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Delta-like ligand 4 (DLL4) is a ligand for the Notch family of receptors. DLL4 is an
important regulator of angiogenesis and DLL4 blockade promotes non-productive
angiogenesis and delays tumour growth. The aim of this thesis was to investigate the
effects of anti-DLL4 therapy in solid tumours in combination with a clinically relevant dose
of ionising radiation (5 Gy; IR) and to analyse alterations in the Notch pathway induced by
the treatments. Combining both treatments resulted in a greater than additive tumour
growth delay in LS174T tumours, compared to either treatment alone. DLL4 blockade
dysregulated vasculature and increased necrosis in LS174T and HCT-15 (DLL4-expressing
and negative cell lines respectively) tumours within 3 days after treatment, but no
changes were observed with IR alone. Additionally, combined IR and anti-DLL4 treatment
of FaDu tumours (another DLL4-negative cell line) by our colleagues, also resulted in a
supra-additive growth delay. These results show that combining IR with DLL4 blockade is
an effective strategy for prolonging tumour growth delay and suggest that the
stroma/vasculature provide the main therapeutic target for the anti-DLL4 therapy.
Analysis of Notch pathway shows that IR upregulated Jagl in tumour cells, and may
inhibit Notch and downregulate DLL4 in the stroma. These changes may potentially affect
tumour vessels and response to anti-DLL4 therapy. In vitro, anti-DLL4 therapy induced
proliferation in quiescent contact-inhibited endothelial cells and also appeared to
abrogate IR-induced inhibition of migration. These results suggest that DLL4 may be
important in maintaining vessel quiescence and that IR may in part decrease migration

through Notch signalling. Combining IR and DLL4 blockade to target tumour growth is an
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effective and well tolerated strategy and warrants further validation and refinement to be

translated into clinical practice.
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CHAPTER 1

1. General Introduction

1.1. Notch signalling

1.1.1. A brief introduction to Notch.

The Notch pathway is highly evolutionarily conserved and is involved in the coordination
of developmental processes such as cell differentiation, proliferation, morphogenesis and
apoptosis. Components of the pathway have been recognised in a number of model
organisms such as Drosophila melanogaster, Xenopus laevis, Caenorhabditis elegans and
mice, as well as in humans (Artavanis-Tsakonas et al., 1995, Robey, 1997, Artavanis-
Tsakonas et al., 1999, Ehebauer et al., 2006). Notch was first identified by John S. Dexter
during studies with fruit flies (Drosophila melanogaster) in 1914. The term “Notch” was
derived from the characteristic notched wing phenotype of mutant flies with
haploinsufficiency of the Notch gene (Dexter, 1914, Mohr, 1919). It was not until 1937
that the importance of Notch was highlighted. Analysis of homozygous Notch null
mutants flies revealed an embryonic lethal phenotype characterised by neurogenic
aberrations, where cells which would ordinarily give rise to the epidermis, instead
acquired a neural fate (Poulson, 1937). The Notch locus was cloned by Artavanis-Tsakonas
in 1983 (Artavanis-Tsakonas et al., 1983) and since then widespread investigations into
the mechanisms of Notch pathways as well as its role in developmental processes and
disease states have followed. In humans, Notch signalling is important during T-cell
development, vascular development and neurogenesis (Robey, 1997, Gridley, 2007),
while aberrations in the pathway are linked to diseased states such as Cerebral
Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy

(CADASIL) (Arboleda-Velasquez et al., 2005), Alagille syndrome (Li et al., 1997, Oda et al.,
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1997) and Spondylocostal dysostosis (Turnpenny et al., 2003) as well as cancer (Bolos et

al., 2007, Wang et al., 2010, Yin et al., 2010).

1.1.2. The Notch receptor.

The Notch receptor family encodes single-pass transmembrane cell surface receptors.
Four Notch receptors are recognised in mammals; Notchl, Notch2, Notch3 and Notch4
(figurel.1a). The receptor is translated as a single polypeptide but is constitutively
cleaved in trans-Golgi by a furin-like convertase (S1 cleavage). It is then transported to the
cell surface, where it exists as a heterodimer consisting of an extra cellular domain and a
membrane-bound intracellular domain, non-covalently attached to each other
(Blaumueller et al., 1997, Logeat et al., 1998).

The extracellular domain consists of tandem Epidermal growth factor-like (EGF-like)
repeats, involved in interacting with the ligands, and cysteine-rich LIN/Notch repeats
(LNR) (Wharton et al., 1985, Rebay et al., 1991). The intracellular domain contains a RAM
domain adjacent to the transmembrane region, followed by CDC10/Ankyrin repeats, a
transactivation domain (TAD) and a PEST sequence. The RAM domain appears to interact
directly with the transcription factor CSL (CBF1, Suppressor of Hairless, Lag-1; also known
as RBPJk in vertebrates) (Tamura et al., 1995). Together with RAM, the ankyrin repeats
also participate in the interaction with RBPJk and are necessary for the formation of the
transcriptional activation complex (Roehl et al., 1996, Tani et al., 2001, Lubman et al.,
2004). Transcriptional activation domain together with the RAM domain and ankyrin
repeats are important for binding with RBPJk and transcriptional activity of Notch

intracellular domain (Kurooka et al., 1998). The c-terminal PEST sequence is important for
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ubiquitination of the receptor and hence influences protein stability (Rogers et al., 1986,

Greenwald, 1994).

1.1.3. Notch ligands

The five canonical Notch ligands in mammals are grouped into two types; Delta-like (DLL1,
DLL3 and DLL4) and Jagged (Jagl, Jag2), on the basis of homology to the Drosophila
ligands Delta and Serrate respectively (D'Souza et al., 2008). The ligands are single-pass
transmembrane proteins consisting of a large extracellular domain and a small
intracellular domain. The N-terminal extracellular domain consists of EGF-like repeats
with the number of repeats differing between the ligands. Between the N-terminus and
the EGF-like repeats is the DSL motif. The DSL motif along with the N-terminal region and
first two EGF-like repeats are required for receptor binding (Shimizu et al., 1999, Parks et
al., 2006). The Serrate/Jagged ligands have a cysteine-rich region, absent in Delta/Delta-
like ligands, which has a homology to von Willebrand factor type C domain (Vitt et al.,
2001, D'Souza et al., 2008). The intracellular domain are not well conserved between the
ligands. The exception being that most contain multiple lysine residues and a C-terminal
PDZ motif, needed for ligand signalling and cytoskeletal interactions respectively (Pintar

etal., 2007, D'Souza et al., 2008).

1.1.4. Canonical Notch signalling pathway

The canonical Notch pathway (figure 1.1b) is activated upon interaction of the
extracellular domain of the receptor with the ligand, allowing it to be cleaved by a
disintegrin and metalloprotease/Tumour necrosis factor a converting enzyme

(ADAM/TACE) within the juxtamembrane region (S2 cleavage) (Brou et al., 2000, D'Souza
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et al., 2008). The ligand and the bound extracellular domain of the receptor are then

internalized by the signal sending cell. This endocytosis of the ligand, which leads to

a Delta-like Jagged

EGF
DSL repeats

b Ssignal sending cell

Delta
-like

Notch qr;

e =
Signal ADAM/TACE s FAscistase
receiving éa (S2 cleavage) S3/4cleavage /
! NicD T~

/ .

Target genes Target genes
repressed —> active
NN N/ N W 2NN NS

@CO‘R

Figure 1.1. Notch signalling in mammals. a, Schematic representation of the Notch
receptor and ligands illustrating positions of EGF-like repeats, Lin repeats (LIN), DSL
domain (DSL), RAM-23 domain (RAM), ankyrin repeats (Ank), PEST domain and
cysteine rich domain (CR). b, The canonical Notch signalling pathway. Notch receptor —
ligand (Delta-like) interaction results in a conformational change of the receptor
allowing two successive proteolytic cleavages S2 and S3/4 by ADAM or TACE
metalloprotease and y-secretase complex respectively. The cleaved Notch intracellular
domain (NICD) translocates to the nucleus and interacts with the DNA binding CSL
protein. Co-repressors (Co-R) are displaced while transcriptional activators such as
Mastermind-like (MAML) are recruited allowing expression of target genes. Figure
adapted from (Bray, 2006).

?
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dissociation of the extracellular domain from the membrane spanning intracellular
domain, has been suggested to be required for Notch activation (Klueg and Muskavitch,
1999, Parks et al., 2000, Ahimou et al., 2004, Nichols et al., 2007). Following S2 cleavage,
the receptor undergoes dual cleavage by y-secretase within the transmembrane region
(S3/54 cleavage) releasing the Notch intracellular domain (NICD) (De Strooper et al., 1999,
Ray et al., 1999, Okochi et al., 2002, Chandu et al., 2006). NICD then translocates to the
nucleus where it interacts with transcriptional repressor CSL (RBPJk in mammals)
(Jarriault et al., 1995, Tamura et al., 1995, Schroeter et al., 1998). CSL acts as a
transcriptional repressor in the absence of NICD. Association with NICD leads to the
displacement of the corepressor and recruitment of transcriptional coactivators such as
Mastermind-like (MAML) resulting in the formation of a transcriptional activator complex
(Dou et al., 1994, Wu et al., 2000, Zhou et al., 2000, Wu et al., 2002). The best
characterised of the Notch targets are transcriptional repressors of the basic helix-loop-
helix family; Hairy and Enhancer of Split (including Hes1, Hes5, Hes7) and Hes-related
(including Heyl, Hey2, HeylL)(Sasai et al., 1992, Jarriault et al., 1995, Leimeister et al.,

1999, Iso et al., 2003).

1.2. Notch signalling and cancer

1.2.1. Oncogenic roles of Notch

The Notch pathway has been implicated in a large variety of cancers, where it may act in
an oncogenic or tumour suppressive fashion. One of the first reports associating Notch
activation with cancer is from 1991, where 1% of T-cell acute lymphoblastic leukaemia (T-
ALL) cases studied contained a chromosomal translocation resulting in a constitutive

activation of Notch1 (Ellisen et al., 1991). Subsequently a study revealed that over 50% of
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all human T-ALLs contained activation mutations involving either the heterodimerisation
domain or the PEST sequence of Notchl (Weng et al., 2004).

