumour cells enhances dll 520 production.

1.6.3.

Specific objectives

1) To generate dll 520 stocks of defined PFU/ml capable of reducing growth of
human tumour cells.
2) Measure basal CAR mRNA and CAR protein levels in 5 human tumour cell
lines; HN-5a and carboplatin-resistant variant HN-5a/carbo-15a; HT-29 and a
cisplatin-resistant (FIT-29/CP-5c) and carboplatin-resistant (HT-29/carbo-15d-1)
variants to assess their sustainability for treatment with dll 520.
3) Measure the sensitivity of all 5 human tumour cell lines to dll 520, melphalan,
paclitaxel, and cisplatin agents alone.
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4) Measure chemotherapy-mediated (melphalan, paclitaxel, and cisplatin)
sensitization of human tumour cell lines to dll 520 as a function of a reduction in
dl 1520 IC50.
5) Measure melphalan-induced changes in CAR mRNA and CAR protein in HN5a cells.
6) Measure cell death induced by combined melphalan and dll 520 treatment.
7) Measure dll 520 production in the presence of melphalan.
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CHAPTER 2:

2.1.

MATERIALS AND METHODS

Reagents
Eagle’s alpha modified minimum essential medium (a-MEM), Dulbecco's

modified Eagle’s medium (DMEM), and trypsln/ethylenediamlnetetraacetlc acid
(EDTA) were all obtained from Wisent Inc. (Mississauga, ON). Fetal bovine
serum (FBS) was purchased from GIBCO™ Invitrogen (Grand Island, NY, USA).
All tissue culture plastic was purchased from Nunc™ (Roskilde, Denmark).
Chemotherapy drugs used in this study including melphalan (in dH20)
(GlaxoSmithKline, Mississauga, ON, Canada), cisplatin (in dH20) (Hospira, SaintLaurent, Quebec, Canada), carboplatin (in dH20) (Teva Novopharm, Toronto,
ON, Canada), and paclitaxel (in Cremophor EL, final Cremophor EL
concentration <0.001%) (Biolyse, St. Catharines, ON, Canada) were all
purchased from the outpatient pharmacy at the London Regional Cancer
Program (London, Health Sciences Centre, London, ON). The following were
purchased from Invitrogen (Grand Island, NY, USA): Penicillin/streptomycin,
alamarBlue™, Trizol® Reagent, RNAse-free H20, Moloney murine leukemia virus
reverse transcriptase (MMLV-RT), dithiothreitol (DTT), deoxyribonucleotide
triphosphate (dNTP) mix, random oligodeoxyribonucleotide primers (RP),
Thermus aquaticus DNA polymerase (Taq Polymerase), 10x Taq PCR reaction
buffer, and sequence-specific forward and reverse PCR primers. The following
were purchased from BioShop (Burlington, ON): Dimethyl sulfoxide (DMSO),
tris(hydroxymethyl)-aminomethane hydrochloride (Tris), agarose, formaldehyde,

acetic acid, aprotinin, leupeptin, isopropanol, EDTA, bovine serum albumin
(BSA), polyacrylamide, skim milk, and 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES).The following were purchased from
Sigma-Aldrich (St Louis, MO, USA): Calcium chloride (CaCI2), ethidium bromide,
propidium iodide (PI), Peptide-N-glycosidase F (PNGase F), and a rabbit anti
actin polyclonal antibody. Neutral Red and chloroform were purchased from
Fisher Scientific (Unionville, ON, Canada). Ethanol was purchased from
Commercial Alcohols (Brampton, ON). Sodium chloride (NaCI) and sodium
dodecyl sulfate (SDS) was purchased from EMD Chemicals (Gibbston, NJ,
USA). Tween 20 and Triton x-100 were purchased from BDFI Chemicals
(Toronto, ON). The fluorescine isothyiocyanate (FITC)-conjugated AnnexinV
antibody was purchased from BD Biosciences Pharmingen (Mississauga, ON).
The anti-CAR-H300 polyclonal rabbit antibody, horseradish peroxidase (HRP)conjugated goat anti-rabbit secondary antibody, and mouse liver extract used as
a positive control for CAR protein expression were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). The enhanced chemiluminesence
(ECL) Plus was purchased from GE Flealthcare (VWR). Restore Western Blot
Stripping Buffer was purchased from Thermo Scientific (VWR).

2.2.

Cell lines
The HNSCC cell line HN-5a was established at St. Joseph’s Flealthcare

Center (London, Ontario) from a patient who had not received any prior treatment
[133]. A549 (human lung adenocarcinoma) and FIT-29 (human colorectal
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adenocarcinoma) cell lines were obtained from American Type Culture Collection
(Manassas, VA). HEK293 (human embryonic kidney) were a generous donation
from Dr. Joe Mymryk (Department of Microbiology and Immunology, the
University of Western Ontario, ON, Canada). HT-29/CP-5c (cisplatin-resistant
variant) and HT-29/carbo-15d-1 (carboplatin-resistant variant) were selected by
culturing HT-29 cells in the presence of 5 pM cisplatin and 15 pM carboplatin,
respectively. Individual colonies were selected which had propagated from single
cells and cloned. The HN-5a/carbo-15a (carboplatin-resistant variant) cell line
was established as described above and reported previously [134], Drugresistance of these cell lines was maintained by culturing them in their respective
drugs in between experiments.
HEK293 cells were cultured in high-glucose DMEM supplemented with
10% FBS. All other cell lines were cultured in a-MEM supplemented with 10%
FBS (growth medium) at 37°C in a humidified atmosphere containing 5% CO2 .

2.3.

Oncolytic human adenovirus

2.3.1.

dl1520
The HAdV d ll520 (ONYX-015, CM 042) was a generous donation from Dr.

Arnold Berk and Carol Eng (University of California, Los Angeles, CA, USA). This
genetically modified HAdV, class C serotype 5, contains a 827-bp deletion and a
point mutation in codon 2022 within the gene coding for E1B. Consequently, a
truncated and non-functioning E1B-55 protein is produced without affecting the
production of E1B-19 protein [93].
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2.3.2.

d l1520 propagation
The HEK293 cell line was transformed from a primary culture of human

kidney epithelial cells by introducing sheared HAdV serotype 5 DNA [135]. As a
result, HEK293 cells express the most left region (approximately 0-17 map units)
of the HAdV genome containing the E1 genes (Figure 1.3.2.4A) [135]. Thus,
HEK293 cells are used to propagate E1-deficient mutants because of their ability
to complement the mutant phenotype. However, reversion of some mutants to
the wild-type is possible through homologous recombination with the host cell
genome, although the frequency of these recombinant events is rare, with over
15 consecutive passages in HEK293 cells needed for the emergence of
detectable wild-type HAdV [136]. Our dll 520 stock was propagated using no
more than 2 consecutive passages in HEK293 cells, as previously described
[30]. Briefly, HEK293 cells were plated in a 75-cm2 tissue culture (T-75) flask and
cultured until cell density reached approximately 90%. A single T-75 flask was
trypsinized and cells were counted using a Beckman Coulter Particle Counter
(Beckman Coulter, Inc., Fullerton, CA, USA). Cells were then infected with
dll 520 at a multiplicity of infection (MOI) of 1 and cultured until there was
complete cytolysis. Growth medium containing cell debris was then collected and
freeze-thawed (dry ice ethanol bath, water bath at 37°C, vortex for 2 min) 3 times
to ensure cell lysis and then used to infect additional HEK293 cells (1/10 to each
of 10 T-75 flasks). Cells were cultured until their morphology began to change
from adherent to rounded-up as this is an indicator of virus replication. Before
cells were allowed to rupture, cells were washed off the plate in their own growth
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medium and pelleted using centrifugation (100 x g, 5 min, 4°C). Cell/virus pellets
were resuspended in 1% of the initial volume with 10 mM Tris (pH 7.4-7.6) and
freeze-thawed 3 times in a dry ice ethanol bath to lyse cells and release virus
particles. Cell debris was pelleted using centrifugation (100 x g, 5 min, 4°C), and
supernatant containing virus particles was used for titration and subsequent
experiments.

2.3.3.

dl1520 titration
HAdV titration was modified from a previously published protocol [33].

Briefly, A549 cells were used to seed 6-well tissue culture plates at a cell density
of 2.0 x 105 cells per well and grown until approximately reaching 95% density.
The dll 520 stock was serially diluted in 10-fold increments and used to infect
wells in triplicate. After a 4-h infection, growth medium was replaced with soft
agar (growth medium, 0.5% agarose, 1% penicillin/streptomycin). Plates were
cultured until dl1520-untreated controls began to show signs of death
(approximately 10-14 d) at which point plates were treated with the Neutral Red
dye (50 pg/ml in growth medium) for 3 h to allow retention of the dye by viable
cells. Soft agar pucks were removed and cells were fixed (1% CaCI2 and 1%
formaldehyde solution in H20) and washed with phosphate-buffered saline (PBS).
Plaques are visualized as clear patches among the viable cell monolayer, which
was stained red. Plaques were counted at a dilution that gave between 4 and 40
clearly visible plaques per well. The titer of the dll 520 stock was determined by
multiplying the average number of plaques/well by its dilution factor.
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2.4.

Cell viability assays

2.4.1.

alamarBlue™ assay
Proliferation of HN-5a and HN-5a/carbo-15a cell lines was assessed using

alamarBlue™ cell viability assays in 96-well tissue culture plates according to a
protocol previously used by our laboratory [137]. Briefly, 100 pi of growth medium
was replaced with alamarBlue™ reagent (diluted 1:12 in growth medium) and
cultured for 3-4 h. During this time, mitochondrial enzymes of metabolically active
cells reduce resazurin, a non-fluorescent dye, to resorufin, which emits redfluorescence [138]. Wells were then excited using a wavelength of 544 nm and
emission was measured at 580 nm using a Wallac Victor2 multi-label counter
(PerkinElmer, Wallac, Gaithersberg, MD). The resulting fluorescence values
reflect viable cell density, which were used as an estimate of cell proliferation.
Background values as determined in growth medium without cells, were
subtracted from all values for cell-containing wells.

2.4.2.

Neutral red assay
Proliferation of HT-29, HT-29/CP-5c and HT-29/carbo-15d-1 cell lines was

assessed using Neutral Red cell viability assays in 96-well tissue culture plates
as previously described [139]. Briefly, 100 pi of growth medium from each well
was replaced with a Neutral Red dye solution (50 pg/ml in growth medium). Cells
were then cultured for 3 h to allow retention of the dye by viable cells. The
Neutral Red assay is based on lysosomal incorporation of a red dye into viable,
uninjured cells [139]. This weakly charged, positive dye diffuses into cells where
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it then binds anionic molecules in the lysosomal matrix, causing it to be retained.
Damage to either the plasma or lysosomal membranes results in less dye
retention. Cells were washed 3 times with 150 pi of wash buffer (1% CaCI2 and
1% formaldehyde solution in H20) to remove any unincorporated dye. Two
hundred pi of extraction buffer (1% acetic acid and 50% ethanol in H20) was
added to plates that were shaken for 10 min to extract bound dye. Absorbance at
590 nm was then determined using a Wallac Victor2 multi-label counter. Cellular
proliferation was calculated from the resulting absorbance values reflecting viable
cell density. Background values as determined in growth medium without cells,
were subtracted from all values for cell-containing wells.

2.5.

Cell culture

2.5.1.

Sensitivity of human tumour cell lines to dl1520 chemotherapy
Cell lines were plated on 96-well tissue culture plates in a final volume of

100 pi. HN-5a and HN-5a/carbo-15a cells were plated at 1.5 x 103 cells/well, and
HT-29, HT-29/CP-5c and HT-29/carbo-15d-1 cells were plated at 3.0 x 103
cells/well. At the same time, the same cell suspensions were used to plate a 25
cm2 tissue culture (T-25) flasks using 50x as many cells (i.e. 100 pi per well vs. 5
ml per flask) in triplicate. Cells were cultured for 24 h to allow cells to adhere to
tissue culture plastic and overcome the lag phase. T-25 flasks were then
trypsinized and cells were counted in triplicate using a Beckman Coulter Particle
Counter to determine the number of cells per well in the respective 96-well
plates. Cells were treated with dll 520 at different MOI by adding to each well 100
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Hi of growth medium containing the required number of PFU to give the desired
MOI. Cells were then cultured for 96 h. For cells being exposed to chemotherapy
drugs, 100 pi of growth medium containing chemotherapy drug (melphalan,
cisplatin, or paclitaxel) at 2x the final concentration was added to 100 pi of growth
medium already in each well and plates were then cultured for 96 h. After
incubation, density of viable cells was determined for each cell line using the
appropriate assay (Section 2.4, p. 43). Mean values for each treatment group
were determined and plotted as a percentage of an untreated control.
Concentrations of that inhibited proliferation by 70%, 50%, and 20% (IC7o, IC50,
IC2 0 ) were determined by interpolation of the concentration-response curves.

2.5.2.