In breast cancer, it was discovered that insertion of mouse mammary tumour virus
(MMTV) into the Notch4 gene resulted in expression of a constitutively active truncated
Notch4 product (Gallahan and Callahan, 1987). Notch1 has also been implicated in murine
mammary tumours where truncated active Notch1 is produced due to MMTYV integration
into the Notchl1 locus (Dievart et al., 1999). Notch has been shown to be tumourigenic in
melanomas, where Notchl signalling promotes progression of primary melanoma to an
advanced stage (Balint et al., 2005, Liu et al., 2006). Increased levels of Notch1 have been
observed in human melanoma samples and were necessary for transformation of
melanocytes by Akt and hypoxia in vitro (Bedogni et al., 2008). Aberrant Notch signalling
has also been implicated in pancreatic cancer where ectopic activation promotes
development of metaplastic ductal epithelium (Miyamoto et al., 2003) and may be
required for pancreatic cancer maintenance (Mullendore et al., 2009). In colorectal
cancers, increased transcription of Notch targets Hesl and Hes5 due to increased IkB
kinase (IKK) activity has been noted (Fernandez-Majada et al., 2007). Hes1 was seen to be
upregulated in human primary colorectal tumours as compared to normal colonic mucosa
(Veenendaal et al., 2008). Dysregulation of Notch signalling has also been reported in
cervical (Maliekal et al., 2008), renal (Aparicio et al., 2011, Wu et al., 2011), ovarian
(Hopfer et al., 2005), prostate (Wang et al., 2010, Zhu et al., 2013), esophageal (Liu et al.,
2013, Song et al., 2013), hepatocellular (Ahn et al., 2013, Hu et al., 2013) and gastric
(Brzozowa et al., 2013) carcinomas and gliomas (Purow et al., 2005).

Notch signalling may contribute to carcinogenesis by interacting with and promoting a

number of oncogenic pathways. Constitutive activation of EGFR is a feature of many
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tumours where it promotes cell growth, cell survival as well as resistance to cytotoxic
drugs (McKenna et al., 2003, Qiao and Wong, 2009). Notch signalling can induce tumour
cell proliferation via activation of EGFR pathway as shown in glioma and breast cancer
(Purow et al., 2005, Dai et al., 2009). Studies from breast cancer show that Notch may
also promote tumourigenesis by inducing C-Myc (Efstratiadis et al., 2007). C-Myc has also
been reported to be targeted by Notchl in Notch-dependent T-ALL cell lines (Weng et al.,
2006). Notch can induce the expression of cyclins including cyclin D1 (Cohen et al., 2010)
and cyclin A (Qi et al., 2003). PI3K/Akt pathway may be upregulated by Notch, enhancing
cancer cell survival (Nair et al., 2003) possibly due to inactivation of PTEN (Parsons et al.,
2005). Nuclear factor kB (NFkB) can effect proliferation, migration and apoptosis in
tumours (Dolcet et al., 2005). Notch signalling has been shown to modulate NFkB in

pancreatic cancer cells and effect tumour cell invasion (Wang et al., 2006).

1.2.2. Notch ligands Jagl and DLL4 in cancer.

Jagl and DLL4 have been reported to be upregulated in a number of tumours. High levels
of Notchl as well as Jagl have been associated with poor prognosis and significantly
worse overall survival in human breast cancer (Reedijk et al., 2005). Reedijk and
colleagues examined a small cohort of human colon cancers and found that Jagl and
Notchl were expressed in all tumours analysed (Reedijk et al., 2008). Jagl mRNA
upregulation has been reported in pancreatic cancer (Miyamoto et al., 2003).
Overexpression of Jagl at the protein level has been observed in brain (Cuevas et al.,
2005, Purow et al., 2005), cervix (Gray et al., 1999) and prostate (Santagata et al., 2004)

cancers.
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DLL4 upregulation has been reported in pancreatic cancer (Mullendore et al., 2009) and
also in colon cancer where cancer cells expressed higher levels of DLL4 as compared to
normal colon tissue (Jubb et al., 2009, Qiao and Wong, 2009). DLL4 expression in tumour
and stromal cells have been reported as prognostic markers in gastric cancer (Ishigami et
al., 2013). High DLL4 expression has been suggested as a predictor of poor prognosis in

nasopharyngeal carcinoma patients (Zhang et al., 2013).

1.2.3. Tumour-suppressive roles of Notch

One of the best examples of Notch functioning as a tumour suppressor comes from
studies on skin cancers. In normal human epidermis Notch signalling functions to
promote keratinocyte differentiation (Thelu et al., 2002). However, lack of activation of
Notchl has been found in human basal cell carcinomas (Nickoloff et al., 2003). Similarly
specific inactivation of Notch1 in mouse skin has been shown to induce hyperproliferation
of the epidermis followed by development of tumours (Nicolas et al., 2003).

Down regulation of Notchl has also been reported in non-small cell lung cancer (NSCLC)
cell lines and constitutive activation of Notchl been shown to induce cell death in lung
adenocarcinoma (ACL). However, the study also observed that upregulation of Notchl in
hypoxic conditions was essential for cell survival in ACL (Chen et al., 2007). In small cell
lung cancers (SCLC) Notch1 and Notch2 have been observed to be expressed in low levels
and overexpression of Notch resulted in growth inhibition in cancer cells (Sriuranpong et
al., 2001, Sriuranpong et al., 2002). Tumour suppressive roles of Notch have also been
suggested in liver (Croquelois et al., 2005) and prostate (Shou et al., 2001).

The tumour suppressive effect of Notch in the epidermis and in small cell lung cancer

(SCLC) cell lines appears to be due to induction of p21, an important regulator of cell cycle
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(Rangarajan et al., 2001, Sriuranpong et al., 2001). Activation of Notchl in mouse
keratinocytes led to an upregulation of p21 (Rangarajan et al., 2001). Consequently,
targeting Notchl decreased p21 levels but increased B-catenin signalling and led to the
formation of tumours (Nicolas et al., 2003). Expression of Notchl or Notch2 was also

reported to upregulate p21 and cause cell cycle arrest (Sriuranpong et al., 2001).

1.3. Notch signalling and tumour vasculature.

1.3.1. Development of vasculature.

Formation of vasculature is one of the earliest events during vertebrate organogenesis,
occurring following the formation of early mesoderm via gastrulation, by a process
termed vasculogenesis. Vasculogenesis involves de novo vessel formation from
mesodermal progenitors ‘angioblasts’ to give rise to a primitive capillary plexus. This
further expands by angiogenesis, the process of formation of new vasculature from pre-
existing vessels (Risau and Flamme, 1995). Following expansion and remodelling by
angiogenesis, pericytes and smooth muscle cells are recruited to stabilise the vascular
network to gives rise to mature vessels.

Under normal physiological conditions in adults, the vasculature exists in a quiescent
state in most instances, with a notable exception being the female reproductive system.
Consequently, endothelial cells may survive for years, making them cells with one of the
lowest turnover rates in the body apart from neurons. Pathological situations where

angiogenesis is actively occurring include wound repair and tumour development.
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1.3.2. Vasculature in solid tumours.

The existence of blood vessels within solid tumour has long been recognised, but it was
not until the 1970s that seminal work by Judah Folkman highlighted the importance of
tumour vasculature. Folkman proposed that diffusion of nutrients and waste would limit
the growth of a tumour once it reached a diameter of 1-2mm, and angiogenesis would be
required in order for the tumour to increase in size beyond this limit (Folkman, 1971). It
was also proposed that targeting tumour vasculature would inhibit tumour growth and
that regression of tumour vessels would result in regression of tumour mass, ultimately to

an avascular tumour with a 1 to 2 mm diameter (Folkman, 1972).

Healthy tissue Tumour
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Figure 1.2. Physiological and tumour vasculature. In healthy tissues, blood vessels are
non-tortuous and covered with pericytes, with endothelial cells arranged in a
monolayer with tight junctions between them. In contrast, tumour vasculature is
chaotic, tortuous, with poor pericyte coverage and gaps between endothelial cells,
which may be stacked obstructing flow. This leads to increased interstitial fluid
pressure, poor flow, and hypoxia. This causes a constant production of proangiogenic
factors and promotes abnormal angiogenesis. Adapted from (Carmeliet and Jain, 2011).
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In contrast to conditions such as wound healing where angiogenesis is switched on
transiently (Carmeliet, 2005), permanent activation of angiogenesis is a feature of
tumours. During growth, tumour mass increases beyond the ability of the existing
vasculature to provide nutrients, oxygen and clear metabolic waste. Tumour cells respond
to the resultant hypoxic condition by upregulating proangiogenic factors such as vascular
endothelial growth factor (VEGF). Increasing proangiogenic signals stimulate nearby
quiescent vessels and angiogenesis is induced in a process termed the ‘angiogenic switch’
(Bergers and Benjamin, 2003) allowing vessels to expand and support further growth.
Tumour vessels differ from normal physiological vasculature in many ways (illustrated in
figure 1.2). Tumour vessels are often tortuous, chaotic and unevenly distributed,
connecting to each other in a random fashion instead of being arranged into a well
organised pattern of arteries, veins and capillaries. The vessels have uneven lumen and
may be abnormally dilated or compressed by tumour or stromal cells (Bergers and
Benjamin, 2003, Carmeliet and Jain, 2011). Endothelial cells are often irregularly shaped
with loose intercellular contacts giving rise to highly permeable, leaky vessels resulting in
increased interstitial fluid pressure. In addition to unperfused chronically hypoxic regions,
continuous vasculature remodelling may transiently decrease blood flow to areas of the
tumour, subjecting cells to acute hypoxia. (Chaplin et al., 1986, Tozer et al., 2005,
Carmeliet and Jain, 2011).

Vessel development in normal physiology is tightly regulated and dependent on the
balance of proangiogenic and antiangiogenic factors. Tumour vessels reflect a state where
angiogenesis is constantly switched on resulting in a poorly functional vasculature, which
fails to meet the demand of tumour for nutrients and oxygen, further promoting

dysfunctional angiogenesis (Carmeliet and Jain, 2011).
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1.3.3. Sprouting angiogenesis.

Two distinct modes of angiogenesis have been described: sprouting angiogenesis, which
involves formation of new outgrowths from endothelial cells lining pre-existing vessels,
and intussusceptive angiogenesis, which occurs when a vessel splits into two following
development of transvascular pillars (Burri et al., 2004).

Sprouting angiogenesis is initiated upon stimulation of endothelial cells lining the vessels
wall by proangiogenic growth factors. This leads to increase in cell motility and secretion
of proteases, including matrix metalloproteinases, enabling degradation of the basement
membrane matrix. The endothelial cells proliferate forming outgrowths referred to as
sprouts. These sprouts invade into the surrounding tissues, migrating via a concentration
gradient of proangiogenic growth factors, towards the source of the stimuli. The
endothelial sprouts are each led by a ‘tip cell’ which exhibit a non-proliferative, highly
invasive, tubeless phenotype with long dynamic filopodia, studded with tyrosine kinase
receptors such as VEGF receptors (VEGFR) to explore the environment for directional
signals. The tip cells are followed by proliferating endothelial ‘stalk cells’, which extend
the sprout and contribute to lumen formation (Adams and Alitalo, 2007). Adherens tight
junctions are established between the stalk cells to prevent leakage (Dejana et al., 2009).
As the vessel matures, endothelial cell proliferation is reduced, extracellular matrix
proteins are deposited into the subendothelial basement membrane and pericytes are

recruited to stabilise the vessels (Adams and Alitalo, 2007).

1.3.4. Regulation of sprouting angiogenesis by Notch signalling.

The Notch receptors and ligands DLL4 and Jagl are key regulators of sprouting

angiogenesis and control the specification of tip and stalk cells (illustrated in figure 1.3a).
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The process of sprouting angiogenesis is regulated by multiple growth factors, however
VEGF plays a central role in the process. VEGF is secreted in response to local hypoxia and
initiates sprouting as well as influences migration of sprouts along a VEGF concentration
gradient (Stone et al., 1995, Gerhardt et al., 2003). Interestingly, upon VEGF stimulation
only some cells lining the vessel wall are selected to become tip cells and initiate
sprouting. VEGF is known to induce DLL4 expression in the endothelial cells (Hainaud et
al., 2006, Noguera-Troise et al., 2006, Lobov et al., 2007). These endothelial cells compete

against each other for the tip cell position by a mechanism termed ‘lateral inhibition’.
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Figure 1.3. DLL4 — Notch signalling regulates tip and stalk cell specification during
sprouting angiogenesis. a, VEGF secreted in response to hypoxia induces DLL4
expression (purple) in all endothelial cells. Cells with high DLL4 levels (dark purple)
become tip cells. Surrounding cells (yellow) receive a strong Notch signalling, inhibiting
DLL4 expression and specifying them as stalk cells. b, Following Notch inhibition, stalk
cells are no longer specified, leading to excessive tip cell formation. Adapted from
(Eilken and Adams, 2010).
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Cells with the highest DLL4 expression acquire a tip cell fate, strongly activating Notch in
neighbouring cells and specifying them as stalk cells (Phng and Gerhardt, 2009). It appears
that the tip cell fate is the default outcome and is acquired in the absence of Notch
signalling and thus Notch inhibition results in excessive tip cell formation and sprouting
(figurel.3b). Hellstrom et al. have demonstrated in mouse retinas, that inhibition of
Notch signalling by y-secretase inhibitors, global deletion of one allele of DLL4 or
inducible knockout of Notch1 specifically in the endothelium all results in excessive tip
cell formation (Hellstrom et al., 2007). DLL4 expression in mouse retinal vasculature has
been shown to be predominantly at the leading front of growing vessels. Deletion of a
single allele of DLL4, inhibition of DLL4 by a soluble DLL4-Fc (DLL4 fused to the human
IgG1 Fc constant region) or DLL4 blocking antibody resulted in increased sprouting and
endothelial cell proliferation (Lobov et al., 2007). It has been observed that the absence
of RBPJk or DLL4 in zebrafish embryos results in excessive sprouting of intersegmental
arteries while activation of Notch suppressed angiogenesis. Cells that lack RBPJk are
preferentially localised to the tip cell position in sprouts while cells with active Notch
signalling excluded from the tip cell position (Siekmann and Lawson, 2007). While DLL4
expression is predominant in tip cells, strong Notch activation is observed in stalk cells
(Hellstrom et al., 2007).

Notch signalling also modulates angiogenesis by affecting the sensitivity of endothelium
to VEGF ligands. VEGF ligands include secreted angiogenic and lymphangiogenic growth
factors including VEGF-A (commonly referred to as simply VEGF) and VEGF-C. During
angiogenesis, VEGF (VEGF-A) signals primarily through VEGFR2, while VEGF-C binds to
VEGFR2 and VEGFR3 to activate tip cells. VEGFR1 has weak tyrosine kinase activity and

may antagonise VEGFR2 by acting as a decoy for VEGF. In addition VEGFR1 may be
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secreted as a soluble form trapping VEGF (Carmeliet and Jain, 2011). Studies suggest
Notch activation may induce expression of VEGFR1, (Harrington et al.,, 2008), while
decreasing the expression of VEGFR2 (Taylor et al., 2002, Li et al., 2006, Williams et al.,
2006, Suchting et al., 2007, Harrington et al., 2008) and VEGFR3 (Siekmann and Lawson,
2007, Tammela et al., 2008). As stalk cells receive a strong Notch signal from tip cells, this
may repress transcription of the VEGF2 and VEGFR3 while inducing VEGFR1 and hence
decrease the sensitivity of stalk cells to VEGF (Phng and Gerhardt, 2009). It has been
observed that tip cells express VEGFR2 (Gerhardt et al., 2003) and VEGFR3 (Tammela et
al., 2008) more strongly than stalk cells.

While the role of DLL4 during sprouting angiogenesis is well established, the function of
Jagl is less well understood. Benedito et al. have reported Jagl to be predominantly
expressed in stalk cells with weak expression in tip cells. Overexpression of Jagl
promoted sprouting angiogenesis in the neonatal mouse retina model with an increase in
endothelial cell proliferation, vessel branching and tip cells, while deletion of Jagl
produced an opposite result. Jagl appeared to antagonise DLL4 in this model, where
deletion of Jagl resulted in higher expression of Notch target gene Heyl and this
expression appeared to be predominantly in stalk cells. In Jagl deficient retina, DLL4
expression was not confined to the vascular front as in a normal retina, but was observed
throughout the endothelium (Benedito et al., 2009). The Fringe family of
glycosyltransferases (three homologues in mammals; Lunatic fringe, Radical fringe and
Manic fringe) modulate Notch signalling by transfering N-acetylglucosamine to fucose on
EGF-like repeats in the Notch receptor extracellular domain (Johnston et al., 1997).
Glycosylation of Notch by the Fringe enhances activation of the receptor by Delta/Delta-

like ligands, but inhibit signalling by Serrate/Jagged ligands (Yang et al., 2005). Complete
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knockout of Lunatic Fringe (Lfng) resulted significantly increased sprouting in retinal
endothelium. In cultured mouse endothelial cells, it was demonstrated that Jagl and DLL4
coexpressing cells caused reduced Notch activation in adjacent Manic Fringe (Mfng)
expressing cells, compared to when cultured with DLL4 only cells. These results indicate

that Jagl antagonises DLL4 induced Notch activation in the presence of Fringe expression.

1.3.5. Aberrant Notch signalling in tumour vasculature

A number of reports have focused on the differential expression of Notch signalling
components in tumour vessels compared to normal vasculature. DLL4 has been observed
to be higher in tumour vasculature compared to vessels in normal tissues (Mailhos et al.,
2001, Li et al., 2010, Schadler et al., 2010). In colon cancer, DLL4 expression was only
observed in tumour endothelium and was absent in normal mucosa (Mailhos et al., 2001,
Jubb et al., 2009). Expression of DLL4 in tumour vessels was not associated with poor
patient outcome directly. However, DLL4 expression was found to be associated with high
VEGF and hypoxia, both of which are correlated with poor outcome (Jubb et al., 2009). In
a Lewis lung carcinoma xenograft mouse model, DLL4 expression was seen predominantly
in the tumour vasculature while only weak expression was observed in the surrounding
skin vessels (Noguera-Troise et al., 2006). Segarra et al have reported that overexpression
of DLL4 in tumour cells resulted in smaller, less vascularised and more hypoxic tumours
(Segarra et al., 2008). In contrast to this, Li et al report that tumours derived from U87
glioblastoma cell line overexpressing DLL4, showed enhanced growth with fewer but
larger and better perfused vessels, with bigger lumen (Li et al., 2007). These effects
suggest that the effects of ectopic DLL4 expression on tumour vessels may be tumour

type specific. High levels of DLL4 in tumour vasculature has been reported to be
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associated with reduced radio-resistance, likely due to a decrease in hypoxia (Koukourakis
etal., 2013).

The role of Jagl is less well studied in this context. Urs et al observed that tumours
derived from NIH3T3 fibroblasts expressing soluble Jagl had a more extensive vascular
network and more dilated vessels than the controls (Urs et al., 2008). Zeng et al have
observed an induction of Jagged1 by growth factors via MAPK pathway in head and neck
squamous cell carcinoma cells. This induced Jagl activated Notch in the endothelium
leading to increased blood vessel development and faster tumour growth (Zeng et al.,

2005).

1.4. Targeting Notch signalling in cancer.

1.4.1. Targeting Notch in cancer with y-secretase inhibitors

Increasing evidence of deregulation of the Notch pathway in cancer has placed Notch as a
potential target for cancer therapy. One of the most actively investigated approaches
targeting Notch signalling has been the use of y-secretase inhibitors (GSI). GSIs have been
employed in the past in targeting AB peptides associated with Alzheimer’s disease,
(Lichtenthaler et al., 1997) but also target Notch signalling. Following Notch receptor
activation, the transduction of Notch signal to the nucleus requires final proteolytic
cleavages by y-secretase to release the NICD. GSlIs inhibit these cleavages and prevent
NICD formation, suppressing downstream transcriptional processes.