Differential effects of combined vs. sequential treatment of human
tumour cells with dl1520 and chemotherapeutic drugs
Cell lines were plated on 96-well tissue culture plates and T-25 flasks as

described above (Section 2.5.1, p. 44). This experiment evaluated potential the
effect that differential treatment schedules have on interactions between various
chemotherapy drugs (melphalan, cisplatin, or paclitaxel) and dll 520. Cells
received one of three treatments: 96 h combined dll 520 and drug treatment, 24
h drug pretreatment followed by 72 h of combined treatment, or 24 h dll 520
pretreatment followed by 72 h combined treatment (Figure 2.5.2.1). Twenty-four
hours after being plated, cell counts were obtained from 2 trypsinized T-25 flasks
using Beckman Coulter Particle Counter to determine the number of cells per
well for each cell line. These numbers were used to treat cells with dll 520 at

Figure 2.5.2.1. Scheduled treatment of various human tumour cell lines with
drug and d ii520.
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Plate Cells
-3 96-well plates at a given cell density in 100 pi MEM
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infect cells with
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-Control-100 pi MEM
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-Contro\-50 pi MEM
-Blank-100 pi MEM

24 h
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-Control-50 pi MEM
-Blank-100 pi MEM
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72 h
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-Add 50 pi MEM per
well with drug at 3x
final [ ]
-Add 2.5 ml MEM
per flask with drug
at 3x final [ ] in
duplicate
-Control-50 pi MEM
-Blank-100 pi MEM
24 h
-Trypsinize and
count (Beckman
Coulter Particle
Counter) T-25’s
-determine the
number of
cells/well of drug
treated plate
-Add 50 pi MEM
per well with
different PFU/ml
dl1520 to infect
cells with various
MOI
-Control-50 pl MEM
-Blank-100 pl MEM
72 h

Cell Viability Assay
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different MOI. Cells in wells containing 100 pi of growth medium were co-treated
with different concentrations of both drug and dll 520 by adding 2 preparations of
50 pi of growth medium per well, one containing drug at 4x the final concentration
and the other containing the appropriate number of PFU of dll 520 in order to
attain the different MOI. Drug pretreatment (24 h) was done by adding 50 pi
growth medium containing drug at 3x the final concentration to wells containing
100 pi growth medium. At the same time, cells in the remaining T-25 flasks
received the same treatment (i.e. 2.5 ml of growth medium containing 3x drug to
the initial volume of growth medium of 5 ml per flask) in duplicate. Pretreatment
with dll 520 at different MOI was done by adding 50 pi of growth medium
containing the appropriate number of PFU of dll 520 to attain the final PFU/cell.
After an additional 24 h of culture, T-25 flasks were trypsinized and cell counts
were taken in triplicate using a Beckman Coulter Particle Counter to cell number
per well of the respective drug-treated 96-well plates. Fifty pi of growth medium
containing different PFU of dll 520 were added to each well in drug-pretreated
plates. Fifty pi of growth medium containing drug at 4x the final concentration
was added to dl1520-pretreated plates. The final volume of all plates was 200 pi.
All plates were cultured for an additional 72 h, after which viable cell densities
were determined for each cell line using the appropriate assay (Section 2.4, p.
43). Mean values for each treatment group were determined and plotted as a
percentage of an untreated control vs. dll 520 MOI (Figure 2.5.2.2A). Proliferation
data were then normalized to their respective control cells (drug treated, dll 520
untreated) for each concentration of drug and plotted as proliferation vs. d!1520

Figure 2.5.2.2. Representation of the method used to determine druginduced changes dl1520 cytotoxicity, as a function of IC5o value.
A human tumour cell line was treated with d ll520 at different MOI and several
concentrations of a chemotherapeutic drug for 96 h.
(A) Proliferation was determined using a colourimetric-based cell viability assay
and plotted as a percentage of an untreated control cells vs. dll 520 MOI.
(B) Proliferation data were then normalized to their respective dl1520-untreated
controls for each concentration of drug and plotted as proliferation vs. d ll520
MOI. The IC50 values for dll 520 in each concentration of drug were determined
by interpolation of plotted data.
(C) The shift in the curve caused by the presence of drug is quantified and
plotted as a percent by which the IC50 value is changed against the various
concentrations of drug.
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MOI (Figure 2.5.2.2B). The IC50 values for dll 520 in each concentration of drug
were determined by interpolation of plotted data. The shift in the curve caused by
the presence of drug was quantified and plotted as the percent of change in the
IC50 value vs. the concentration of drug (Figure 2.5.2.2C).

2.5.3.

CAR levels following melphalan treatment
FIN-5a cells were plated on both T-75 and T-25 flasks at 6.0 x 105 and 2.0

x 105 cells/flask, respectively, and cultured for 24 h to allow for cell adherence to
tissue culture plastic. Cells were treated with various concentrations of
melphalan. After 24 h of culture, cells from T-25 flasks were collected for
quantification of CAR mRNA (Section 2.6, p. 52). After 48 h of culture, cells from
T-75 flasks were collected for quantification of CAR protein (Section 2.7, p. 58).

2.5.4.

CAR levels following short 50 pM melphalan treatment
FIN-5a cells were plated into both T-75 (4.5 x 105 cells for drug-untreated

and 7.5 x 105 cells for drug treated) and T-25 (1.5 x 105 for drug-untreated and
2.5 x 105 for drug treated) flasks and cultured for 24 h to allow for cells to adhere
to tissue culture plastic. Cells were treated with 50 pM melphalan. At various
times, cells from T-25’s were collected for quantification of CAR mRNA (Section
2.6, p. 52) and growth medium from T-75’s was replaced with fresh growth
medium not containing drug. Cells in T-75’s were cultured for a total time of 24 h
and 48 h from the time of drug addition, at which time cells were collected for
quantification of CAR protein (Section 2.7, p. 58).
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2.5.5.

Preparation of cultured cell lines to determine the basal CAR levels in
5 human tumour cell lines
For the purpose of growing cells to determine basal CAR mRNA and CAR

protein the 5 human tumour cell lines used in this study were used to seed T-75
flasks at different cell densities: HN-5a (7.5 x 105 cells/flask), HN-5a/carbo-15a
(6.25 x 105 cells/flask), HT-29 (2.4 x 106 cells/flask), HT-29/CP-5c (2.4 x 106
cells/flask), and HT-29/carbo-15d-1 (2.4 x 106 cells/flask). Cells were cultured for
5 d (or until the cell density reached approximately 70%) and total cellular protein
and RNA were harvested for quantification of CAR mRNA (Section 2.6, p. 52)
and CAR protein (Section 2.7, p. 58).

2.6.

CAR mRNA quantification

2.6.1.

Total cellular RNA isolation
Total RNA was harvested from cell lines using the TRIzol® extraction

protocol as described previously [140]. Briefly, growth medium was aspirated
from tissue culture flasks and cells were overlaid with 1 ml of TRIzol® Reagent for
5 min. Once cell lysis was complete, the TRIzol® cell extract was transferred to
1.5 ml centrifuge tubes and 200 pi of chloroform was added. Samples were
vortexed and spun (12000 x g, 15 min, 4°C) to separate phases. Centrifugation
resolved three bands: the lower red chloroform-phenol phase containing both
lipids and denatured proteins, the white interphase consisting of DNA, and the
upper aqueous phase containing RNA. The aqueous phase was collected and
RNA was precipitated by addition of 500 pi isopropanol. Samples were then
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vortexed to promote precipitation, and RNA was pelleted using centrifugation
(12000 x g, 15 min, 4°C). RNA pellets were then washed with 1 ml 75% ethanol,
vortexed and centrifuged (7500 x g, 5 min, 4°C). Ethanol was removed, and
pellets were air dried for 5-10 min and resuspended in 20-40 pi RNase-free H20.
Samples were incubated for 10 min at 55°C to help dissolve RNA.
Concentration and purity of RNA samples were determined by UV
spectroscopy using a NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). Peak absorbance for nucleic acids and proteins are at
260

( A 26 o)

and 280

( A 28o)

nm respectively, and 1 absorbance unit at 260 nm is

equal to 40 pg/ml single-stranded RNA. RNA purity was assessed using the
A2 6 0 /A2 8 0 ratio. Samples with a ratio of 1.6 or higher were considered pure and
were used for reverse transcription. Samples were stored at 4°C for short-term
storage (shorter than 1 d) and -20°C for long-term storage (longer than 1 d).

2.6.2.

Reverse transcription of RNA
RNA was reverse-transcribed to complementary DNA (cDNA) using

MMLV-RT as previously shown in our laboratory [137,141], A volume of RNasefree H20 was added to 1 pg total RNA to bring the final volume to 10 pi. Ten pi
reverse transcription master mix was prepared by adding 4 pi 5x First-Strand
Buffer (250 mM Tris-HCI, pH 8.3; 375 mM KCI; 15 mM MgCI2), 2 pi 0.1 M DTT, 2
pi dNTP mix (containing equal parts dATP, dTTP, dCTP, and dGTP), 1 pi RP
(100 pmoles/pl), and 1 pi MMLV-RT (200 units/pl). Volumes of RNA and master
mix were combined to prepare a single 20-pl reaction consisting of 1:1 RNA to

54

reverse transcription master mix. Reactions were vortexed to mix and spun using
centrifugation (12,000 x g, 10 s, 21 °C) to ensure samples were mixed and
collected at the bottom of the tube. An Eppendorf Mastercycler Gradient
(Eppendorf, Westbury, NY) thermal cycler was used to incubate reaction tubes at
25°C for 10 min to allow for RPs to anneal to complementary mRNA sequences,
37°C for 60 min to allow MMLV-RT to polymerize cDNA from mRNA transcripts,
and 95°C for 5 min to inactivate MMLV-RT and separate cDNA from mRNA
templates. Short-term (shorter than 1 d) and long-term (longer than 1 d) storage
of samples was at 4°C and -20°C, respectively.

2.6.3.

Polymerase chain reaction
PCR was used to show the relative levels of our gene of interest, CAR,

and the internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The reverse-transcribed cDNA was amplified using a 25-pl PCR reaction which
was prepared by adding 2.5 pi 10x Taq PCR Reaction Buffer (200 mM Tris pH
8.4, 500 mM KCI), 1 pi of 50 mM MgCb, 0.5 pi 10 mM dNTP mix (containing
equal parts dATP, dTTP, dCTP, and dGT), 0.25 pi 50 pM of both sequencespecific forward and reverse primers (Table 2.6.3), 19.3 pi H20, 0.2 pi Taq
Polymerase, and 1 pi of cDNA product. Tubes containing PCR reactions were
vortexed and spun using centrifugation (12,000 x g, 10 s, 21 °C) to ensure
samples were mixed and collected at the bottom of the tube. An Eppendorf

Table 2.6.3. Semi-quantitative RT-PCR primer sequences and conditions.
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Size
(bp)

Ta
(°C)

# of
cycles

5’-GCT CT AGCGCT CATT GGT CT-3’
5’-GG AAC ACGG AG AGC AC AG AT-3’

390

66

35

5’-T ATT GGGCGCCTGGT CACCA-3’
5’-CCACCTT CTTG AT GTCAT CA-3’

752

58

20

Name

Sequence

CAR

GAPDH
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Mastercycler Gradient thermal cycler was used to first incubate tubes at 95°C for
5 min to denature double-stranded DNA. Tubes were then cycled according to
the conditions listed elsewhere (Table 2.6.3). The cycles consisted of:
dénaturation of double stranded DNA at 95°C for 30 s, annealing at specified
temperatures for 30 s, and elongation at 72°C for 30 s. Samples were then
incubated at 72°C for 10 min to allow complete extension of any semipolymerized DNA templates. Samples were stored short-term (shorter than 1 d)
at 4°C or long-term (longer than 1 d) at -20°C.

2.6.4.

DNA gel electrophoresis of PCR products
Ten pi of each PCR reaction (plus 2 |il of orange G dye) was loaded per

well of a 1.5% agarose gel (0.5 pg/ml ethidium bromide). DNA fragments
amplified from the PCR were separated using DNA gel electrophoresis (50 V, 40
min) in 1 x TAE (40 mM Tris-HCL, 20 mM acetic acid, 1 mM EDTA). Ethidium
bromide intercalates with nucleic acids allowing visualization of a fluorescent
complex upon UV excitation. DNA fragments were visualized using a Gel Doc™
XS (BioRad, Hercules, CA, USA) and images were captured using PDQuest
7.4.0 (BioRAD). Band intensities of both CAR and GAPDH mRNA were
quantified using Alpha-Ease FC software (Alpha Innotech, San Leandro, CA,
USA). Relative CAR mRNA levels were determined by dividing CAR
densitométrie band intensities by those of corresponding GAPDH bands.
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2.7.

CAR protein quantification

2.7.1.

Total protein isolation
Media was aspirated from cells that were washed once with, and scraped

in, 5 ml of cold PBS. Cell pellets were generated by centrifugation (100 x g, 5
min, 4°C). Supernatant was aspirated and pellets were resuspended in lysis
buffer (147 mM NaCI, 20 mM Tris, 0.1% SDS, 1% Triton x-100, 1 mM EDTA, 10
pg/ml aprotinin, 100 pM leupeptin, pH 7.6) to promote cell lysis followed by 3
freeze-thaw cycles using a dry ice ethanol bath to further disrupt the cellular
membranes. To obtain samples for determination of CAR glycosylation, cells
were scraped directly into 150 pi lysis buffer and then treated as above. One
hundred pg of total protein from lysates was either treated with PNGase F, an Nglycosidase, or H20 as a negative control according to manufacturer’s
instructions.

2.7.2.

Total protein quantification
Total protein concentration of experimental cell lysates was determined

using a BioRad protein assay kit. The main component of the BioRad reagent,
Coomassie Brilliant Blue G-250, is red when unbound and blue when bound to
aromatic amino acids and arginine residues. Therefore, shifts in absorption from
365 nm to 595 nm following the addition of the BioRad reagent are used as a
measure of protein concentration for this assay [142], A 20 pg/ml stock of BSA in
PBS was used to generate a standard protein concentration curve for this assay
(2.5 pg/ml to 20 pg/ml). Protein samples were diluted (1:350 or 1:500) in PBS
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while the blank consisted of PBS alone. The final volume of all samples for this
assay was 700 pi. Three hundred and fifty pi of BioRad reagent (diluted 3:2,
reagent:PBS) was added to all samples. Three hundred pi of each sample was
loaded in triplicate into a 96-well plate. Absorbance at 595 nm was measured
using the Wallac Victor2 multi-label counter. Protein concentration for each
experimental sample was interpolated from the BSA standard curve.

2.7.3.