A number of studies have reported the use of GSls in targeting cancer cells. In a
medulloblastoma xenograft model, treatment with the GSI N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-sphenylglycine-t-butyl ester (DAPT) resulted in decreased proliferation and

increased apoptosis of tumour cells (Hallahan et al., 2004). Another study revealed that
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the GSI GS1 promoted apoptosis in breast cancer cell lines while showing a minimal effect
on non-malignant breast cell lines (Rasul et al., 2009). Use of GSI-XIl on myeloma cells
induced apoptosis as well as increased sensitisation to chemotherapeutic drugs
doxorubicin and melphalan (Nefedova et al., 2008). Induction of apoptosis by GSI was also
observed in a xenograft model of Kaposi’s sarcoma (Curry et al., 2005) while inhibition of
proliferation by induction of cell cycle arrest and apoptosis was seen in human
nasopharyngeal carcinoma cells (Chen et al., 2011). In T-ALL cell lines, treatment with GSI
compound E inhibited growth and induced apoptosis (Weng et al., 2003). Another
compound GSI PF-03084014 has also shown to effect growth and promote apoptosis in T-
ALL lines (Wei et al., 2010).

GSI may also affect tumour development by targeting tumour initiating cells or cancer
stem cells. A study with primary human melanoma cells show that GSI R04929097
reduced proliferation and 3-dimentional colony formation in vitro, while decreased
tumour volume and inhibition of subsequent tumour formation was noted in serial
transplantation xenograft models (Huynh et al., 2011). Similarly, in a transgenic mouse
model of ERBB2 breast cancer, GSI MRK-003 inhibited survival of cells from tumours-
spheres as well as their ability to form tumours on syngeneic mice. GSI treatment also
resulted in inhibiting tumour cell proliferation, inducing apoptosis as well as tumour
regression (Kondratyev et al., 2012). Table 1.1 below (adapted from Espinoza et al., 2013)

reviews the list of GSI currently under clinical development as well as their status.

1.4.2. Neutralizing antibodies against Notch

Blocking antibodies against Notch receptors so far, fall into two categories. The first type

binds to the ligand binding EGF-like repeats of the extracellular domain of the receptor,
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blocking ligand receptor interaction. The second type is directed towards the negative
regulatory region (NRR), which comprises of the Lin/Notch repeats and the
juxtamembrane heterodimerisation domain (Gordon et al, 2009), preventing
conformational change of the receptor required for ADAM/TACE cleavage (Espinoza and
Miele, 2013). Antibodies to NNR of Notchl have demonstrated anti-angiogenic effects
and inhibited tumour growth (Wu et al., 2010). Antibodies specific to NNR of Notch 2 and
3 have also been developed and are being studied (Li et al., 2008, Wu et al., 2010). Ligand
blocking antibodies to the extracellular domain to Notch 1 have been generated and
show successful downregulation of Notch target genes in human tumour cell lines (Aste-
Amezaga et al., 2010).

Agents against DLL4 reported include DLL4 blocking antibodies (Ridgway et al., 2006) or
DLL4-Fc fusion proteins (Noguera-Troise et al., 2006, Scehnet et al., 2007); that bind to
but do not activate Notch receptors, thus competing with endogenous DLL4. Selective
blockade of tumour DLL4 as well as stromal DLL4 in colon tumour xenografts has been
shown to decrease proliferation of tumour cells and increase tumour growth delay.
Targeting both tumour and stromal DLL4 together resulted in enhancing this effect (Hoey
et al., 2009). In patient-derived pancreatic cancer xenograft models, anti-human DLL4
antibody, OMP-21M18 has been demonstrated to reduce tumourigenicity, while
treatment with anti-mouse DLL4 had minimal effect. However, both anti-human and anti-
mouse DLL4 antibodies alone delayed tumour recurrence following termination of
gemcitabine treatment, and combining anti-human and anti-mouse antibodies together
resulted in an additive delay (Yen et al., 2012). OMP-21M18 along with another anti-DLL4

antibody REGN421 are currently undergoing clinical development (Gurney and Hoey,
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2011, Espinoza and Miele, 2013). Antibodies against the Notch pathway currently being

studied in clinical settings, are listed in Table 1.1 below.

Table 1.1. y-Secretase inhibitors and Notch pathway antibodies in clinical development.

(adapted from Espinoza and Miele, 2013)

Agent
y-Secretase

Neutralizing
antibodies

Inhibitor (GSI)

Compound
RO4929097
(Roche)

MRK-0752
(Merck)

PF-03084014
(Pfizer)

OMP-59R5
anti—-Notch2/3 mAb
(OncoMed Pharmaceuticals)

OMP-21M18
anti-DLL4 mAb
(OncoMed Pharmaceuticals)

MEDIO639

REGN-421

Condition

Breast cancer
Brain tumours
Colorectal cancer
Melanoma

Solid tumours
T—cell leukaemia

Breast cancer
Brain tumours
Neoplasms
Pancreatic cancer
T-cell leukaemia

Neoplasms
Solid tumours

Lymphoid leukaemia

T-cell leukaemia
Solid tumours

Colorectal cancer
Non-Small cell lung
cancer

Pancreatic cancer
Solid tumours
Solid tumours

Solid tumors

Trial

Phase I/11
NCT01088763
NCT01198535
NCT01149356
NCT01141569
NCT01196416
NCT01218620
NCT01217411
NCT01270438
NCT01238133
NCT01208441
NCT01193868
Phase I/l
NCT00756717
NCT00803894
NCT01295632
NCT01098344
NCT00645333
NCT01243762
NCT00572182
NCT00106145
NCT00100152
Phase |
NCT00878189

Phase |
NCT01277146

Phase I/l
NCT01189929
NCT01189942
NCT01189968
NCT00744562
Phase |
NCT01577745
Phase |
NCT00871559
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1.4.3. DLL4 blocking antibodies as antiangiogenic agents

Targeting endothelial cells in tumours presents a number of theoretical benefits.
Endothelial cells may be more accessible to drugs than tumour cells, particularly in large
poorly perfused tumours. Antiangiogenics and vascular targeting agents, specifically those
which directly target endothelial cells, rather than growth factors produced by tumours,
may avoid tumour drug resistance. Adult vasculature exists in a relatively quiescent state,
except for particular instances such as during would healing. In contrast to this tumours
represent sites of constantly active angiogenesis and vascular remodelling. Thus
antiangiogenic therapies, specifically targeting signalling in proliferating endothelial cells
should not present significant normal tissue toxicity. Finally, it has been suggested that a
small number of endothelial cells may be responsible for supporting a large population of
surrounding tumour cells (Denekamp, 1984). As continuous vessels are required in order
to be functional, damage to a small vessel segment can potentially deprive a large tumour
mass of blood flow and lead to growth arrest and cell death (Wachsberger et al., 2003).

Understanding the importance of angiogenesis to tumour development has led to a focus
on a number of antiangiogenic approaches, the best validated among which involves the
blockade of VEGF signalling (Thurston et al., 2007). Results from a clinical trial in 2004,
showing a significant improvement in patient survival, led to the approval of the first
antiangiogenic agent; Bevacizumab (anti-VEGF monoclonal antibody) in combination with
chemotherapy against metastatic colorectal cancer (Hurwitz et al., 2004). However not all
tumours respond to anti-VEGF therapy and initially responsive tumours can develop
resistance to the treatment (Kerbel et al., 2001, Casanovas et al., 2005, Jain et al., 2006).
Recently DLL4 has emerged as a potential target for antiangiogenic therapy. As DLL4 is a

negative regulator of sprouting angiogenesis, blockade of DLL4 in tumour xenograft
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models has been shown to increase tumour angiogenesis and lead to increased vessel
density. However, the resultant vessels are poorly functional, decreasing tumour
perfusion and increasing hypoxia. Therefore, DLL4 blockade results in delaying tumour
growth (Noguera-Troise et al., 2006, Ridgway et al., 2006, Scehnet et al., 2007).
Promotion of excessive but non-functional vessel development represents a novel
strategy in antiangiogenic therapy, where most therapies instead focus on blocking
angiogenesis (illustrated in figure 1.4). DLL4 blockade has been shown to be even more
efficient in delaying tumour growth, when combined with anti-VEGF treatment (Noguera-

Troise et al., 2006).

VEGF

Vessel pruning and Decreased tumour
normalization perfusion

Vascularized
growing tumour

Vessel sprouting and Decreased tumour
abnormalization perfusion

Figure 1.4. Targeting tumour vasculature by VEGF or DLL4 blockade. Angiogenesis is
constantly active in growing tumours producing abnormal tumour vasculature. VEGF
blockade results in decreasing angiogenesis, leading to vessel pruning and
normalisation, consequently decreasing tumour perfusion and growth. By contrast,
DLL4 blockade promotes sprouting and increases vessel density, but produces
abnormal and poorly functional vessels and leads to a less well perfused tumour.
Adapted from (Thurston et al., 2007)
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1.5. Targeting Notch with radiation therapy in cancer.

1.5.1. Combining antiangiogenics with radiation therapy for cancer
treatment.

Radiotherapy remains an important modality in the treatment of solid tumours, with 50%
or more of all cancer patients receiving either palliative or curative doses over the course
of their treatment (Ringborg et al., 2003). Therapeutic effects of ionising radiation are due
to its potential to create DNA damage, principally double-strand breaks. Radiation may
cause this by directly interacting with DNA, or indirectly by inducing radiolysis of water to
produce free radicals, which may then react with and damage DNA. Oxygen acts as a
radiosensitizer by promoting oxygen-centred free radical formation, as well as reacting
with broken ends of DNA molecules and rendering them resistant to repair by the cell. A
number of studies have shown that normoxic cells are more radiosensitive than hypoxic
cells and that tumour hypoxia is strongly correlated to radioresistance (Moeller et al.,
2007, Mazeron et al., 2011). Hence there is a concern that antiangiogenic treatments may
decrease the effectiveness of radiation therapy by increasing hypoxia in tumours.
Treatment of mice with mammary carcinoma with antiangiogenic agent TNP-470 during
fractionated radiotherapy resulted in decreased radiocurability. However, administration
of TNP-470 after the end of fractionated radiotherapy produced an additive growth delay
in tumour growth assay (Murata et al., 1997).

A number of studies have been published investigating the effects of combining
antiangiogenic treatment with radiotherapy. The first such study, combining angiostatin;
an endogenous inhibitor of angiogenesis, reported significant tumour regression in
combination with fractionated radiotherapy (8-10 doses, 5Gy each) in multiple tumour

xenograft models (Mauceri et al., 1998). In another study, administration of anti-VEGF
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antibodies before every 5Gy dose in a fractionated radiotherapy regimen, significantly
delayed tumour growth in tumour xenograft models compared to radiotherapy alone
(Gorski et al., 1999). It has also been reported that treatment with VEGF receptor-2
(VEGFR2) blocking antibodies during fractionated radiotherapy led to a reduction in the
radiation dose necessary for local tumour control (Kozin et al., 2001). Lee et al. have
observed that blockade of VEGF in LS174T colorectal carcinoma and U87 glioblastoma
xenograft tumours prior to treatment with a single 20 Gy or higher radiation dose
resulted in additive or supra-additive tumour growth delays respectively (Lee et al., 2000).
More recently, Hoang et al. have reported increased inhibition of tumour growth in
tumour xenograft models when bevacizumab was concurrently given with radiation,
compared to either of the modalities alone. (Hoang et al., 2012).

Results above call attention to the potential of combining antiangiogenics with
radiotherapy, but other studies show more modest results. Zips et al. did not observe any
additional effects when PTK787/ZK222584 (inhibitor of VEGFR1, 2 and 3) was combined
with fractionated radiation treatment (15 doses, 2Gy each), when the antiangiogenic drug
was given before or during radiotherapy. However, retardation of tumour growth was
seen when treatment with the drug was started after completion of radiotherapy (Zips et
al., 2003). Another study reported radiosensitisation with anti-VEGFR2 antibodies when
given 1 hour prior to 13.5 Gy irradiation (IR), while no effects were seen when the
antibodies were given 24 or 48 hours prior to or after IR (Truman et al., 2010).
Remarkably, none of the studies so far report toxicity to normal tissues (Kleibeuker et al.,
2012). Overall, the findings may be inconsistent and even contradictory as they are
influenced by a number of factors including the dose of radiation, sequencing and

duration of treatments and variability in tumour models.
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Several clinical trials have been completed or are under way, investigating bevacizumab
or receptor tyrosine kinase inhibitors such as sunitinib (which inhibit multiple
proangiogenic pathways inclduding VEGFRs) in combination with chemo-radiation.
Overall, results regarding patient survival and tumour response are positive. Encouraging
response rates were seen in phase | trials when bevacizumab was combined with
concurrent radiotherapy and capecitabine in cases with inoperable pancreatic
adenocarcinoma (Crane et al., 2006), as well as when bevacizumab, oxaliplatin and
capecitabine were combined concurrently with radiation treatment in patients with rectal
adenocarinoma (Czito et al., 2007). A phase Il study with bevacizumab as neoadjuvant to
capecitabine and standard radiotherapy in locally advanced rectal cancer reported 38 out
of 40 tumour resections with negative circumferential margins and primary tumour down
staging in 15 cases (Gasparini et al., 2012). Treatment specific toxicity has also been
reported with common side effects being hypertension and mild bleeding. Wound-
healing problems, proteinuria, thromboembolic disorder and gastrointestinal perforations
have also been observed (Mazeron et al.,, 2011). This list of clinical results is not
exhaustive and is more comprehensively reviewed in Mazeron et al. and Kleibeuker et al.

(Mazeron et al., 2011, Kleibeuker et al., 2012).

1.5.2. Effects of radiation therapy on the vasculature.

Tumour vasculature response to radiation treatment is an active area of investigation.
Evidence so far suggest that low doses of radiation may promote angiogenesis while
higher doses have an inhibitory effect. Vincenti et al. have observed that 1 Gy IR in human
umbilical vein endothelial cells (HUVEC) increased in vitro tube formation (Vincenti et al.,

2011). Doses of radiation lower than or equal to 0.8 Gy enhanced endothelial cell
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migration in vitro, while not affecting cell proliferation or survival. Treatment with 1 Gy
doses however did not alter migration. In zebrafish models, it has been shown that low
doses of radiation promoted sprouting during embryogenesis. Low dose IR increased
angiogenesis and tumour growth and promoted metastasis (Sofia Vala et al., 2010). Geng
at al have observed that 2 Gy IR increased vasculature while 3 and 6 Gy IR produced a
reduction in B16FO melanoma tumour xenografts, while 3 Gy increased vasculature and 6
Gy decreased it in GL261 glioma tumours. However they show that 6 Gy IR induced
minimal apoptosis in HUVECs and human microvascular endothelial cells (HMVECs) but
anti-VEGF treatments increased radiation-induced apoptosis. It was also observed that
quiescent endothelial cells in vitro were resistant to radiation induced apoptosis (Geng et
al., 2001). A similar observation was made in vivo with a higher dose of radiation, where
20 Gy IR did not induce apoptosis or alter quiescent mature dermal vessels, but pre-
irradiation of the implantation site with this dose abrogated de novo angiogenesis in
matrigel plug inserts (Imaizumi et al., 2010). It has been described that treatment of
mammary carcinoma tumour xenografts with 3 Gy IR for four days reduced tumour
vascularity. Re-expansion of the vasculature was initially attributed to intussusceptive
angiogenesis after which sprouting angiogenesis resumed (Hlushchuk et al., 2008).

Radiation treatment may affect tumour vasculature indirectly, by inducing expression of
proangiogenic growth factors in cancer and other stromal cells. Analysis of rectal
carcinoma biopsies by Nozue et al. revealed that 12 out of 16 cases had higher VEGF
expression after radiotherapy, while only 1 had lower levels (Nozue et al., 2001).
Upregulation of VEGF has been observed following two 20 Gy IR doses in Lewis lung
carcinoma (LLC) tumours. In addition, radiation treatments between 5 — 20 Gy increased

VEGF expression in LLC cells in vitro in a dose dependent manner (Gorski et al., 1999). A
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similar effect was seen in LS174T colorectal carcinoma xenografts, where treatment with
either a single 20 Gy dose or 5 doses, 7 Gy each, increased VEGF expression (Solberg et
al., 2008). IR has also been shown to upregulate VEGF in tumour-associated macrophages
(TAMs) and depletion of TAMs prior to IR increased the anti-tumour effects of radiation

treatment (Meng et al., 2010).

1.5.3. Radiation therapy and cellular infiltrates in tumours.

Cellular infiltrates such as monocytes/macrophages are an important part of the tumour
stroma. TAMs are known to be strong promoters of angiogenesis via secretion of
proangiogenic factors (Coffelt et al., 2009). TAMs have been observed to accumulate in
poorly vascularised, hypoxic areas of the tumour, and around tumour vessels (Leek et al.,
1999, Murdoch et al., 2004, Ohno et al., 2004) and usually correlate with poor prognosis
(Bingle et al., 2002, Lewis and Pollard, 2006, Aparicio et al., 2011).

It has been shown that radiation treatment can cause recruitment of immune cell
infiltrates into the tumour. It has been shown by Ahn et al that radiation treatment of an
established tumour, or the tissue bed prior to tumour implantation, resulted in an
increase in CD11b* cellular infiltrates. The study also suggests that these infiltrates
promote vessel development and growth of tumours established on a tissue bed that has
been irradiated with a 20 Gy dose (Ahn and Brown, 2008). Ahn et al demonstrate in a
further study that radiation treatment initially decreases endothelial cells and pericytes
but upon tumour recurrence, endothelial cell number are restored while pericytes
coverage is partially restored. They also showed that CD11b*cells numbers increase post
irradiation and remain elevated upon tumour recurrence (Ahn et al., 2010). More recent

work by the same group has shown that radiation induced increase in CD11b* infiltrates in
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an intracranial glioblastoma xenograft model, promotes vessel development and tumour
regrowth following radiation (Kioi et al., 2010). The role of notch signalling in macrophage
associated angiogenesis remains to be dissected. It has been reported that DLL4 and
Notch3 are expressed in macrophages and that DLL4 from co-cultured cells activated
Notch on macrophages and further activated Akt, MAPK and NF-kB pathways, increased
DLL4 expression and increased transcription of proinflammatory genes (Fung et al., 2007).
It is not known whether targeting Notch may influence CD11b* cell infiltrates including

macrophages into tumours.

1.5.4. Notch signalling and radiation therapy.

Recently there have been a few reports suggesting that ionising radiation can influence
the Notch pathway in tumour cells as well as endothelial cells. Treatment of human adult
microvascular endothelial cells with 5Gy IR in vitro has been shown to transiently increase
levels of Jagl mRNA. Notch target gene Heyl RNA was seen to increase at the same time
and was shown to be abrogated by the addition of a GSI (Scharpfenecker et al., 2009).
Imaizumi et al. have also reported similar findings, where 15 Gy IR upregulated Heyl in
HUVEC cells (Imaizumi et al.,, 2010). Treatment of breast cancer cell line MCF-7
monolayers with five fractionated doses of 3Gy of radiation resulted in an increase in Jagl
levels and increased Notch1 activation (Phillips et al., 2006).