Electrophoresis and blotting
Twenty pg of total protein was loaded per lane of a 15% SDS-

polyacrylamide gel. Fifty pg of a mouse liver extract was loaded into a single lane
and used as a positive control. Proteins were separated based on their size using
gel electrophoresis (120 V, 90 min, 21 °C) and transferred onto Hybond ECL
nitrocellulose membranes (GE Healthcare, Baie-d’Urfé, QC) (30 V, 12 h, 4°C).
Prior to probing of membranes with antibodies, non-specific binding of antibodies
was reduced by blocking membranes using 5% skim milk in Tris-buffered saline
(TBS) (20 mM Tris, 140 mM NaCI in H20) containing 0.1% Tween 20 (TBS-T) for
1 h. The anti-CAR H300 polyclonal rabbit antibody was used as the primary
antibody to probe for CAR protein. This antibody was diluted 1:1000 using 1%
skim milk in TBS-T and membranes were overlaid for 1 h. Membranes were then
incubated with HRP-conjugated goat anti-rabbit secondary antibody diluted
1:5000 in 1% skim milk in TBS-T for 1 h. HRP activity was detected by ECL Plus
according to manufacturer’s instructions. HRP catalyzes the oxidation of acridin
substrates, emitting low-intensity light as they decay to a ground state. Bands
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were resolved using a Molecular Dynamics Storm 860 Molecular Imager
(Molecular Dynamics, Sunnyvale, CA, USA), which uses a 450 nm (blue) laser to
excite an ECL Plus fluorescent intermediate, causing signal emission that is then
detected by the scanner [143]. Images were captured using ImageQuant v5.1
(Molecular Dynamics, Sunnyvale, CA, USA). Antibodies were stripped from
membranes by treating for 15 min with Restore Western Blot Stripping Buffer
according to manufacturer’s instructions. The blotting procedure was then
repeated to probe for actin. The primary antibody for this was a rabbit anti-actin
monoclonal antibody diluted 1:2000 in 1% skim milk in TBS-T and overlaid on
membranes for 1 h. Densitometric band intensities of both CAR and actin were
quantified using Alpha-Ease FC software. Relative CAR levels in protein cell
lysates were determined by dividing CAR densitometric band intensities by those
of actin.

2.8.

Cell death assayed using flow cytometry following combined
dl1520 and melphalan treatment
Cell death using AnnexinV/FITC and PI staining was performed as

previously described [144], HN-5a cells were plated in T-75 flasks at 1.5 x 105
cells/flask and cultured for 24 h to allow cells to adhere to tissue culture plastic.
Three T-75’s were trypsinized and cell counts were taken in triplicate using a
Beckman Coulter Particle Counter to determine the number of cells/flask. Cells
were then treated with different concentrations of melphalan with or without
dll 520 at a MOI of 20. Cells from each experimental condition were collected, in
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triplicate, every 24 h for a total of 4 d and assayed for cell death. Growth medium
from the various treatments was collected because it may contain cells that had
detached from the flask. The adherent population was trypsinized and
resuspended in media containing the non-adherent population. Cell counts were
then taken in triplicate using a Beckman Coulter Particle Counter. Cells were
washed 2x using ice cold wash solution (PBS + 5% BSA) and resuspended in
100 pi binding buffer (0.14 M NaCI, 2.5 mM CaCI2, 10 mM HEPES, pH 7.4) at a
final concentration of 1 x 106 cells/ml. Cells were stained with both
AnnexinV/FITC and PI (2 pi and 10 pi of a 50 pg/ml stock, respectively) for 15
min at room temperature in the dark. Binding buffer was added to dilute cells to a
final volume of 500 pi. FITC and PI fluorescence was determined using a
Beckman Coulter Epics XL-MCL Flow Cytometer (Miami, FL, USA) within 1 h of
staining. Each sample had 10,000 events measured. Percentage of dead and
dying cells are represented as a sum of those that are: AnnexinV(+)PI(-),
AnnexinV(+)PI(+), and AnnexinV(-)PI(+).

2.9.

Adenovirus replication in the presence of melphalan
Replication of dll 520 in HN-5a cells in the presence of melphalan was

assessed using a modification of a previously described HAdV burst assay [29].
Briefly, 1.5 x 105 HN-5a cells were plated on T-75 flasks and cultured for 24 h to
allow for cells to adhere to the plate. Three T-75’s were trypsinized and cell
counts were taken in triplicate using a Beckman Coulter Particle Counter
determine the number of cells per flask. Cells were infected with d!1520 at a MOI
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of 20 alone or in combination with 2.5 pM, 5 pM, or 7.5 pM melphalan. Additional
flasks of cells were treated with medium alone or medium containing 2.5 pM, 5
pM, or 7.5 pM melphalan in order to generate preconditioned medium. Cells
were cultured with virus for 6 h to allow dll 520 attachment and infection to occur.
Following incubation, half of the flasks from each dll 520 treatment group were
harvested to establish dll 520 attachment while media from the remaining flasks
were aspirated to remove any unbound dll 520 and overlaid with their respective
preconditioned medium for an additional 66 h (72 h total) to allow for dll 520
replication. Preconditioned medium was used to overlay cells for the duration of
their time in culture to simulate as closely as possible the conditions of previous
assays where dll 520 was added to cells for the same duration as melphalan.
dll 520 were harvested by scraping cells in their own medium, which were then
pelleted using centrifugation (100 x g, 5 min, 4°C). Cell pellets were washed 3
times in PBS to remove dll 520 not associated with cells. Cell pellets were then
resuspended in 100 pi lysis buffer (10 mM Tris, pH 7.4) and freeze-thawed 3
times using a dry ice ethanol bath to promote cell lysis and release of dll 520.
Samples harvested at both 6-h and 72-h time points were titered as described
above (Section 2.3.3, p. 42). The multiplicity of dll 520 replication was
determined by dividing the concentration of dll 520 at 72 h by that at 6 h.

2.10.

Statistical analyses
Data are presented as the means from individual experiments (n=3 for

each experiment) ± SEM. Significant differences between two data sets were
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determined using a Student’s f-test. Differences between more than two data
sets were determined using a One-Way ANOVA with a post-hoc Tukey’s test.
Differences between two or more groups of data sets were done using a Two
Way ANOVA with a post-hoc Bonferroni test. Differences were accepted as
statistically significant if the p value <0.05.
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CHAPTER 3:

3.1.

RESULTS

Titration assay to determine concentration of active d!1520 virus
A plaque-forming assay in A549 cells was used to titrate a newly-

propagated dll 520 stock solution (Figure 3.1.1 A). A confluent monolayer of cells
was treated with ten-fold serial dilutions of dll 520 virus particles. There was a
marked reduction in dl1520-induced cytolysis when treating cells with increasing
dilutions (Figure 3.1.1 A). Plaques formed in cell layers treated with dll 520
solution diluted 1:108 (Figure 3.1.1 A) were counted and used to determine the
concentration of the dll 520 stock solution was approximately 2.0 x 109 PFU/ml.
An assay of dll 520 cytotoxicity in HN-5a (head and neck tumour) cells was used
to confirm that the dll 520 concentration determined using A549 cells was
consistent with dl1520-induced inhibition of proliferation of another cell line.
Briefly, HN-5a cells were infected with a range of MOI (0.1, 1,3, 10, and 30
PFU/cell), cultured for 96 h, and the number of viable cells was assayed using an
alamarBlue™ assay. Results were compared to an identical assay performed
using dll 520 of a known concentration, as determined by Onyx Pharmaceuticals,
the company who originally supplied the virus (Figure 3.1.1 B). Treating HN-5a
cells with the newly-propagated dll 520 stock at a MOI of 3 and 10 inhibited
proliferation by approximately 23% and 56%, respectively (Figure 3.1.1 B).
Comparable levels of inhibition are observed when treating cells with dll 520 at
approximately 3x the MOI from the original stock donated by Onyx

Figure 3.1.1. Titration of dl1520 stock.
(A) Titration of dll 520 performed using a plaque-forming assay described in
Materials and Methods {Section 2.3.3, p. 42). Plaques {dear) are visualized in
the viable cell monolayer {grey). Treatment of cells with dll 520 diluted 1:105
resulted in complete lysis of the cell monolayer. Plaques were counted from the
108 dilution and titer of dll 520 stock solution was determined to be 2.0 x 109
PFU/ml.
(B) A cytotoxicity assay of HN-5a cells treated with d ll520 at different MOI from
the stock titered in the present study (A) was compared to data generated using
a dll 520 stock of a known concentration donated by Onyx Pharmaceuticals
described in Materials and Methods {Section 2.5.1, p. 44). Comparable levels of
inhibition of proliferation using the newly-propagated d ll520 stock are observed
at an MOI approximately one-third that of a stock of known concentration. This
experiment was performed once.
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Pharmaceuticals (Figure 3.1.1B). Based on these observations, it was concluded
that the working concentration of our dll 520 stock was 6.0 x 109 PFU/ml.

3.2.

Human tumour cell lines as targets for dl1520 therapy

3.2.1.

Basal CAR protein and CAR mRNA levels
CAR is a cell surface receptor required for dll 520 association with human

cells [47]. The basal levels of CAR mRNA and CAR protein were assessed to
confirm that the 5 human tumour cell lines used in this study expressed the cell
surface HAdV receptor essential for potential involvement in dl1520-mediated
therapy.
All cell lines tested had detectable levels of CAR mRNA and internal
control GAPDH mRNA assessed using semi-quantitative RT-PCR (Figure
3.2.1 A). Densitometric analysis of RT-PCR-amplified CAR mRNA bands
visualized using DNA gel electrophoresis and UV-illumination did not revealed
any differences in CAR mRNA levels relative to GAPDH mRNA levels between
parental cell lines and their respective drug-resistant variants (Figure 3.2.1 B).
HN-5a cells had less CAR mRNA than HT-29 and HT-29/carbo-15d-1 cell lines,
whereas CAR mRNA levels in HN-5a/carbo-15a were not lower than in any other
cell lines except HT-29 (Figure 3.2.1 B).
Immunoblots were generated to visualize and quantify CAR protein in the
cell lines. A preliminary blot for CAR protein using a commercially available
mouse liver extract as a positive control and a protein lysate generated from
untreated HN-5a cells was used to confirm the specificity of the primary anti-CAR

Figure 3.2.1. Basal CAR mRNA levels in 5 human tumour cell lines.
Five human tumour cell lines were grown in vitro as described in Materials and
Methods (Sections 2.5.5, p. 52). RNA was isolated from each cell line and both
CAR and GAPDH mRNA were PCR-amplified and visualized by gel
electrophoresis as described in Materials and Methods (Section 2.6, p. 52).
(A) A representative gel illustrating both CAR and GAPDH mRNA from a single
experiment.
(B) Densitometric quantifications of CAR mRNA were normalized to the GAPDH
mRNA control. The means of 3 separate experiments (n=3 for each experiment)
± SEM are plotted.
a different from HN-5a (Student’s t-test, p<0.05).
b different from HN-5a/carbo-15a (Student’s f-test, p<0.05).
There is no difference in CAR mRNA levels between parental cells and their
drug-resistant variants.
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antibody used in the present study (Figure 3.2.2A). As expected, a band resolved
at 46 kDa (CAR46) for both the positive control and the protein lysates (Figure
3.2.2A). However, an additional band at approximately 40 kDa (CAR40) resolved
in CAR immunoblots generated using the protein lysate and not the positive
control (Figure 3.2.2A). It was hypothesized that the additional band was due to
the absence of CAR glycosylation, as reported by others [49], To test if CAR
glycosylation was responsible for the observed double band, an immunoblot for
CAR protein was performed using protein cell lysates from the 5 human tumour
cell lines treated with either PNGase F (an N-glycosidase) or a negative control
(distilled water) (Figure 3.2.2B). In the absence of PNGase F, all cell lines
resolved strong CAR46 protein (Figure 3.2.2B). A faint second CAR40 band is
visible in HT-29 and HT-29/carbo-15d-1 cells (Figure 3.2.2B). Treatment of
protein extracts isolated from all cell lines with 2 units of PNGase F enzyme at
37°C for 1 h resulted in disappearance of CAR46 and the appearance of a strong
CAR40 band, consistent with the hypothesis that glycosylation of CAR is
responsible for the difference between the expected molecular weight, 40 kDa,
and its observed molecular weight, 46 kDa (Figure 3.2.2B).
Immunoblots were used to assess basal CAR protein levels in the human
tumour cell lines used in this study, relative to an internal actin control protein
(Figure 3.2.3A). Densitometric analysis of CAR46, CAR40, and the sum of the two
(CAR40+46) did not reveal any difference between parental cells and their drugresistant variants (Figure 3.2.3B, Figure 3.2.3C, and Figure 3.2.3D). These data
are in agreement with CAR mRNA levels (Figure 3.2.1 B). The parental HT-29

Figure 3.2.2. CAR protein glycosylation in human tumour cell lines.
Five human tumour cell lines were grown in vitro as described in Materials and
Methods (Section 2.5.5, p. 52). Total cellular protein was isolated and CAR
protein was visualized by SDS-PAGE and immunoblotting as described in
Materials and Methods (section 2.7, p. 58).
(A) An immunoblot for CAR protein in a sample isolated from HN-5a cells and a
commercially available positive control (mouse liver extract) for CAR protein.
(B) Protein lysates were treated with or without PNGase F and subjected to SDSPAGE and immunoblotting as described in Materials and Methods (Section 2.7.1,
p. 58). CAR protein was visualized by exposing the immunoblotted membrane to
X-ray film. This experiment was performed once.
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Figure 3.2.3. Basal CAR protein levels in 5 human tumour cell lines.
Five human tumour cell lines were grown in vitro as described in Materials and
Methods (section 2.5.5, p. 52). Total cellular protein was isolated and both CAR
and actin protein were visualized by SDS-PAGE and immunoblotting as
described in Materials and Methods (section 2.7, p. 58).
(A) A representative immunoblot illustrating both CAR and actin protein levels
from a single experiment. Cellular levels of:
(B) CAR46 ,
(C) CAR4 0 , and
(D) CAR40+46

as measured by quantitative densitometry and normalized to their respective
actin controls. The means of 3 separate experiments (n=3 for each experiment)
SEM are plotted.
a different from HN-5a (Student’s f-test, p<0.05).
b different from HN-5a/carbo-15a (Student’s f-test, p<0.05).
There is no difference in CAR protein levels between parental cells and their
drug-resistant variants.
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cell line had significantly higher levels of both CAR46and CAR46+4o when
compared to both HN-5a and HN-5a/carbo-15a cell lines (Figure 3.2.3B and
Figure 3.2 .3D). Furthermore, levels of CAR4 0 and CAR4 6 + 4 0 in the FIT-29/CP-5c
cell line were greater than those in HN-5a and HN-5a/carbo-15a (Figure 3.2.3B,
Figure 3.2.3C, and Figure 3.2.3D). The exception was CAR46, which elevated in
FIT-29/CP-5c only in comparison to HN-5a/carbo-15a cells (Figure 3 .2 .3 B, Figure
3.2.3C, and Figure 3.2.3D). Differences were not identified in CAR isoforms
between FIT-29/carbo-15d-1 cells and any of the other cell lines assayed.