A few recent reports have suggested that Notch inhibition may increase radiosensitivity.
Wang et al. have investigated the effects of GSI and radiation on stem cell enriched
population of cells from glioma biopsy specimens. They report that GSI treatment
increased radiation induced cell death and decreased clonogenic survival of glioma stem

cells at clinically relevant doses (1-3 Gy). This effect was not observed with non-stem cell
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populations. Knockdown of Notchl and Notch2 also resulted in radiosensitisation of the
stem cells. GSIs did not appear to alter DNA damage response in glioma stem cells but
reduced radiation induced Akt activation and Mcl-1 levels. In vitro irradiation of stem cells
expressing Notchl or Notch2 shRNA, and subsequent injection in mice resulted in
increased radiation-induced tumour growth delay in tumours with Notchl and Notch2
knockdown (Wang et al., 2010). In a glioblastoma explant model, it has been shown that
GSI treatment decreased proliferation of tumour cells, decreased stem cell population
and reduced endothelial cells. Combination of GSI treatment with radiation (10 Gy)
results in a decrease in proliferation of tumour cells in explant cultures as compared to
either of the treatment alone (Hovinga et al., 2010). Inhibition of Notch signalling in CNE2
nasopharyngeal cells decreased cell viability and clonogenic survival and increased
apoptosis following radiation treatment (Yu et al, 2011). In a more recent study,
radiation was observed to increase protein levels of Hes1l and Heyl in Notch expressing
lung cancer cell lines. Notch inhibition following IR decreased in vitro clonogenic survival
and increased apoptosis in these cell lines. Treatment of lung carcinoma tumour
xenografts with GSI and radiation showed that combining radiotherapy with GSI resulted
in a greater tumour growth delay than either of the treatments alone (Mizugaki et al.,
2012). Using H460 NSCLC lines overexpressing Notchl or expressing dominant negative
mastermind-likel (DNMAML1, mutant form of MAML which inhibits Notch signalling),
Theys et al. have reported that increased or decreased Notch activation did not effect in
vitro clonogenic survival following IR. However, when grown as tumour xenografts,
control H460 tumours displayed a pronounced tumour growth delay following
radiotherapy, while the growth delay in Notchl overexpressing tumours was relatively

modest (Theys et al., 2013).
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1.6. Aims of this thesis

Notch pathway has been reported to play an oncogenic role in a number of cancers.
Additionally, DLL4-Notch signalling is a key regulator of angiogenesis and blocking DLL4
promotes non-productive angiogenesis and delays tumour growth. Given its dual
functions in tumour and vascular cells, the Notch pathway presents an attractive target
for cancer therapy. Radiotherapy is an important modality in the treatment of cancer.
Radiation has been reported to alter tumour vasculature but its effects appear to be
dependent on dose as well as tumour-type. Additionally, recent evidence indicates that
radiation may alter Notch signalling in tumour cells and the endothelium. This thesis aims
to investigate the effects of anti-DLL4 therapy in solid tumours in combination with a
clinically relevant dose of ionising radiation (5 Gy; IR) and to analyse alterations in the
Notch pathway induced by the treatments. Specifically,

- In chapter 4, Effects of combining IR and DLL4 blockade on LS174T cells in vitro
and tumour growth delay in vivo are investigated.

- In chapter 5, Effects of combining the two treatments, on tumour cells and
vasculature are examined in LS174T (DLL4 expressing) and HCT-15 (DLL4-negative)
tumour models. Effects of the two treatments on Notch signalling in tumour and
stromal cells are examined.

- In chapter 6, effects of the treatments on endothelial cell function is examined.
Additionally, DLL4 and Jagl expression in tumour vasculature and influx of

proangiogenic immune cells into the tumour after treatments is studied.
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2. Materials and Methods

2.1. Cell lines and cell culture

Human colorectal adenocarcinoma cell lines LS174T and HCT-15 were obtained from
American Type Culture Collection (ATCC). Cell lines were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 4.5 g/L glucose (Invitrogen, Paisley, UK) supplemented
with 10% fetal bovine serum (Lonza, Slough, UK) and 1% penicillin—streptomycin
(Invitrogen, Paisley, UK) (referred to as DMEM, 10% FBS). Human umbilical vein
endothelial cells (HUVEC) were obtained from Lonza. Cells were maintained in EBM-2
media (Lonza, Slough, UK) supplemented with EGM-2 SingleQuots (referred to as EGM-2).
All Cell lines were maintained at 37°C with 5% CO,. Cell lines were passaged when they
reached approximately 80% confluency. Cell lines were regularly tested with MycoAlert
Assay kit (Lonza) according to manufacturer’s instructions.

LS174T cells were infected with Cignal Lenti RBP-Jk Reporter luciferase (QIAGEN, Crawley,
UK), according to manufacturer’s instructions. To establish a stable pooled LS174T cell
line harbouring this Notch-responsive luciferase reporter construct (LS174T RBPJk-Luc),

cells were cultured in medium containing 2 pg/mL puromycin (Sigma-Aldrich, Dorset, UK).

2.2. Cell based assays.

2.2.1. Immobilising recombinant DLL4 or BSA on plates

Plates were incubated with 0.2% gelatine (w/v) (Sigma-Aldrich) in Phosphate buffered
saline (PBS) containing 1 pug/mL bovine serum albumin (BSA; Sigma-Aldrich) or 1 pg/mL

rhDLL4 (R&D Systems), each was equivalent to 18nM protein solution. The plates were
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incubated at 4°C for 24 hours followed by 37°C for 30 minutes. The solution was aspirated

before seeding cells.

2.2.2. Bioluminescence imaging of luciferase activity

LS174T RBPJk-Luc were seeded onto 24-well dishes (100 000 cells per well) onto which
rDLL4 or BSA had been immobilised, in DMEM, 10% FBS containing vehicle (dimethyl
sulfoxide; DMSO), 1 ug/mL mouse isotype immunoglobulin G1 (IgG1), (R&D Systems
Europe Ltd), 20 nM dibenzazepine (DBZ) (Axon Medchem BV, Groningen, the
Netherlands), or 1 ug/mL anti-DLL4 monoclonal antibody (DLL4 mAb; human IgG1, blocks
human and mouse DLL4, kind gift from Medlmmune LLC, Gaithersburg, MD) and
incubated for 24 hours. To assess luciferase activity, 150 pg/mL D-luciferin (Gold
BioTechnology, St Louis, MO) was added to the cultures incubated for 2 minutes.
Luminescence was measured using Xenogen IVIS 200 imaging system (Caliper Life
Sciences Ltd, Preston Brook, UK) and analyzed with Living Image 3.0 software (Caliper Life
Sciences Ltd). The fold change in luciferase activity was calculated by dividing the
measurement from the treatment group by that from the DMSO BSA control.

To analyse the effect of radiation on LS174T cells, LS174T RBPJk-Luc cells were cultured
for 3 days on BSA or rhDLL4 coated wells. Within this 3 day period, cells were irradiated
using IBL 637 caesium irradiator (CIS Bio International) at a dose rate of 1.1Gy/min with a
single 5 Gy IR dose, either 6 hours or 48 hour after plating (i.e. 3 days or 1 day before
luciferase activity measurement).

For mock irradiation, the cells were treated the same as the irradiated cells, except no
dose was given. The fold change in luciferase activity was calculated by dividing the

luciferase activity in irradiated cells by that in the mock irradiated cells.

Page | 47



CHAPTER 2

2.2.3. Network formation assay

Actively growing HUVEC cells were harvested and were plated onto wells in a 24-well
plates containing 300ul polymerised BD Matrigel Basement Membrane Matrix (BD
Biosciences) supplemented with 500ul EGM-2 media (50,000 cells/well). Appropriate
plates immediately were exposed to 5 Gy radiation as previously described. Subsequently
an additional 500ul of EGM-2 or EGM-2 containing 2ug/L DLL4 mAb was added to wells.
Wells were photographed 8 hours later at low power (1 field per well) and number of
branches and averaged branch lengths calculated using Imagel. Three biological
replicates were analysed for each experimental condition, experiments were repeated

three times.

2.2.4. Migration assay

Actively growing HUVEC cells were harvested and were plated onto wells in 12-well plates
containing 1 ml EGM-2 media. Cultures were allowed to reach confluence over 24 hours.
The appropriate plates were exposed to 5 Gy IR and a physical scratch was created in the
monolayers. EGM-2 media was replaced to remove cell debris and floating cells, with
EGM-2 and EGM-2 containing 1ug/ml DLL4 antibody. The plates were incubated in and
analysed with INCUCYTE Kinetic Imaging System (Essen BioScience, Ltd.). Scratched areas
were detected and coverage of this area with HUVECs was measured over time. Three
biological replicates were analysed for each experimental condition, experiments were

repeated three times.
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2.2.5. Proliferation assessment by immunocytochemistry

Actively growing HUVEC or LS174T cells were harvested and were plated onto wells in 8-
well Nunc Lab-Tek Il chamber slides (Thermo Scientific) containing 300ul EGM-2 media or
EGM-2 media containing 1ug/ml DLL4 mAb. Appropriate slides were irradiated with 5 Gy
immediately as described above. 15,000 or 60,000 HUVECs or 60,000 LS174T cells added
per well and immunostained for Ki67, 24 hours later. Cells were washed once with PBS
and incubated with 4% paraformaldehyde for 8 minutes. The remainder of the
immunostaining and analysis was carried out as for Ki67 immunohistochemical staining
below. Three biological replicates were analysed for each experimental condition,

experiments were repeated three times.

2.2.6. Analysis of growth in cell cultures

Actively growing HUVEC or LS174T cells were harvested and were plated onto 6-well
plates containing 2000ul EGM-2 media or EGM-2 media containing 1ug/ml DLL4 mAb.
Appropriate plates were irradiated with 5 Gy immediately as described above. 30,000
HUVECs or 200,000 LS174T cells added per well. Cells numbers in each well were
determined with NucleoCounter NC-100 (Chemometec). Growth of cultures was
calculated by dividing final cell counts with the number of cells plated. Three biological
replicates were analysed for each experimental condition, experiments were repeated

three times.
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2.3. Tumour xenograft studies

All animals purchased from Charles River, Tranent, UK or Harlan, Huntingdon, UK and
housed in individually ventilated cages. 6-8 weeks old, female BALB/C nude mice were
used in all experiments. All experiments were performed according to University of
Oxford institutional guidelines and within the limits of the Project License issued by the

Home Office, United Kingdom.

2.3.1. Tumour growth delay assay

LS174T RBPJk-Luc cells (2 x 107 cells/ml), or HCT-15 cells (1 x 107/ml) were mixed 1:1 (v/v)
in serum-free DMEM and Growth Factor Reduced Matrigel (Becton, Dickinson and
Company, Oxford, UK) 100ul of the cell suspension was injected subcutaneously into the
right flanks of mice. Tumour dimensions were measured by calipers and volumes
estimated by the modified ellipse formula (volume = length x width?/ 2).

To assess tumour growth delay in LS174T xenograft tumours, mice bearing tumours were
treated with anti-DLL4 monoclonal antibody (DLL4 mAb; human IgG1, blocks human and
mouse DLL4; kind gift from MedImmune LLC, Gaithersburg, MD) and/or 5 Gy radiation.
Mice were randomly assigned to mock (n=7), DLL4 mAb (n=7), IR (n=8) or DLL4 mAb + IR
(n=8). Mice in the mock group received intra-peritoneal injection with 100uL PBS solution
twice per week for the duration of the experiment. DLL4 mAb was administered twice per
week at a dose of 5 mg/kg of body weight beginning on day 1 (DLL4 mAb group) or 30
minutes after treatment with ionizing radiation on day 1 (DLL4 mAb + IR) for the duration
of the experiment. For irradiation, mice were restrained in a customized brass tube,

exposing the tumour while shielding the remainder of the body. Tumours were irradiated
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with 5 Gy using an Xstrahl RS320 x-ray system (Gulmay Medical Ltd, Chertsey, UK) at a
dose rate of 2.77 Gy/min under anaesthesia. Luciferase activity was measured in 3 mice
from each group by bioluminescence imaging, on the first day of the experiment, before
treatments were given, and again 24 hours later (see below).

Tumour volumes were measured every 1-3 days and once tumours reached 4 times the
starting volume, the mice injected intraperitoneally with the hypoxic cell marker EF5
(10uL/g of body weight of a 10mM solution in 0.9 % saline; kindly provided by Dr
Cameron Koch, Hypoxia-Imaging Service Center, University of Pennsylvania). The mice
were sacrificed by cervical dislocation 2.5 hours later, and their tumours were excised.
Three tumours were randomly chosen from each group and processed for
immunohistochemistry. Tumours were incubated overnight at 4°C in 4%
paraformaldehyde (Sigma-Aldrich) for fixation, then transferred to 25% glucose in PBS for
24 hours at 4°C. Tumours were frozen in isopentane (Sigma-Aldrich) cooled on dry ice and
stored at -80°C.

To assess tumour growth delay in HCT-15 xenograft tumours, with 5 Gy radiation, the
mice were randomly assigned to mock (n=5) or IR (n=6) groups. Mice were irradiated and
tumour growth monitored as above. Once tumours reached 4 times the starting volume,
mice were sacrificed by cervical dislocation and tumours were excised, immediately

frozen in liquid nitrogen and transferred to -80°C for storage.

2.3.2. Early time-point studies

Xenograft tumours were established as above using LS174T RBPJk-Luc or HCT-15 cells. To
generate tumours for assessment of changes 3 days after DLL4 mAb or 5 Gy. Mice bearing

LS174T or HCT-15 xenograft tumours were treated with DLL4 mAb and/or 5 Gy radiation
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(IR). Mice were randomly assigned to mock, DLL4 mAb, IR or DLL4 mAb + IR; n=5 for all
groups. Mice in the mock group received an intra-peritoneal injection with 100uL PBS
solution. DLL4 mAb was administered once at the start of the experiment for DLL4 mAb
group, and given 30 minutes after IR for mice in DLL4 mAb + IR group. Mice in the IR
group were irradiated with 5 Gy as above. Three days after treatment, mice were injected
intraperitoneally with the hypoxic cell marker EF5 (10uL/g of body weight of a 10mM
solution in 0.9 % saline; kindly provided by Dr Cameron Koch, Hypoxia-Imaging Service
Center, University of Pennsylvania). The mice were sacrificed by cervical dislocation 2.5
hours later, and their tumours were excised, divided into two halves and immediately

frozen in liquid nitrogen and transferred to -80°C for storage.

2.3.3. Bioluminescence imaging of luciferase activity in tumours

Mice were anesthetised with 4% isofluorane (Baxter, Caxton Way, UK) and then placed
inside Xenogen VIS 200 imaging system (Caliper Life Sciences Ltd); anesthesia was
maintained with 2% isofluorane throughout imaging. The mice were given intraperitoneal
injection with D-luciferin (150 mg/kg body weight; Gold BioTechnology), 5 minutes before
imaging. Luciferase signal was quantified using Living Image 3.0 software (Caliper Life
Sciences Ltd). Luciferase signal measured 24 hours after treatment was expressed as a

percentage of signal measured just before treatments (baseline).
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2.4. Antibody-based techniques

2.4.1. Western Blotting

Cells were rinsed once with PBS, lysed in cold radioimmunoprecipitation assay lysis (RIPA)
buffer (50 mM Tris—HCIl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate; all from Sigma-Aldrich) containing
Complete Protease Inhibitor Cocktail (Roche, Burgess Hill, UK) and phosphatase inhibitors
(1 mM NaF, 2.5 mM sodium pyrophosphate, 1 mM sodium orthovanadate; all from
Sigma-Aldrich), and sonicated for 1 minute.

The lysates were subjected to centrifugation at 10,000g at 4°C for 10 minutes and the
supernatants collected. Protein concentrations of the lysates were determined by a
Bradford protein assay (Bio-Rad, Hemel Hempstead, UK), denatured in sample buffer (40
mM Tris—HCl, pH 6.8, 2% SDS, 2 mM dithiothreitol, 4% glycerol, 0.01% bromophenol blue)
at 95°C for 5 minutes. Proteins were separated by gel electrophoresis using Novex 4%—
12% Tris—glycine gels (Invitrogen, Renfrew, UK) and transferred onto polyvinylidene
fluoride membranes (Millipore, Watford, UK). Membranes were incubated for 1 hour at
room temperature in 5% BSA in TBST (10 mM Tris—Base, 150 mM NaCl, 0.05% Tween-20;
pH 7.4), then overnight at 4°C with primary antibody in 5% BSA in TBST. Membranes were
washed three times for 10 minutes each in TBST, then incubated with a secondary
antibody conjugated with horseradish peroxidase (Dako UK Ltd, Ely, UK) in 5% BSA in
TBST, for 1 hour at room temperature. Membranes were washed a further three times for
10 minutes each with TBST. Bound antibodies were detected with ECL Plus

(chemiluminescent) reagent (Amersham PLC, Little Chalfont, UK) and exposed to x-ray
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film (FujiFilm, Bedfordshire, UK). Membranes were treated with Restore Western Blot
Stripping Buffer (Thermo Scientific) before probing for B-actin.

Membranes were probed for DLL4 using Polyclonal Rabbit anti-human DLL4 (1:2000, Cell
signaling Technology), Jagl using Rabbit anti-Jagged1 (1:2000, clone 28H8, Cell signaling
Technology), cleaved Notchl intracellular domain using Rabbit anti-Cleaved Notch1l
(Val1744) antibody (1:1000, clone D3B8, Cell Signaling Technology), Notch1 using Rabbit
anti-Notch1 antibody (1:1000, clone D1E11, Cell Signaling Technology) and B-actin using

Goat anti-actin (1:6000, clone 1-19, Santa Cruz Biotechnology).

2.4.2. Immunohistochemical and immunofluorescent staining

All tumours were cryosectioned using cool-cut HM355s microtome (Mircrom
International). 10uM thick sections were generated and dried overnight at 37°C. For the
LS174T tumour growth delay experiment antigen retrieval was necessary and was
performed using 10mM sodium citrate, 0.05% Tween-20, pH 6.0 at 90°C for 20 min. For
tumours from all other experiments, tumours were not treated with a fixative before
freezing and hence antigen retrieval was not performed. Instead tumours were treated
with 4% paraformaldehyde (Sigma-Aldrich) for 8 minutes before starting immunostaining,
unless stated otherwise. For all immunostaining, TNB blocking buffer (0.1 M Tris—HCI, pH
7.5, 150mM NaCl, 0.5% Tyramide Signal Amplification Blocking Reagent; PerkinElmer Inc,
Seer Green, UK) was used.

Immunohistochemistry for Ki67 was performed using Mouse anti-human Ki67 Ig (1:100,
clone 2531 ABD Serotec). Sections were pretreated with 0.3% hydrogen peroxide in PBS
for 20 min. Endogenous biotin was blocked using Avidin/Biotin Blocking Kit (Vector)

according to manufacturer’s instructions followed by incubation with M.O.M blocking
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reagent (Vector Laboratories) for 1 hr. Sections were incubated with TNB Blocking buffer
for 5 min followed by the primary antibody in Blocking buffer for 30 min. Bound antibody
was labelled with biotinylated Goat anti-mouse IgG antibody (1:500, Vector laboratories)
followed by Vectastain ABC Elite reagent.

TUNEL staining was performed using Apoptag Peroxidase In Situ Apoptosis detection kit
(Chemicon) according to manufacturer’s instructions.

Immunohistochemistry for CD31 was performed using Rat anti-mouse CD31 Ig (1:50,
clone SZ31, Dianova). Sections were pretreated with 0.3% hydrogen peroxide in PBS for
20 min, followed by TNB Blocking buffer for 30 min and primary antibody in blocking
buffer for 1hr. Bound antibody was labelled with ImmPRESS™ Anti-Rat Ig (mouse
adsorbed) Reagent (Vector) according to manufacturer’s instructions.

Immunofluorescent staining for EF5 was performed using Mouse anti-EF5 Ig directly
conjugated to Cy3 fluorophore (clone: Elk3-51, kindly provided by Dr. C. Koch, University
of Pennsylvania). Stained sections were mounted in aqueous mounting media containing
4',6-diamidino-2-phenylindole (DAPI).

Immunohistochemistry for CD11b, F4/80, Jagl, DLL4 and cleaved Notchl intracellular
domain was performed using rat anti-CD11b (1:100, Abcam), rat anti-F4/80 (1:100, Abd
Serotec), rabbit anti-Jagl (1:200, Cell Signaling Technology), rabbit anti-DLL4 (1:500,
Abcam) and rabbit anti-Cleaved Notchl intracellular domain (1:100, Cell Signaling
Technology) respectively. Sections were pretreated with 0.3% hydrogen peroxide in PBS
for 20 min, followed by TNB Blocking buffer for 30 min and primary antibody in blocking
buffer for 24hr at 4°C. Bound antibody was labelled with ImnmPRESS™ Anti-Rat Ig (mouse
adsorbed) Reagent (Vector) or Anti-Rabbit Ig Reagent (Vector) according to

manufacturer’s instructions.
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All immunohistochemical stainings were visualised with ImmPACT DAB Peroxidase
Substrate (Vector Laboratories), counter-stained with hematoxylin Solution, Gill No. 1
(Sigma-Aldrich) and mounted using VectaMount Permanent Mounting Medium (Vector
Laboratories).