3.3.

Sensitivity of human tumour cell lines to dll 520 and
chemotherapy

3.3.1.

Concentration-dependent inhibition of proliferation by dl 1520
Treating all human tumour cell lines in the present study with dll 520

inhibited proliferation in a dose-dependent manner, with almost complete
inhibition of proliferation observed in all cell lines after treating with dll 520 at a
MOI of 300 (Figure 3.3.1). A direct comparison of proliferation after treatment
with each MOI of dll 520 between HN-5a and FIN-5a/carbo-15a cell did not
identify any differences in their sensitivities to dll 520 (Figure 3.3.1 A). A similar
comparison between the FIT-29 and FIT-29/carbo-15d-1 cell lines did not identify
any difference in sensitivity to d!1520 (Figure 3.3.1 B). Flowever, the proliferation
of FIT-29/CP-5c cells is different from that of FIT-29 cells after treatment with
d ll520 at MOIs of

1 0

, 15,

2 0

, 50 and 125 (Figure 3.3.1 B). The IC2 o, IC50, and IC70

values were interpolated from each experiment and listed as the means

Figure 3.3.1. Concentration-dependent growth inhibition of human tumour
cells by dl1520.
Five human tumour cell lines were treated with different MOIs of dll 520 for 96 h
as described in Materials and Methods (Section 2.5.1, p. 44). Following
treatment, density of viable cells as determined using the appropriate
colourimetric-based cell viability assay as described in Materials and Methods
(Sections 2.4, p. 43). Mean values representing the density of viable cells
following dll 520 treatment at each MOI were determined and plotted as a
percentage of dl1520-untreated control cells. Means from 3 separate
experiments (n=3 for each experiment) ± SEM are plotted.
(A) A comparison of dll 520 sensitivity of HN-5a and HN-5a/carbo-15a cell lines.
No differences in sensitivity were detected at any tested MOI of dll 520
(Student’s t-test, p<0.05).
(B) A comparison of dll 520 sensitivity of HT-29 to HT-29/carbo-15d-1 and HT29/CP-5c cell lines.
* proliferation of HT-29 cells is different from HT-29/CP-5c cell lines at identicallytreated MOI of dll 520 (Student’s t-test, p<0.05).
No differences in sensitivity were detected between HT-29 and HT-29/carbo-15d1 cell lines at any tested MOI of dll 520 (Student’s West, p<0.05).
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generated from three separate interpolations (one per experiment) ± SEM (Table
3.3.1). There is no difference in any of the IC values between any of the parental
cells and their drug-resistant variants (Table 3.3.1). However, HN-5a and HT29/CP-5c cell lines were different when comparing IC2o, IC5 0 , and IC7 0 values
(Table 3.3.1). Subsequent experiments were designed to investigate
chemotherapy-mediated changes in the effects of dll 520 as a function of a
reduction in dll 520 IC50. Therefore, the plots in Figure 3.3.1 were used to select
the appropriate MOI of dll 520 to ensure that proliferation was inhibited by at
least 50% in these experiments.

3.3.2.

Concentration-dependent inhibition of proliferation by chemotherapy
Treatment of HN-5a cells with the chemotherapeutic drugs melphalan,

cisplatin, and paclitaxel inhibits proliferation in a concentration-dependent
manner (Figure 3.3.2). Sensitivity of this cell line to the DNA-damaging agents
cisplatin and melphalan was in the pM range (Figure 3.3.2A and Figure 3.3.2C),
whereas sensitivity to paclitaxel was in the nM range (Figure 3.3.2B). The
corresponding IC50 values for melphalan, paclitaxel, and cisplatin in HN-5a cells
are summarized in Table 3.3.2. An additional tumour cell line originating in a
different tissue (HT-29) and two carboplatin-resistant variants (HN-5a/carbo15a
and HT-29/carbo-15d-1) were sensitive to the anti-proliferative effects of
melphalan in a concentration-dependent manner (Figure 3.3.3). Similar to the
parental HN-5a cell line, HN-5a/carbo-15a cells were sensitive to melphalan at
pM concentrations (Figure 3.3.3C and Figure 3.3.2A). However, sensitivity to

Table 3.3.1. Sensitivity of 5 human tumour cell lines to growth inhibition
induced by dl1520.
The human tumour cell lines were treated as described in the legend of Figure
3.3.1 (p. 76). The MOIs of dll 520 that inhibited proliferation of cell lines by 20%,
50%, and 70 % (IC 2o, IC50, and IC70, respectively) were interpolated from plotted
data from each of three experiments and averaged ± SEM.
a different from the corresponding IC value for HN-5a cells (Student’s t-test,
p<0.05).
There were no differences in IC values between parental and their respective
drug-resistant variants.
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Cell Line

Sensitivity to dll 520 (MOI)

.............................

IC2 0
^50
IC70
____________________________________________
HN-5a

16.64 ± 1.41

57.46 ± 8.37

96.31 ± 10.76

HN-5a/carbo-15a

16.56 ±2.78

52.17 ±9.68

90.13 ± 14.42

HT-29

26.80 ± 7.82

74.23 ±18.19

127.20 ± 39.02

HT-29/CP-5C

7.56 ± 1.96a

26.70 ± 5.90a

49.95 ±9.01a

HT-29/carbo-15d-1

20.13 ±10.23

48.46 ± 19.03

78.27 ± 25.11

Figure 3.3.2. Sensitivity of HN-5a tumour cells to growth inhibition induced
by melphalan, paclitaxel, and cisplatin.
HN-5a cells were grown in vitro for 96-h in the presence of the indicated
concentrations of:
(A) melphalan,
(B) paclitaxel, or
(C) cisplatin
as described in Materials and Methods (Section 2.5.1, p. 44). Following treatment
the density of viable cells was determined using an alamarBlue™ cell viability
assay as described in Materials and Methods (Sections 2.4.1, p. 43). Mean
values representing the density of viable cells following treatment with each
concentration of drug were determined and plotted as a percentage of druguntreated control cells. For each drug, the means of 3 separate experiments (n=3
for each experiment) ± SEM are plotted.
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Table 3.3.2. Sensitivity of 4 human tumour cell lines to growth inhibition
induced by chemotherapy drugs.
Cell lines were treated as described in the legends of Figures 3.3.2 and 3.3.3 (p.
81 and 85, respectively) Concentrations of chemotherapy drug that inhibited
proliferation of the indicated cell lines by 50% (IC50) were interpolated from
plotted data from three experiments and averaged ± SEM.
a different from the corresponding IC50 value for HN-5a cells (Student’s f-test,
p<0.05).
ND are values that were “not determined”.
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Cell Line

mm

Sensitivity to Chemotherapy
i'L V-

-,

Melphalan
(MM)

Paclitaxel
(nM)

Cisplatin
(|iM)

HN-5a

2.79 ± 0.04

2.09 ± 0.35

3.05 ± 0.29

HN-5a/carbo-15a

6.41 ± 0.23a

ND

ND

HT-29

27.41 ± 3.37

ND

ND

HT-29/carbo-15d-1

26.76 ± 3.80

ND

ND

Figure 3.3.3. Sensitivity of 3 human tumour cell lines to growth inhibition
induced by melphalan.
(A) HT-29,
(B) HT-29/carbo-15d-1, and
(C) HN-5a/carbo-15a
cell lines were cultured for 96 h with different concentrations of melphalan as
described in Materials and Methods (Section 2.5.1, p. 44). Following treatment,
the density of viable cells was determined using the appropriate colourimetricbased cell viability assay as described in Materials and Methods (Sections 2.4, p.
43). Mean values representing density of viable cells following treatment with
each melphalan concentration were determined and plotted as a percentage of
melphalan-untreated control cells. For each cell line, the means of 3 separate
experiments (n=3 for each experiment) ± SEM are plotted.
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melphalan was different in HN-5a/carbo-15a cells compared to HN-5a (Table
3.3.2). Furthermore, sensitivity of HT-29 and HT-29/carbo-15d-1 cell lines were
similar to each other, both of which were sensitive to melphalan at pM
concentrations (Figure 3.3.3A and Figure 3.3.3B). These curves were used to
select a range of concentrations of the respective drugs that inhibited
proliferation from 10-90%, to be screened in combination with dll 520 for potential
greater-than-additive anti-proliferative effects in subsequent experiments.

3.4.

Differential effects of continued versus sequential treatment of
human tumour cells with dl1520 and chemotherapeutic drugs

3.4.1.

Selecting drug concentrations to use in combination with dl1520
It was hypothesized that the combined treatment of human tumour cell

lines with chemotherapy and dll 520 would result in enhanced anti-proliferative
effects compared to dh 520 treatment alone. To test this hypothesis, a
preliminary experiment was conducted in which HN-5a and FIT-29 cells were
treated for 96 h simultaneously with dll 520 and melphalan, paclitaxel, or cisplatin
(Figure 3.4.1.1 and Figure 3.4.1.2). The chosen concentrations of drug were
those that, alone, inhibited proliferation of the respective cell lines by up to 75%
(Figure 3.3.2 and Figure 3.3.3). To determine chemotherapy-mediated changes
in dll 520 sensitivity, proliferation following combined treatment with
chemotherapy drug and dll 520 was determined by normalizing the viable cell
density for a given treatment to untreated control cells (treated with growth
medium only) (Figure 3.4.1.1). Proliferation was then normalized to their

Figure 3.4.1.1. Chemotherapy-mediated changes in sensitivity to dl1520.
HN-5a cells were treated with d ll520 and:
(A) melphalan,
(B) paclitaxel, or
(C) cisplatin
and
(D) HT-29 cells were treated with d ll520 and melphalan
for 96 h as described in Materials and Methods (Section 2.5.2, p. 45). Following
treatment, the numbers of viable cells were determined using a colourimetricbased cell viability assay as described in Materials and Methods (Section 2.4, p.
43). The numbers of viable cells for a given treatment were normalized to
untreated control cells (treated with growth medium only) and plotted vs. d ll520
MOI. Proliferation data was then normalized to their respective dl1520-untreated
controls (treated with drug at a given concentration in the absence of d ll520) and
plotted relative to dll 520 MOI. The IC50 values for dll 520 when treating with a
given concentration of drug were interpolated from the plotted data.
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Figure 3.4.1.2. Chemotherapy-mediated change in sensitivity to dl1520.
Cells were treated as described in Materials and Methods (Section 2.5.2, p. 45)
and analyzed as described in the legend of Figure 3.4.1.2 (p. 88). The
chemotherapy-induced percent reduction in the d ll520 IC50 values is plotted vs.
drug concentration. This experiment was performed once.
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respective d!1520-untreated controls (treated with drug at a given concentration
in the absence of dll 520) and plotted relative to MOI of dll 520 (Figure 3.4.1.1).
The IC5 0 values for dll 520 when treating with a given concentration of drug were
interpolated from the plotted data (Figure 3.4.1.1). An enhancement of d ll520mediated cytotoxicity translates to a reduction in dll 520 IC50 when cultured with a
given concentration of chemotherapy drug (Figure 3.4.1.2). The combined
treatment of HN-5a cells with melphalan and dll 520 reduced d ll520 IC50by up to
70%, whereas combining either paclitaxel or cisplatin reduced dll 520 IC5 0 by
20% and 40%, respectively (Figure 3.4.1.2A, Figure 3.4.1.2B and Figure
3.4.1,2C). Melphalan reduced dll 520 IC50 by 70% at concentrations greater than
or equal to 7.5 pM (Figure 3.4.1,2A). The maximum paclitaxel-mediated
reduction in dll 520 IC50 occurred when treating with 1 nM paclitaxel (Figure
3.4.1,2B). The combination of 7.5 pM cisplatin maximally reduced the d ll520 IC50
(Figure 3.4.1.2C). Melphalan enhanced sensitivity to dll 520 better than both
cisplatin and paclitaxel in HN-5a cells (Figure 3.4.1,2A, Figure 3.4.1.2B and
Figure 3.4.1,2C). To test if this effect was cell-type specific, HT-29 cells were
treated with the combination of dll 520 and melphalan (Figure 3.4.1.2D). Similar
to the result in HN-5a cells, melphalan reduced dll 520 IC50 by a maximum of
80% after treatment with 10 pM in HT-29 cells (Figure 3.4.1,2A and Figure
3.4.1.2D). Three concentrations of each chemotherapy drug were chosen from
this experiment to use in the next set of experiments (Table 3.4.1) to assess the
consequence of: a) pretreatment with dll 520, b) pretreatment with drug, and c)
combined treatment with both agents, on the degree of inhibition of proliferation

Table 3.4.1. Concentrations of melphalan, paclitaxel, and cisplatin used to
investigate how different treatment schedules affect drug-mediated
changes in dl1520 sensitivity of 4 human tumour cell lines.
ND are values that were “not determined”.
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Cell Line

Chemotherapy drugs
wEsSSss&
Melphalan
Paclitaxel
(MM)
(nM)

Cisplatin

HN-5a

2.5, 5, 7.5

1, 2, 3

2.5, 5, 7.5

HN-5a/carbo-15a

2.5, 5, 7.5

ND

ND

HT-29

5, 10, 15

ND

ND

HT-29/carbo-15d-1

5, 10, 15

ND

ND

(MM)
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of human tumour cells. Carboplatin-resistant variants of these cell lines were
treated with the same concentrations of drug as their parental cell lines (Table
3.4.1).

3.4.2.

Different treatment schedules for treatment of HN-5a cells with dl1520
and chemotherapy
To determine how pretreatment of cells with chemotherapy drug followed

by dll 520, pretreatment with dll 520 followed by drug, and cotreatment with both
agents differ in their capacity to inhibit tumour cell proliferation, cells were treated
with: a) 24 h drug pretreatment followed by 72 h of combined treatment, b) 24 h
dll 520 pretreatment followed by 72 h combined treatment, and c) 96 h
cotreatment. Combining dll 520 with melphalan reduced the dll 520 IC50 in HN-5a
cells by a maximum of approximately 65% (Figure 3.4.2A). Cotreatment reduced
the dll 520 ICsomore effectively than dll 520 pretreatment at all concentrations of
melphalan (Figure 3.4.2A). Melphalan pretreatment (2.5 pM) did not decrease
dll 520 IC5 0 whereas concentrations greater than or equal to 5 pM decreased
dll 520 IC50 to values comparable to those observed after cotreatment (Figure
3.4.2A). Regardless of the treatment schedule, the melphalan-mediated
reduction in dll 520 IC50 began to plateau at concentrations of melphalan greater
than 5 pM (Figure 3.4.2A). Combined treatment of HN-5a cells with dll 520 and
paclitaxel did not reduce the dll 520 IC50 at any of the concentrations assayed
(Figure 3.4.2B). Moreover, there was no difference in d ll520 IC50 induced by
paclitaxel between any of the treatment schedules (Figure 3.4.2B). Combining

Figure 3.4.2. Scheduled treatment of HN-5a cells with different
chemotherapeutic agents in combination with dl1520.
HN-5a cells were infected with various concentrations of dll 520 and either:
(A) melphalan,
(B) paclitaxel, or
(C) cisplatin
for 96 h as described in Materials and Methods (Section 2.5.2, p. 45). Treatments
consisted of:
cotreatment: 96 h cotreatment with both drug and dll 520 ( - ■ - )
drug pretreatment: 24 h drug treatment followed by 72 h cotreatment ( - * - )
dl1520 pretreatment: 24 h dll 520 treatment followed by 72 h cotreatment

(

Proliferation after the various treatments was determined using an alamarBlue™
assay as described in Materials and Methods (Section 2.4.1, p. 43). Drugmediated changes in d ll520 sensitivity (% reduction in d ll520 IC50 relative to a
drug-untreated dl1520-treated control) are plotted against various concentrations
of drug. The means of 4 separate experiments ± SEM are plotted for each drug.
a different from pretreatment with the same concentration of drug (Two-Way
ANOVA, p<0.05).
b different from pretreatment with d ll520 followed by the same concentration of
drug (Two-Way ANOVA, p<0.05).
c different from zero drug concentration within the same treatment schedule
(One-Way ANOVA, p<0.05).
d different from treatment with the lowest drug concentration within the same
treatment schedule (One-Way ANOVA, p<0.05).
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dll 520 and cisplatin in HN-5a cells decreased the dll 520 IC50 by a maximum of
59% (Figure 3.4.2C). Cotreatment of HN-5a cells with cisplatin (2.5 pM) and
dll 520 was the only treatment schedule that decreased dll 520 IC50 more
effectively than the 2 alternative treatment schedules that included cisplatin
(Figure 3.4.2C). Cotreatment at all cisplatin concentrations decreased dll 520
IC50 whereas pretreatment with cisplatin at only one concentration (7.5 pM)
decreased dll 520 IC50 (Figure 3.4.2C). Pretreatment with dll 520 did not reduce
dll 520 IC5 0 at any concentration of cisplatin (Figure 3.4.2C). In summary,
melphalan reduced the dll 520 IC50 better than either paclitaxel or cisplatin
(Figure 3.4.2).
To determine if melphalan treatment had the same effect in other cell
lines, HT-29 and two carboplatin-resistant lines (HN-5a/carbo-15a and HT29/carbo-15d-1) were assayed for melphalan-mediated changes in dll 520 IC50
as described above. Melphalan reduced the dll 520 IC50 by a maximum 72% in
HT-29 cells (Figure 3.4.3A). Cotreatment of melphalan and dll 520 reduced the
dll 520 IC50 better than either melphalan pretreatment (all melphalan
concentrations) or dll 520 pretreatment (all concentrations of melphalan, with the
exception of 2.5 pM) (Figure 3.4.3A). Pretreatment with dll 520 decreased the
dll 520 IC50 in HT-29 cells to a greater degree than melphalan pretreatment at
concentrations of melphalan below 10 pM (Figure 3.4.3A). Melphalan
pretreatment at 15 pM decrease the d!1520 IC50 (Figure 3.4.3A). Both
cotreatment (melphalan and d ll520) and dll 520 pretreatment reduced the
dll 520 IC50 at all concentrations, although the increase in dl1520-mediated

Figure 3.4.3. Scheduled treatment of HT-29, HT-29/carbo-15d-1 and HN5a/carbo-15a cells with melphalan in combination with dl1520.
(A) HT-29,
(B) HT-29/carbo-15d-1, or
(C) HN-5a/carbo-15a
for 96 h as described in Materials and Methods (Section 2.5.2, p. 45). Treatments
consisted of:
cotreatment: 96 h cotreatment with both drug and dl 1520 ( - ■ - )
drug pretreatment: 24 h drug treatment followed by 72 h cotreatment ( A )
dll 520 pretreatment: 24 h dll 520 treatment followed by 72 h cotreatment (
Proliferation after the various treatments was determined using a colourimetricbased cell viability assay as described in Materials and Methods (Section 2.4, p.
43). Drug-mediated changes in dl 1520 sensitivity (% reduction in d ll520 IC50
relative to a drug-untreated dl1520-treated control) are plotted against various
concentrations of drug. The means of 4 separate experiments ± SEM are plotted
for each drug.
a different from pretreatment with the same concentration of drug (Two-Way
ANOVA, p<0.05).
b different from pretreatment with dl 1520 followed by the same concentration of
drug (Two-Way ANOVA, p<0.05).
c different from zero drug concentration within the same treatment schedule
(One-Way ANOVA, p<0.05).
d different than treatment with the lowest drug concentration within the same
treatment schedule (One-Way ANOVA, p<0.05).
e different from intermediate drug concentration within the same treatment
schedule (One-Way ANOVA, p<0.05).
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effects reached a plateau at 10 pM or greater (Figure 3.4.3A). Cotreatment of
HT-29/carbo-15d-1 with melphalan and dll 520 reduced dll 520 IC50 by a
maximum of 45% (Figure 3.4.3B). Cotreatment with all concentrations of
melphalan reduced the dll 520 IC5o, while d ll520 pretreatment only reduced
dll 520 IC50 at concentrations of 10 pM or higher (Figure 3.4.3B). Melphalan
pretreatment of this cell line did not reduce the dll 520 IC50 (Figure 3.4.3B). There
was no observed difference between any of the treatment schedules (Figure
3.4.3B). Cotreatment of HN-5a/carbo-15a cells with concentrations of melphalan
greater than 5 pM reduced the dll 520 IC50 more effectively than after
pretreatment with melphalan or pretreatment with dll 520 (Figure 3.4.3C). The
maximum reduction in the dll 520 IC50 was observed after cotreatment with 5 pM
or 7.5 pM melphalan (Figure 3.4.3C).

3.5.

Melphalan-mediated changes in CAR levels
The oncolytic virus dll 520 binds CAR as the primary receptor for

internalization of target cells [46,47], It was hypothesized that melphalan
enhanced sensitivity of HN-5a cells to d ll520 (Figure 3.4.2A) through an upregulation of cellular CAR levels.

3.5.1.

Melphalan-mediated changes in CAR mRNA levels
CAR mRNA levels in HN-5a cells following a 24-h melphalan treatment

were assayed using semi-quantitative RT-PCR (Figure 3.5.1 A). Densitometric
analysis revealed that CAR mRNA levels were greater after treatment with 50 pM

Figure 3.5.1. CAR mRNA levels in HN-5a cells after 24 h exposure to
melphalan.
HN-5a cells were exposed to melphalan at the indicated concentrations for 24 h
as described in Materials and Methods (Section 2.5.3, p. 51). Following treatment
RNA was isolated and both CAR and GAPDH mRNA were amplified and
visualized by gel electrophoresis as described in Materials and Methods (Section
2.6, p. 52).
(A) A representative gel illustrating both CAR mRNA and GAPDH mRNA from a
single experiment.
(B) Densitometric quantifications of CAR mRNA were normalized to the GAPDH
mRNA control and then plotted relative to the melphalan-untreated control. The
means of 3 separate experiments (n=3 for each experiment) ± SEM are plotted.
a different from drug-untreated control cells (One-Way ANOVA, p<0.05).
b different from 15 pM melphalan (One-Way ANOVA, p<0.05).
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melphalan for 24 h compared to both a drug-untreated control and 15 pM
melphalan treated cells (Figure 3.5.1 B).

3.5.2.

Melphalan-mediated changes in CAR protein levels
To determine whether CAR protein levels corresponded with observed

changes in CAR mRNA, HN-5a cell lysates were collected 24 h and 48 h after
addition of melphalan and both CAR and actin protein were visualized and
measured by immunoblotting. There was no change in CAR protein levels,
relative to actin control protein, after a 24 h exposure to 15 pM, 25 pM, and 50
pM compared to a drug-untreated control (Figure 3.5.2B). However, the 48-h, 50
pM melphalan treatment resulted in elevated CAR protein levels (Figure 3.5.2C).
Similar to mRNA, CAR protein levels were greater after treatment with 50 pM
melphalan compared to both a drug-untreated and 15 pM melphalan treated cells
(Figure 3.5.2D).

3.5.3.

CAR mRNA and protein levels following 50 pM melphalan treatment
for 4 h, 8 h, and 12 h
To determine the kinetics of the melphalan-mediated increase in CAR

levels, HN-5a cells were treated with 50 pM melphalan for 4 h, 8 h, and 12 h, and
RNA was harvested for quantification of CAR mRNA using semi-quantitative RTPCR (Figure 3.5.3A). In contrast to the increased CAR mRNA observed at 24 h,
there was no change in CAR mRNA levels after treatment with 50 pM melphalan
for up to 12 h (Figure 3.5.3B). Following drug treatment (4 h, 8 h,

Figure 3.5.2. CAR protein levels in HN-5a cells after 24 h and 48 h exposure
to melphalan.
HN-5a cells were exposed to melphalan at the indicated concentrations for
(A,B) 24 h, or
(C,D) 48 h
as described in Materials and Methods (Section 2.5.3, p. 51). Following
treatment, total cellular protein was isolated and both CAR and actin protein were
visualized by SDS-PAGE and immunoblotting as described in Materials and
Methods (section 2.7, p. 58).
(A,C) A representative immunoblots illustrating both CAR4 6 and actin protein
expression from a single experiment.
(B,D) Densitometric quantifications of CAR4 6 protein were normalized to their
respective actin protein controls and then graphed relative to the melphalanuntreated control. Mean relative CAR protein levels (B: from 4 separate
experiments; D: 5 separate experiments; n=3 for each experiment) ± SEM are
plotted.
a different from drug-untreated control cells (One-Way ANOVA, p<0.05).
b different from 15 pM melphalan (One-Way ANOVA, p<0.05).
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Figure 3.5.3. CAR mRNA levels in HN-5a cells after 4 h, 8 h, and 12 h
exposure to 50 pM melphalan.
HN-5a cells were exposed to 50 pM melphalan for the indicated times as
described in Materials and Methods (Section 2.5.4, p. 51). Following treatment
RNA was isolated and both CAR and GAPDH mRNA were amplified and
visualized by gel electrophoresis as described in Materials and Methods (Section
2.6, p. 52).
(A) A representative gel illustrating both CAR mRNA and GAPDH mRNA from a
single experiment.
(B) Densitometric quantification of CAR mRNA were normalized to the GAPDH
mRNA control and then graphed relative to the melphalan-untreated control. The
mean relative CAR mRNA levels from 3 separate experiments (n=3 for each
experiment) ± SEM are plotted.
There were no differences in CAR mRNA expression (One-Way ANOVA,
p<0.05).
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and 12 h) drug was removed and cells were cultured for a total of 24 or 48 h and
harvested for immunoblots of CAR protein levels (Figure 3.5.4A and Figure
3.5.4C). Relative to a drug-untreated control, there was no difference in CAR
protein level after incubation for 48 h (Figure 3.5.4D). However, the CAR protein
level at 24 h was significantly decreased after an 8 h exposure to 50 pM
melphalan (Figure 3.5.4B).

3.6.

Greater-than-additive cell death after combined treatment with
dl1520 and melphalan
The capacity of melphalan to enhance sensitivity of human tumour cells

(Figure 3.4.2A and Figure 3.4.3) to dll 520 was hypothesized to be due to
increased cell death after combined treatment with dll 520 and melphalan. To
test this hypothesis, HN-5a cells were cotreated with melphalan (0 pM, 2.5 pM, 5
pM, and 7.5 pM) and dll 520 (0 PFU/cell and 20 PFU/cell) and dead and dying
cells were assessed using AnnexinV/PI staining and flow cytometry daily for four
days (Figure 3.6.1 A, Figure 3.6.1C, Figure 3.6.1 E, and Figure 3.6.1G). The only
difference in the percentage of dead and dying cells was observed after
treatment with 2.5 pM melphalan after 3 d relative to its dl1520-untreated control
(treated with 2.5 pM melphalan only) (Figure 3.6.1 E). The dl520-mediated cell
death was determined by taking the difference between the percentage of dead
and dying cells treated with dl1520/melphalan and the percentage of dead and
dying cells treated with melphalan-only (Figure 3.6.1 B, Figure 3.6.1 D, Figure
3.6.1 F, and Figure 3.6.1 H). There is a reduction the percentage of dll 520-

Figure 3.5.4. CAR protein levels in HN-5a cells after 4 h, 8 h, and 12 h
exposure to 50 pM melphalan.
HN-5a cells were exposed to 50 pM melphalan for the indicated times as
described in Materials and Methods (Section 2.5.4, p. 51). Following treatment,
total cellular protein was isolated and both CAR and actin protein was visualized
by SDS-PAGE and immunoblotting as described in Materials and Methods
(Section 2.7, p. 58).
(A,C) Representative immunoblots illustrating both CAR4 6 and actin protein
expression 24 h and 48 h following the addition of drug from a single experiment.
(B,D) Densitometric quantification of CAR protein were normalized to their
respective actin protein controls and then graphed relative to the melphalanuntreated control. Mean relative CAR protein levels (B: from 4 separate
experiments; D: 5 separate experiments; n=3 for each experiment) ± SEM are
plotted.
a different from drug-untreated control cells (One-Way ANOVA, p<0.05).
b different from 15 pM melphalan (One-Way ANOVA, p<0.05).
c different from 50 pM melphalan (One-Way ANOVA, p<0.05).
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Figure 3.6.1. HN-5a cell death following combined treatment with dl1520
and melphalan.
HN-5a cells were infected with the indicated concentrations of dll 520 and/or
melphalan and assayed for cell death at:
(A,B)

1 d,

(C,D) 2 d,
(E,F) 3d, and
(G,H) 4 d
following treatment as described in Materials and Methods (Section 2.8, p. 60).
(A,C,E,G) The mean number of dead and dying cells as a percentage of the total
cell number is plotted as the means derived from 3 separate experiments (n=3
for each experiment).
a different from respective dl1520-untreated control (melphalan-treated, dll 520untreated) (Student’s f-test, p<0.05).
(B,D,F,H) Melphalan enhancement of dl1520-mediated cell death determined for
each concentration of melphalan by subtracting the percentage of dead and
dying cells treated with melphalan from cells treated with dll 520 (MOI of 20) and
melphalan. The mean differences from 3 separate experiments (n=3 for each
experiment), are plotted.
b different from respective melphalan-untreated cells for a given time point (One
Way ANOVA, p<0.05).
c different from respective 2.5 pM melphalan treated cells for a given time point
(One-Way ANOVA, p<0.05).
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mediated dead and dying cells when treating with dll 520 and either 5 pM or 7.5
pM melphalan for 2 d relative to both treating with dll 520 and drug-untreated and
2.5 pM treated cells (3.6.1 D). Furthermore, there is an increase in percentage of
dl1520-mediated dead and dying cells when treating with both dll 520 and 7.5 pM
melphalan for 3 d and 4 d relative to both treating with d ll520 and drug-untreated
and 2.5 pM treated cells (Figure 3.6.1 E and Figure 3.6.1 G).

3.7.

Replication of dl1520 in the presence of melphalan
It was hypothesized that melphalan treatment enhanced dll 520

replication, which resulted in the greater-than-additive cell death observed when
HN-5a cells received combined dll 520 and melphalan treatment (Figure 3.6.1).
First, the capability of adenovirus to replicate in the presence of melphalan was
assessed. To do this, medium collected daily for four days from HN-5a cells that
were treated with melphalan (0 pM, 2.5 pM, 5 pM, and 7.5 pM) and dll 520 (0
PFU/cell and 20 PFU/cell) was assessed for its ability to induce cell death by
overlaying untreated HN-5a cells with a small aliquot of medium (containing
potentially secreted virus progeny) from all samples. Cells were cultured until
untreated cells reached 100% cell density after which viable cells were stained
using Neutral Red. A visual interpretation of the degree of red staining was used
to infer the approximate degree of proliferation of cells. There was no difference
in the proliferation of cells treated with medium collected from samples 1 and 2 d
following dll 520 infection, but cells treated with medium from dl1520-infected
melphalan-treated samples density of viable cells compared to cells treated with
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medium harvested from their respective dl1520-untreated controls (melphalan
treated only) indicating the potential presence of viable virus (Figure 3.7.1 A). A
burst assay (described in Materials and Methods, Section 2.9, p. 61) was used to
identify potential changes in adenovirus replication in the presence of melphalan.
There was no difference in the replication of dll 520 in the presence of any of the
concentrations of melphalan assessed (2.5 pM, 5 pM, and 7.5 pM) compared to
the melphalan-untreated control (treated with dll 520 in the absence of
melphalan) (Figure 3.7.1 B).

Figure 3.7.1. dl1520 replication in the presence of melphalan.
(A) HN-5a cells were infected with the indicated concentrations of d ll520 and/or
melphalan as described in Materials and Methods (Section 2.8, p. 60). An aliquot
of medium, containing both dead/dying cells and potentially any viral progeny,
was removed and used to treat new cells every 24 h for a total of 96 h. These
cells were then cultured for 6 d to allow for the control to reach 100% cell density.
At the end of 6 days, viable cells were stained with Neutral Red and plates were
photographed. This experiment was performed once. Medium from dll 520infected cells can induce cell death.
(B) HN-5a cells were infected with the indicated concentrations of dll 520 and/or
melphalan and assayed for d ll520 replication as described in Materials and
Methods (Section 2.9, p. 61). Titration of dll 520 samples isolated after a 72 h
infection was normalized to the average titration established from samples at 6 h.
The means form 3 experiments (n=3 for each experiment) were normalized to
their respective melphalan-untreated controls and plotted ± SEM.
There were no significant differences in dll 520 replication (One-Way ANOVA,
p<0.05).

117

B

Melphalan (pM)
d!1520 (20 PFU/cell)

0
+

2.5
+

5
+

7.5
+

118

CHAPTER 4:

DISCUSSION

The ultimate goal of cancer treatment is complete disease regression with
no patient mortality. However, despite years of research striving to attain this
goal, today’s therapies remain sub-optimal. Persistent issues with conventional
therapy include non-specific toxicities that influence patient compliance and
varying degrees of therapeutic efficacy. As a result, there is a continued effort by
cancer researchers to both improve current treatments and to identify novel,
more effective therapies to treat this devastating disease.
Genetically-modified, replication-competent viruses have emerged as a
promising new treatment for many cancers including, but not limited to, head and
neck [34,115], lung [99], colorectal [36,104], cervical [101,102], pancreatic [35],
and liver [111] cancers. Several viruses including: HAdV [30], herpes simplex
virus type 1 [145], vesicular stomatatis virus [146], reovirus [147], and Newcastle
disease virus [148] have been identified as potential candidates for oncolytic
virotherapy. The first, and subsequently best studied, oncolytic virus was dll 520,
a genetically-modified HAdV [30]. Extensive preclinical and early clinical trials
identified a therapeutic efficacy when combining dll 520 with cisplatin and 5-FU
[37,97,116]. The success of these studies, in combination with a promising phase
III clinical trial [121], led the SFDA to approve a similar genetically-modified
oncolytic HAdV, H101, for the treatment of advanced nasopharyngeal
carcinomas in combination with cisplatin and 5-FU [118]. Shortly thereafter,
Sunway Biotech Inc., the company that held the rights for H101, purchased the
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international rights to dll 520 from Onyx Pharmaceuticals Inc., with hopes of
pursuing development in other markets [122,123].
Clearly, the therapeutic potential of combining dll 520 with cisplatin and 5FU has been realized. However, there are several fundamental gaps in our
understanding of how treatment with chemotherapy and dll 520 enhanced
therapeutic benefit for the patient when combined, including: a) the mechanistic
interaction between chemotherapy and dll 520, b) the optimal treatment schedule
for administering each agent, and c) the range of chemotherapy drugs that can
be used in combination with dll 520. The present study was an in vitro
investigation of the potential use of novel chemotherapy combinations
(melphalan and paclitaxel) with dll 520 in comparison to an established
chemotherapy (cisplatin)-dl 1520 combination for the treatment of HNSCC (HN5a), colon cancer (HT-29), and their carboplatin-resistant variants (HN-5a/carbo15a and HT-29/carbo-15d-1). Furthermore, the optimal schedule for
administering each agent and the potential mechanistic interaction between each
agent was investigated. The present study supports melphalan as the optimal
candidate for combined therapy with dll 520 that, when combined, elicits greaterthan-additive anti-tumour effects in vitro. Moreover, a potential CAR-melphalan
interaction was identified.

4.1.

Generation and titration of a dll 520 stock
A plaque-forming assay using A549 (human lung adenocarcinoma) cells

titrated the newly-propagated dll 520 stock to be 2.0 x 109 PFU/ml (Figure
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3.1.1 A). When this titer was used to set up a comparative cytotoxicity assay
against a stock of known concentration, the newly-propagated stock exhibited a
comparable inhibition of proliferation at approximately a third the apparent dll 520
concentration (Figure 3.1.1B). Standard plaque assays for E1-mutated HAdV are
done using HEK293 (human embryonic kidney) cells due to their expression of
E1 HAdV genes [93,135]. The original transformation of HEK293 cells was
achieved by introducing sheared HAdV serotype 5 DNA [135]. As a result,
HEK293 cells express the left-most region (approximately 0-17 map units) of the
HAdV genome containing the E1 genes (Figure 1.3.2.4A) and thus complement
the E1-mutant HAdV phenotype [135]. In the present study, titration with HEK293
cells was attempted, although unsuccessfully. Continued non-specific toxicities
were observed that could not be associated with the type of medium, type of
agarose, temperature of the soft agar at the time of addition to cells, cell density
at the time of infection, or the mechanistic act of overlaying cells with soft agar.
As a substitute, titration in A549 cells was performed. However, dll 520
replication in A549 cells is approximately 30% that of replication in HEK293 cells
[149], The difference in dll 520 replication between A549 and HEK293 cells could
account for the observed difference in cytotoxicity induced by the dll 520 stock
titrated in the present study and the stock of a known concentration titrated by
Onyx Pharmaceuticals Inc. Taken together with results from the comparative
cytotoxicity assay, the working concentration of our newly-propagated d ll520
stock was adjusted to be 6.0 x 109 PFU/ml.
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4.2.

Human tumour cell lines as targets for dl1520 therapy

4.2.1.

CAR is a glycosylated protein
Immunoblots for CAR protein resolved two distinct bands (CAR46and

CAR40, respectively) in the human tumour-derived cell lines assayed (Figure
3.2.2 and Figure 3.2.3). These data are consistent with a previous study of CAR
protein expression in human cervical cancer cells (FleLa), embryonic kidney
(293T), and lung cancer (A549) cell lines [49]. Treatment of protein lysates with
PNGase F, an N-glycosidase enzyme, resulted in a reduction in the intensity of
CAR46and a strengthening in CAR40 band intensity (Figure 3.2.2B). These
results are consistent with a previously published study that demonstrated that
the apparent molecular weight of CAR protein, as determined by its ability to
migrate through an SDS-polyacrylamide gel, is dependent on glycosylation of its
two extracellular immunoglobulin domains [49], Based on the amino acid
sequence of CAR, the predicted molecular weight is expected to be 40 kDa
[47,49,50]. However, the extracellular domain contains two amino acid residues,
N106 and N201, which are capable of being N-glycosylated [47,50]. The
glycosylation of CAR has been studied using site-directed mutagenesis to
generate expression vectors harboring CAR mutants unable to be glycosylated at
either a single or both immunoglobulin domains. These were then transfected
into Chinese hamster ovary (CHO) cells, a cell line with no basal CAR expression
[49], Glycosylation of each site adds approximately 3 kDa to the observed
molecular weight of CAR such that when fully glycosylated, CAR protein migrates
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through an SDS-polyacrylamide gel with an apparent molecular weight of
approximately 46 kDa.
Protein glycosylation is a form of post-translational modification that
affects protein stability, folding and trafficking in the endoplasmic reticulum [150].
Therefore, it is possible that CAR40 represents newly-translated CAR protein prior
to post-translational modification. The glycosylation status of CAR protein does
not affect its cellular localization, but deglycosylation of CAR has been shown to
reduce its cell-cell interactions and augment HAdV infection [49]. However, that
study did not identify a mechanism for the augmentation of HAdV infection by the
deglycosylated isoforms of CAR. Contrary to their initial finding, they showed that
deglycosylation of CAR both reduces the levels of HAdV binding and the degree
of cooperative binding between a single HAdV capsid fiber protein and cellular
CAR receptors [49]. The present study quantified both CAR46and CAR40 bands
from immunoblots for CAR protein due to the possibility that the deglycosylated
isoform has different HAdV binding kinetics.
Differences in the banding intensity of both CAR40 protein and CAR46
protein are observed in the same cell line (Figure 3.2.2A and Figure 3.2.2B). The
cell surface expression of CAR inversely correlates with cell density [151].
Therefore, it is possible that total cellular CAR protein levels also share a similar
inverse correlation with cell density and that differences in the amount of CAR46
protein and CAR40 protein could be due to differences in cell density at the time
of protein isolation.

123

4.2.2.

CAR protein and CAR mRNA levels in human tumour-derived cell lines
The capacity of dll 520 to elicit a therapeutic effect is reliant on its ability to

gain entry to the target cells. The binding of dll 520 to CAR, its primary receptor,
serves as the rate-limiting step in its internalization [46,47], All cell lines used in
the present study had detectable levels of both CAR mRNA and CAR protein
(Figure 3.2.1 and Figure 3.2.3). Moreover, relative CAR mRNA levels between
cell lines (Figure 3.2.1) were comparable to the relative levels of CAR protein
(Figure 3.2.3). This observation is in agreement with several studies that illustrate
CAR mRNA correlates with CAR protein levels [126,152]. The CAR expression in
healthy tissues is quite diverse, with detectable levels found in pancreas, brain,
heart, small intestine, testis, liver, lung, prostate, colorectum, and esophagus
[50,153]. In pathology, a down-regulation in CAR levels has been reported in
many advanced, poorly differentiated cancers including HNSCC [154], bladder
carcinoma [155], gastric cancer [126], prostate cancer [125], liver and pancreatic
cancer [153], and both cervical adenocarcinoma and ovarian carcinoma [156]. In
contrast, several studies have identified an up-regulation in CAR levels in both in
vitro models for advanced breast cancer and in samples isolated from patients
with advanced breast cancer [124,127], Taken together, these studies highlight
that the tumour response to changes in CAR levels appears to be cell-typespecific. Efficient adenovirus infection positively correlates with CAR protein
levels [157,158], and as a result, tumours expressing high levels of CAR
represent potential targets for HAdV-mediated therapies. Therefore, the human
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tumour cell lines used in the present study represent potential targets for d ll520mediated therapy.

4.2.3.

Sensitivity of human tumour cell lines to d l1520-mediated inhibition of
cellular proliferation
All cell lines were sensitive to dl1520-mediated inhibition of proliferation at

the concentrations assayed, with close to 90% inhibition of proliferation in all cell
lines after treatment with dll 520 at a MOI of 300 (Figure 3.3.1).
High exposure of the oral epithelia to carcinogens through smoking and
alcohol consumption has been associated with over 50% of HNSCC tumours
containing non-functional p53 [6]. The HT-29 cell line also possesses non
functional p53 [159]. Therefore, the sensitivity of these cell lines to the E1Bdeficient dll 520 is expected because its replication is selective for cells with a
non-functional p53 [30]. The observed inhibition of proliferation concurs with
previously published findings indicating that HT-29 and several HNSCC-derived
cell lines are sensitive to dl1520-induced cytotoxicity [97]. Furthermore, both
CAR protein and CAR mRNA levels were higher in several HT-29-derived cell
lines than HN-5a-derived cell lines (Figure 3.2.1 and Figure 3.2.3) suggesting
higher permissiveness to dll 520 infection. However, there was no difference in
the dll 520 IC50 values between the parental HN-5a and HT-29 cell lines in the
present study (57.46 ± 8.37 and 74.23 ±18.19 PFU/cell, respectively) (Table
3.3.1). These values are in contrast to previously published IC50 values for
dll 520 in these cell lines of 21 ± 6 and 262 ± 145 PFU/cell, respectively [110].
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These differences may be accounted for by the method used to determine the
number of cells present at the time of infection. In the previous study, a cell count
was taken of the cell suspension used to plate cells and used as an indicator of
cell number at the time of infection. The problem with this method is that cell
proliferation occurs from the time cells are plated to the time they are infected (24
h later). In the present study, cell counts were taken from a representative T-25
flask at the time of infection to account for this proliferation. Therefore, the
determined dll 520 MOI in the present study are more accurate than previously
published data.
In the present study there was no difference in the levels of either CAR
mRNA or CAR protein between the parental and any of their drug-resistant
variants (Figure 3.2.1 and Figure 3.2.3). A strength of the present study is that all
cell lines were treated with the same MOIs of dll 520 in triplicate (and the
experiment was repeated three times), allowing for a direct statistical comparison
of relative proliferation between cell lines at each MOI of dll 520 (Figure 3.3.1). In
agreement with CAR mRNA and CAR protein data, there was no difference in
sensitivity to dl1520-mediated inhibition of proliferation between the parental cell
lines (HN-5a and HT-29) and their respective carboplatin-resistant variants (HN5a/carbo-15a and HT-29/carbo-15d-1) (Figure 3.3.1 and Table 3.3.1). This is in
contrast to a previous study in our laboratory that identified a 15-fold increase in
the sensitivity of HN-5a/carbo-15a cells to dl1520-mediated inhibition of
proliferation compared to the parental HN-5a cell line [110]. There is the potential
that the difference in sensitivity of the HN-5a/carbo-15a cell line to inhibition of
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proliferation induced by dll 520 between the present study and the previous study
is due to inherent changes that occur to a cell line when cultured in vitro over
time [135]. The HN-5a/carbo-15a cell line was selected by culturing the parental
HN-5a cell line in the presence of carboplatin as described elsewhere [134], This
cell line was cultured in the presence of 15 pM carboplatin to maintain the drugresistant phenotype. However, it is possible that a potential reversion to a drugnaive phenotype may have occurred after consecutive passages in vitro, thus
accounting for the differences between the past and present study.
A similar comparison of proliferation after treatment with each MOI of
dll 520 between HT-29 cells and HT-29/CP-5c identified the cisplatin-resistant
variant to be more sensitive to dl1520-induced inhibition of proliferation after
treatment with MOIs of 10, 15, 20, 50, and 125 when compared to the parental
HT-29 cell line (Figure 3.3.1 B). This is in agreement with previous findings from
our lab [110]. These results suggest that the acquisition of cisplatin resistance
sensitizes cells to dll 520 anti-proliferative effects. The phenomenon of acquired
cisplatin resistance conferring enhanced sensitivity of human tumour cells to
dl1520-mediated anti-tumour effects has been observed previously in an ovarian
cancer cell line model [97,100,105]. An ovarian carcinoma cell line (A2780)
selected for resistance to cisplatin (A2780/cp70) is approximately 100-fold more
sensitive to dll 520 than the parental cell line [100]. It was proposed that this
enhanced sensitivity is the result of enhanced d ll520 replication in the cisplatinresistant variant compared to the parental cell line [105]. A common mutation
associated with resistance to cisplatin is the inactivation of the p53-mediated
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stress response [160,161]. A sequence analysis of the p53 gene locus in
A2780/cp70 revealed the sequence to be wild-type [162], However, It is possible
for a cell to have a normal p53 gene sequence but to still harbour a non
functional p53 response due to a dysfunction in another component of the
response pathway [161,162], Thus, it has been postulated that the enhanced
replication of dll 520 in this cisplatin-resistant variant is accounted for by a
mutation in the p53 pathway [105]. In contrast, the HT-29 parental cell line used
in the present study has been shown to contain non-functional p53 [159].
Therefore, it would appear that a mutation in p53 is not the cause of this
observed sensitization to dll 520. Enhanced HAdV internalization in the HT29/CP-5c cell line could account for the observed difference in its sensitivity to
dll 520 when compared to the parental HT-29 cell line (Figure 3.3.1). However,
there is no difference in CAR levels between HT-29 and cisplatin-resistant HT29/CP-5c cell lines (Figure 3.2.1 and Figure 3.3.3), suggesting that the increase
in viral sensitivity is due to an internal cellular mechanism and not a change in
viral infection. These results are in accordance with the observation that there is
no change in CAR mRNA expression between a drug-nai've laryngeal carcinoma
cell line with a cisplatin-resistant variant [163]. Interestingly, the cisplatin-resistant
variant in that study demonstrated an enhanced sensitivity to HAdV infection.
The authors suggested that a moderate increase in the levels of CAR protein at
the cell surface, independent of the CAR mRNA expression level, might be
responsible for the difference in HAdV infection [163]. Indeed, several studies
identified that CAR protein cell surface expression positively correlated with
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adenovirus infectivity of various cell lines [157,163,164], The present study
cannot rule out the fact that total CAR protein levels may not correlate with cell
surface expression of CAR protein. Therefore, future studies need to investigate
how cell surface expression of CAR protein in the various cell lines affects
sensitivity to dl520 infection.

4.3.

Combination of dl1520 with conventional chemotherapy for the
treatment of human tumours

4.3.1.

Differential effects of combined vs. sequential treatment of human
tumour cells with dl1520 and chemotherapeutic drugs
Cisplatin and 5-FU are the only two chemotherapy drugs approved for use

with dll 520 in the clinic [118]. However, there is evidence that suggests
melphalan has potential for combined therapy with dll 520 [110]. The present
study compared the anti-proliferative efficacy of an established dll 520-drug
combination (cisplatin) with novel dll 520-drug combinations (melphalan or
paclitaxel) shown to have potential in vitro. In the present study, melphalan
enhanced the dl1520-mediated toxicity better than cisplatin or paclitaxel (Figure
3.4.2). Paclitaxel did not enhance sensitivity to dll 520 at any of the
concentrations assayed (Figure 3.4.2B), in contrast to previous reports
demonstrating that paclitaxel works synergistically with dll 520 in vitro [98,99].
Discrepancies between the current and previous studies may be accounted for
due to differences in culture conditions, the origins of the cell lines assayed, and
the concentrations of paclitaxel assayed.
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To identify if the melphalan-mediated reduction in the dll 520 IC50 was celltype-specific, the potential for melphalan to enhance sensitivity to dll 520 using
an additional tumour-derived cell line and several carboplatin-resistant variants of
the two parental cell lines (Figure 3.4.3). Similar to the results in HN-5a cells,
melphalan reduced dll 520 IC50 in all cell lines assayed (Figure 3.4.3). This effect
was most profound in HT-29 cells, where melphalan reduced the dll 520 ICsoby
up to 72% at concentrations of drug that had minimal toxicity on their own (Figure
3.4.3A and Figure 3.3.3A). These results are in agreement with previous findings
that identified up to an 80% enhancement of dll 520 toxicity by melphalan at
concentrations that inhibited proliferation by only 20% [110]. These findings
suggest that combining dll 520 with melphalan may be the superior treatment
strategy over that of cisplatin and dll 520, which is already approved for use in
the clinic.
The conventional in vitro method for investigating dl 1520-drug
combinations has been to co-administer both agents and measure anti
proliferative effects after a given time [98,99]. However, in the clinic,
administering two therapeutic agents (i.e. agent A and agent B) can be done in
three ways: a) administering agent A and B together, b) administering agent A
before B, or c) administering agent B before A. Therefore, the present study took
a relatively novel in vitro approach and assessed the effects of scheduled
administration of dll 520 with melphalan, cisplatin, or paclitaxel to determine
which schedule afforded the optimal therapeutic benefit. In general, both
cotreatment and drug pretreatment were superior to dll 520 pretreatment (Figure
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3.4.2 and Figure 3.4.3). Moreover this phenomenon appeared to be melphalanspecific, as there was no difference in the effects of each treatment schedule for
cisplatin and paclitaxel (with the exception of cotreatment with 2.5 pM cisplatin
which reduced dll 520 IC50 better than pretreatment with either cisplatin or
dll 520) (Figure 3.4.2). These melphalan-specific effects appeared to be
concentration-dependent, as dll 520 pretreatment was better than drug
pretreatment when treating with low concentrations of melphalan, whereas
melphalan pretreatment was superior to dll 520 pretreatment when treating with
moderate to high concentrations of melphalan (Figure 3.4.2A and Figure 3.4.3A).
This suggests a melphalan-mediated enhancement of toxicity to dll 520 anti
tumour effects. The present study assessed potential melphalan-mediated
changes in CAR levels and dll 520 replication as the cause of this melphalanmediated enhancement of toxicity to dll 520 (discussed in Section 4.3.2p. 131
and Section 4.3.3. p. 134).
It is important to note that when two therapeutic agents are used together,
it is difficult to determine how the agents are interacting. In the present study it
was hypothesized that melphalan mediated an enhancement of dll 520 toxicity
because of the observed sensitization to dll 520 when pretreatment with
melphalan or cotreatment with both agents (Figure 3.4.2A). Flowever, it is entirely
possible that dll 520 is enhancing toxicity to melphalan and not vice versa.
Indeed, previous studies have identified a schedule-dependent dl1520-mediated
enhancement of toxicity to chemotherapy [101,110]. Melphalan toxicity has
reportedly been augmented in vitro when dll 520 was administered
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simultaneously with or 24 h after melphalan but not when dlt 520 was
administered 24 h prior to melphalan [110]. Additionally, an in vivo study
assessed scheduled treatment of HLaC (head and neck) tumour cells
xenografted into mice treated with chemotherapy (cisplatin and 5-FU) and dll 520
using the identical treatment schedules investigated in the present study [101]. In
contrast to results presented here, dll 520 pretreatment was more effective than
combined treatment or drug pretreatment [101]. Differences could be accounted
for due to the parameters used to assess efficacy of treatment in their study
(survival and % complete tumour response) vs. the present study (enhanced
cytotoxicity) and the tumour model system studied {in vivo in their study vs. in
vitro in the present study). This highlights the need to validate these preliminary
findings using additional tumour model systems.

4.3.2.

Melphalan-mediated changes in the CAR levels in HN-5a cells
CAR is frequently down-regulated in many advanced human cancers

[125,126,153,154,155,156], and is believed to be involved in cellular growthinhibition through contact with adjacent cells at tight junctions [51,165]. A
negative correlation between CAR protein levels and cell growth, combined with
a positive correlation between CAR protein levels and p21 protein levels
(negative regulator of the cell cycle) was the first evidence to support the
involvement of CAR in growth-inhibition [165]. Loss of CAR-mediated growthinhibition may help potentiate tumourigenesis, and presents a barrier for
successful dl1520-mediated therapies, as CAR is the primary receptor for the
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dll 520 attachment [47], Therefore, chemical induction of CAR protein levels has
the potential to enhance dl1520-mediated therapies for cancer.
In the present study, of all the chemotherapy drugs used in combination
with dll 520, melphalan had the greatest capacity to sensitize cells to dll 520mediated anti-proliferative effects (Figure 3.4.2). Moreover, melphalan-mediated
reduction in the dll 520 IC50was greatest with either cotreatment (dll 520 and
melphalan) or pretreatment (24 h) with melphalan compared to dll 520
pretreatment (24 h) at all concentrations of melphalan assayed (with the
exception of pretreatment with 2.5 pM melphalan which did not sensitize cells to
dll 520) (Figure 3.4.2A). It was hypothesized that melphalan treatment upregulated CAR protein expression resulting in an increased dll 520 infection of
HN-5a cells. However, there was no evidence to support this hypothesis when
treating HN-5a cells with 15 pM and 25 pM melphalan, concentrations at which
melphalan reduced dll 520 IC50 by approximately 70% (Figure 3.5.2 and Figure
3.4.1.2, respectively). Therefore, melphalan-mediated reduction in dll 520 IC50 is
likely not the result of a melphalan-mediated up-regulation in CAR. However,
treatment of cells with 50 pM melphalan up-regulated CAR mRNA levels after 24
h (Figure 3.5.1) and CAR protein levels after 48 h (Figure 3.5.2), compared to a
melphalan-untreated control. These results agree with previous studies that
identified the inducible nature of CAR mRNA [166] and CAR protein cell surface
expression by chemotherapy drugs [166,167], The melphalan-mediated CAR
mRNA induction after 24 h (Figure 3.5.1) and CAR protein induction at 48 h but
not 24 h (Figure 3.5.2) suggest a potential melphalan-mediated transcriptional
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regulation of the CAR gene. Notably, treatment of HN-5a cells with 50 pM
melphalan for 4 h, 8 h, or 12 h did not increase CAR mRNA (Figure 3.5.3) or
protein expression (Figure 3.5.4), suggesting that a 24-h incubation with
melphalan is necessary to mediate a change in CAR mRNA and CAR protein
levels.
The mechanism for the melphalan-mediated up-regulation of CAR
expression was not elucidated in the present study. The timeline of the
melphalan-induced change in both CAR mRNA (24 h) and CAR protein (48 h)
suggest a potential transcriptional regulation of CAR expression by melphalan
(Figure 3.5.1 and Figure 3.5.2). DNA methylation is an epigenetic mechanism
used to negatively-regulate gene transcription [169]. However, the degree of
histone acetylation rather than DNA methylation of the CAR gene plays an
important role in regulating CAR gene expression [170]. Histone acetylation
reduces the positive charge of the amino terminus of the histones, lowering their
affinity for negatively charged DNA, which allows space for transcription factors
to bind leading to enhanced gene transcription [171]. In fact, several histone
deacetylase inhibitors have been investigated for their ability to positively
regulate CAR gene expression [151,170,172,173,174], Treatment of a human
tumour derived cell line with melphalan 50 pM resulted in an up-regulation in both
CAR mRNA and CAR protein levels that may be useful for treatment of human
tumours as CAR is frequently down-regulated in many human cancers
[125,126,153,154,155,156]. A potentially informative topic of future study would
be to investigate the effect of melphalan on histone acetylation in the CAR gene,
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and its function on CAR promoter activity to further elucidate the mechanism of
melphalan-mediated CAR gene transcription.

4.3.3.

Greater-than-additive cell death after combined treatment with dl1520
and melphalan is not the result of enhanced dl1520 replication
The combined treatment of HN-5a cells with melphalan and dll 520

enhanced sensitivity of cells to dl1520-mediated inhibition of cellular proliferation
as assessed using alamarBlue™ cell viability assays (Figure 3.4.2A). A limitation
of this assay is the inability to differentiate between slowed cell growth, enhanced
cell death, or a combination of the two. Therefore, the amount of cell death
following combined treatment of HN-5a cells with dll 520 and melphalan was
assessed using flow cytometry with Annexin V/PI staining (Figure 3.6.1). One d
after treatment initiation, all cells treated with dll 520 had less cell death than
their respective melphalan-treated controls (Figure 3.6.1 B). This is possibly due
to HAdV-mediated inhibition of cellular apoptosis, presumably through an E1B19-dependent mechanism [81,82], Furthermore, after 2 d, cell death was reduced
in cells treated with dll 520 and 5 pM or 7.5 pM melphalan compared to cells
treated with dll 520 alone or in combination with 2.5 pM melphalan (Figure
3.6.1 D). These results suggest a potential concentration-dependent melphalanmediated inhibition of dl1520-induced cell death. After 3 d and 4 d, dll 520induced cell death was increased when cells were treated with 7.5 pM melphalan
compared to the drug-untreated controls (Figure 3.6.1 F and Figures 3.6.1 FI). The
timing of this increase in dl1520-mediated cell death is consistent with that of
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HAdV replication [175]. Consistent with this, medium collected from cells 3 d and
4 d after treatment with both d ll520 and melphalan inhibited proliferation of a
new monolayer of cells, whereas medium collected from 1 d and 2 d post
treatment had no effect (Figure 3.7.1 A). Collectively these results suggest that
dll 520 replication in the presence of melphalan occurred. Therefore, it was
hypothesized that a melphalan-mediated enhancement of dll 520 replication was
responsible for the greater-than-additive cell death observed when cells received
the cotreatment of dll 520 and 7.5 pM melphalan (Figure 3.6.1 F and Figure
3.6.1 H). Flowever, there was no melphalan-mediated increase in d ll520
replication after assessing dll 520 replication using an adenovirus burst assay
(Figure 3.7.1 B). Drug-mediated changes in HAdV replication have been
observed in several studies [101,176,177,178,179]. For example, the anti
cholesterol drug lovastatin and the MEK inhibitor CM 040 enhance HAdV
replication [176,177,178]. Contrary to this, the chemotherapy drugs cisplatin, 5FU, vincristine, and temozolomide do not change HAdV replication
[101,178,179], These observations, combined with the results from the present
study, suggest that drug-mediated changes in HAdV replication are drug-specific.
Drug-mediated modulation of cell cycle progression has been postulated
as being the cause of drug-mediated changes to HAdV replication. One study
identified enhanced adenovirus production from cells that were infected
immediately after being released from the G1 phase of the cell cycle [177], This
result could be due to the progression of cells directly into the S-phase of the cell
cycle, which has been identified as the optimal cell cycle phase to infect cells in
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order to produce the highest virus yield [180]. This is consistent with the finding
that HAdV cause the accumulation of cells in the S-phase of the cell cycle up to
12 h post-infection [175,181]. Melphalan induces a G2-M cell cycle arrest in a
concentration- and time-dependent manner [168,182], Consistent with the results
from the present study that identified no change in dll 520 replication in the
presence of melphalan, it would be hypothesized that melphalan-induced cell
cycle arrest in G2 would not hamper dl1520-mediated accumulation of cells in
the S-phase of the cell cycle and thus have no effect on HAdV replication. An
interesting future study would be to investigate the cell-cycle-specific changes
induced by melphalan both alone and in combination with d!1520 using flow
cytometry DNA content analysis.
Results from the present study did not implicate melphalan-mediated
changes in dll 520 replication as the cause of the greater-than-additive cell death
in response to the combined treatment with melphalan and dll 520 (Figure 3.6.1).
As described above (Section 4.3.2, p. 131), it is important to note that when two
therapeutic agents are used together, it is difficult to determine which agent is
potentiating the effects of the other agent. Therefore, it is entirely possible that
dll 520 is enhancing toxicity to melphalan and not vice versa. For example, the
oncolytic HAdV A-24-RGD (E1A non-functional for binding pRB, enhanced
internalization through integrin binding) enhanced toxicity to the DNA-damaging
agent temozolomide [179]. Normal expression of the DNA repair enzyme 0(6)methylguanine DNA methyltransferase (MGMT) was found to render tumours
resistant to temozolomide therapy [183]. E1A protein of the HAdV binds to and
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inactivates CBP/p300 and in doing so inhibits the MGMT promoter activity
[179,184], This interaction sensitizes cells to temozolomide and is postulated to
be the cause of the synergy between temozolomide and A-24-RGD [179], Future
studies are needed to elucidate potential dl1520-mediated changes to tumour
cell biology (such as inhibition of DNA repair enzymes) that have the potential to
sensitize cells to melphalan-mediated toxicities.

4.4.

Conclusions and future directions

4.4.1.

Conclusions
The present study demonstrates that the combination of melphalan with

dh 520 for the treatment of human HNSCC is superior in vitro to the clinically
approved combination of dll 520 with cisplatin. This study also identified colon
cancer, and several drug-resistant variants of both colon and head and neck
cancer as potential targets for dl1520-mediated therapy, both alone and in
combination with melphalan. Furthermore, potential melphalan-mediated
induction of CAR levels in a HNSCC cell line was identified. This suggests
melphalan at concentrations of 50 pM can be used to enhance the efficiency of
HAdV-mediated therapies for tumours that have reduced CAR levels. Results
from this study are valuable for selecting the optimal tumour type, dll 520-drug
combination, and schedule for administration of each agent to maximize the
efficacy of treatment of cancer.
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4.4.2.

Future studies
The focus of the work presented in this thesis was to identify novel dl 1520-

chemotherapy combinations for the treatment of cancer. This study validates
preliminary findings from our lab identifying melphalan as a suitable candidate for
combination therapy with dll 520. However, there are still gaps in our knowledge
that need to be addressed in order to fully understand the interaction between
the two.
A pitfall of the present study is that titration of our dll 520 stock was not
done using HEK293 cells (the cell line traditionally used to titer E1-deficient
HAdV mutants). Therefore, the assumed concentration of the dll 520 stock
solution could be potentially incorrect. There are several kit-based assay systems
(Clontech, Mountain View, CA, USA) that can be used to further confirm the
assumed working concentration of our dll 520 stock including: a) Adeno-X™
rapid titer kit (utilizes an anti-hexon antibody to stain cells positive for adenovirus
after infection) or b) Adeno-X qPCR titration kit (utilizes a qPCR based assay of
HAdV DNA concentration to titrate the concentration of the newly-propagated
stock). Taken together with data from the experiments presented in this thesis,
the results from further titrations can be used to correct the indicated MOIs,
should the original titration be incorrect. However, all experiments in the present
study are done using the same stock at the same assumed concentration of
dll 520. Therefore, regardless of the true concentration of the dll 520 stock, the
interpretation of results form this study remains the same.
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The present study identified several tumour cell lines as potential
candidates for dl1520-mediated therapies. While it is known that HT-29 cells
possess non-functional p53 [159], the p53 status of the HN-5a cell line and its
carboplatin-resistant variant is putatively assumed to be non-functional due to the
high frequency of this mutation (50%) due to the consumption of alcohol and
tobacco [6 ]. However, a confirmation of p53 status is needed to verify these cell
lines as valid targets for dl1520-mediated therapy. Several techniques can be
used to assess p53 status in these cell lines. A direct sequence analysis of the
p53 gene can be used to screen cell lines for potential inactivating mutations.
Furthermore, the activity of p53 is dependent on its conformation [185].
Therefore, an immunoblot analysis of p53 using conformation-specific antibodies
(recognize p53 in a non-functional or functional conformation) and conformationnon-specific antibodies can be used to determine the ratio of inactive p53 relative
to the total in a given cell line and can be used as an indicator of p53 functional
status [159,161].
The sensitivity of a given cell line to dll 520 infection could not be
correlated with the basal levels of CAR mRNA or CAR protein in the present
study (Figure 3.2.1, Figure 3.2.3, and Figure 3.3.1). This result is unexpected
because CAR protein serves as the primary receptor for HAdV binding to the cell
[47], However, CAR protein cell surface levels rather than total CAR protein
levels may be the cause of differential sensitivity to d ll520 [157,163,164], To
investigate cell surface CAR protein levels, flow cytometric and
immunofluorescence using a CAR-specific antibody can be used as a
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quantitative and qualitative measure, respectively. It has been demonstrated that
cell lines expressing higher levels of CAR protein at the cell surface bind and
thus internalize more HAdV [157,163,164]. The assessment of differences in
adenovirus attachment and internalization can be done in several ways including:
a) flow cytometry using HAdV capsid-specific antibodies after cellular infection
with a given concentration of dll 520 for a given time, b) immunofluorescence
staining HAdV particles using the same antibody described in (a) to visualize
HAdV binding, and c) infection of cells with a replication-deficient HAdV
containing pCMV-(3-galactosidase (P-gal), followed by treatment with X-gal
(produces a colourimetric substrate when metabolized by [3-gal) after 24h of
incubation to allow for production of [3-gal, with subsequent quantification of the
product. The resultant absorbance can then be used as a measure of HAdVinternalization.
The present study identified melphalan-mediated changes in CAR levels.
Moreover, the kinetics of the melphalan-mediated increase in CAR levels
suggest a potential transcriptional regulation of CAR by melphalan. To study this,
a reporter gene assay can be done as described elsewhere [170,186]. Briefly,
cells are transfected with plasmids that contain the luciferase reporter gene
under the transcriptional regulation of the putative promoter sequence of the
CAR gene. Cells are then treated with melphalan (to putatively induce expression
of the CAR promoter and subsequent expression of luciferase protein), followed
by luciferin (a luciferase substrate that emits light as a byproduct when
metabolized) and the resultant light is measured. This experiment would be able
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to show direct activation of the CAR gene promoter by melphalan to further
elucidate the mechanism by which melphalan induces levels of CAR mRNA and
CAR protein.
The combination of melphalan and dll 520 sensitizes cells to d ll520mediated inhibition of proliferation. The present study identified that a greaterthan-additive cell death from this combination contributes to the observed
melphalan-enhanced dl1520-mediated inhibition of proliferation. However,
evidence for a greater-than-additive percentage of dead cells could not be
determined for all concentrations of melphalan that reduced the dll 520 IC50.
Therefore, flow cytometric analysis of DNA content following treatment with
melphalan, dll 520, and the combination of the two can be used to elucidate the
involvement of growth arrest in the melphalan-mediated reduction in dll 520 IC5 0 .
It would be hypothesized that the percentage of cells induced into the S-phase of
the cell cycle following combined dll 520 and melphalan treatment would not be
different from the percentage induced into S-phase by dll 520 alone as the
present study identified no difference in dll 520 replication (Figure 3.7.1).
The present study identified a potential melphalan-mediated sensitization
of cells to growth inhibition by dll 520. However, it is entirely possible that the
converse is true. A direct assessment of DNA damage could be used to assess
potential dl1520-mediated enhancement of DNA damage induced by melphalan.
Furthermore, as described earlier in this work (Section 4.3.3, p. 134) a potential
mechanism for this would be dl1520-mediated inhibition of DNA repair enzymes.
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Lastly, following further in vitro experiments to validate these findings that
melphalan is the superior drug compared to cisplatin to combine with dll 520
treatment, a direct comparison of the two chemotherapy-dl1520 combinations in
an in vivo mouse model is needed prior to advancing to clinical trials.
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