Immunofluorescent co-staining for CD31 with Jagl or DLL4 was performed using the
antibodies above at concentrations above. Sections were incubated with TNB Blocking
buffer for 30 min and primary antibody in blocking buffer for 24hr at 4°C. Bound
antibodies were labelled with Alexa Fluor 546 Goat Anti-Rabbit IgG and Alexa Fluor 633
Goat Anti-Rat IgG (Life Technologies). Stained sections were mounted in aqueous

mounting media containing 4',6-diamidino-2-phenylindole (DAPI).

2.4.3. Analysis of immunostaining.

Sections immunostained for Ki67 and N1ICD were imaged at a magnification of 200x. 4-6
images were captured from random regions within each tumour section, avoiding areas
of necrosis. Number of positively and negatively stained nuclei were determined for each
image using Imagel software (NIH) and Colour Deconvolution plugin (Ruifrok and
Johnston, 2001) and positive cells were scored as a percentage of total cells for each
image.

Sections immunostained for CD31 were viewed at a magnification of 100x to identify 3
areas of high vessel density. Vessel counts were determined at a magnification of 250x
using a 25 point Chalkley eyepiece graticule as previously described (Fox et al., 1994). Any
CD31-positive staining that was separate from an adjacent microvessel was considered
countable. The graticule was rotated in the eyepiece to a position where the maximum

number of graticule points overlay immunohistochemically identified vessels or their
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lumens. Chalkley vessel counts for individual tumors were generated by averaging the
three graticule values.

Sections immunostained for EF5 were observed field by field at 150x magnification. Each
field was assigned a class score between 0 to 4 based on the percentage of the tumour
area positive for EF5 staining (0 = no staining observed, 1 = 1-5% positive 2 = 5 - 15%
positive, 3 = 15 — 30% positive, 4 = 30 — 50 % positive, 5 = 50 - 75). Areas of necrosis were
identified using DAPI staining and were not included when estimating hypoxia scores.
Scores obtained for each field were converted to percentages by using the median values
for the corresponding hypoxia scores (median values for each score were as follows:
score 0: 0%, score 1: 2.5%, score 2: 10%, score 3: 22.5%, score 4: 40%, score 5: 62.5%).
The mean percentage of hypoxic area for all scored fields was calculated for each tumor.
To quantify co-localisation of DLL4 or Jagl with CD31 staining. Images were acquired by
confocal microscopy (Leica microsystems). Channels with CD31 and DLL4 or Jagl signal,
were converted to 8-bit binary images, after manually determining thresholds to separate
signal from background tissue auto-fluorescence. The same thresholds were used to
generate binary images for all tumours. A Matlab (MathWorks) script written with our
colleague Dr Danny Allen, was used to determine pixel overlap between the thresholded
CD31 and DLL4 or jagl channels. This value was expressed as a percentage of the total
number of pixels in the CD31 channels (Pixels overlapping between CD31 and notch
ligand images/ Total number of pixels in CD31 image x 100).

To quantity necrosis, H&E stained tissue sections were imaged at 10x. Images were taken
spanning the entire section and realigned together using Adobe Photosphop CS5 (Adobe

Systems Incorporated). Regions of necrosis were identified by microscopy, outlined in
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images and area occupied by necrosis and total area determined using ImagelJ software
(NIH). Necrotic areas were expressed as a percentage of total area of the tumour section.
Sections immunostained for CD11b and F4/80 were imaged at a magnification of 400x. 5
images were captured from random regions within each tumour section, avoiding areas

of necrosis. Number of positive cells per field were counted for each image.

2.5. Quantitative Polymerase chain reaction (qPCR)

2.5.1. Isolation of tumour RNA

Total RNA was extracted from frozen tumours using RNeasy kit (Qiagen) according to
manufacturer’s instructions. Briefly, small pieces of the frozen tissue were cut and
weighed to about 20mg. Tissues were immersed in 600ul of lysis buffer and
homogenised. The lysates were centrifuged at 10,000 g at 4°C for 3 minutes and the
supernatant isolated. 600ul of 70% ethanol was added to the supernatant and the
mixture was added onto the supplied columns. The columns were centrifuged at 8000 g
for 15 seconds and the effluent was discarded. On column DNase digestion was
performed using RNase-Free DNase Set (Qiagen) according to manufacturer’s
instructions. The columns were washed 3 times using the proprietary buffers RW1 and
RPE provided at 8000 g. Finally 50ul of DEPC-treated water were added to the column
and collected as effluent after centrifugation of the columns at 8000 g. The effluents were
guantified using ND-1000 spectrophotometer (NanoDrop Technologies) using RNA-40

presets and stored at -80°C.
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2.5.2. Reverse transcription

Reverse transcription of the RNA was carried out using High Capacity cDNA Reverse
transcription kit (Applied Biosystems, Warrington). | ug of RNA was diluted in 71pl of
DEPC treated water in a 0.2 ml thermo-tube. 10ul of 10x RT buffer 10ul of Random
Primers , 4ul of 25x dNTP, 5ul of Multiscribe Reverse Transcriptase was added to the RNA
sample. The sample was incubated at 25°C for 10 minutes, 37°C for 2 hours and 4°C for up

to 12 hours before use. The cDNA concentration was assumed to be 10ng/ul.

2.5.3. Real time qPCR

Real time gqPCR was performed using the Exigon system (Roche Applied Science). A
master mix containing 12.5ul SensiMix Il Probe kit (Bioline), 1ul of 10uM forward primer
and reverse primers, 0.25ul probe from Universal ProbeLibrary (Roche Applied Science)
and 7.05ul DEPC treated water. Individual assays were prepared in triplicate using
epMotion 5070 robot (Eppendorf). Each reaction contained 8ul of the above master mix
and 2ul of 6.5ng cDNA/ul. Tubes were sealed and the gPCR assays performed using 7000
HT fast real-time PCR system (Applied Biosystems) using the following sequence: 2 min,
50°C; 10 min, 95°C; 40 cycles, 15 sec, 95°C; 1 min, 60°C. All reactions were performed
using mouse and human specific assays previously validated by our group (table 2.1).
Mouse and human B-actin were used as internal control genes, to normalise against
variations in cDNA concentrations. All assays were expressed as fold changes relative to

Mock.
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Table 2.1. Primers and Exiqon ProbelLibrary™ probes used in real time gPCR assays.

Gene
hActB
hDLL4
hHey1
hHey2
hHes1
hlagl
mActB
mDLL4
mHey1
mHey2
mHes1
mlagl
hActB
hDLL4
hHey1
hHey2
hHes1
hlagl

Left primer
cccagcacaatgaagatcaa
ccctggcaatgtacttgtgat
cgagctggacgagaccat
gtaccatccagcagtgcatc
agtgaagcacctccggaac
gaatggcaacaaaacttgcat
aaggccaaccgtgaaaagat
aggtgccacttcggttacac
catgaagagagctcacccaga
gaggaaacgacctccgaaa
acaccggacaaaccaaagac
tggccgaggtcctacactt
cccagcacaatgaagatcaa
ccctggcaatgtacttgtgat
cgagctggacgagaccat
gtaccatccagcagtgcatc
agtgaagcacctccggaac
gaatggcaacaaaacttgcat

2.6. Statistical analyses

Right primer
cgatccacacggagtacttg
tggtgggtgcagtagttgag
ggaacctagagccgaactca
agagaattcagtcagggcattt
cgttcatgcactcgctga
agccttgtcggcaaatage
gtggtacgaccagaggcatac
gggagagcaaatggctgata
cgccgaactcaagtttee
gacctcatcactgagcttgtage
cgcctcttctecatgatagg
gccttttcaattatgctatcag
cgatccacacggagtacttg
tggtgggtgcagtagttgag
ggaacctagagccgaactca
agagaattcagtcagggcattt
cgttcatgcactcgctga
agccttgtcggcaaatage

Probe
63
23
39
60
60
42
56
106
17
85
99
22
63
23
39
60
60
42

Statistical analyses were performed using Graphpad Prism 6 (Graphpad Software, La Jolla,

CA). Two means compared with two-tailed t-test. Multiple means compared with one-

way ANOVA, with Bonferroni post test. Means displayed with 95% confidence intervals.
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3. Combining DLL4 blockade and ionising radiation to

reduce tumour growth

3.1. Introduction

There is a rising interest in targeting tumour vasculature to inhibit blood flow to tumours
and inhibit tumour growth. Within the last decade, the first antiangiogenic agent, a VEGF
blocking monoclonal antibody, bevacizumab was approved for clinical use. Since then
several antiangiogenic agents have been given approval, including four VEGF receptor
tyrosine kinase inhibitors; sunitinib, sorafenib, pazopanib and vandetanib. A number of
studies have focused on the combination of VEGF targeting agents with radiation therapy
and have demonstrated that VEGF can be induced by radiation in tumour models, and
combining VEGF blockade with radiotherapy increases tumour growth delay (Gorski et al.,
1999, Lee et al., 2000, Abdollahi et al., 2003). However, tumour resistance to VEGF
blockade is common (Bergers and Hanahan, 2008) and has partly been attributed to the
Notch signalling pathway (Noguera-Troise et al., 2006, Li et al., 2007).

The Notch signalling pathway consists of four receptors (Notchl, Notch2, Notch3 and
Notch4) and five ligands (Jagl, Jag2, DLL1, DLL3 and DLL4) in mammals. Ligand binding
triggers a conformational change in the receptor, allowing for two successive proteolytic
cleavage by an ADAM family protease and y-secretase respectively, which frees the Notch
intracellular domain (NICD) allowing it to translocate to the nucleus, where it activates
target genes (Kopan and llagan, 2009).

Notch pathway has been identified to act as an oncogene in a number of tumour types
(Espinoza and Miele, 2013). Additionally, DLL4-Notch signalling is a key regulator of

physiological and tumour angiogenesis (Phng and Gerhardt, 2009). Overexpression of
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DLL4 in tumour cells activates Notch in the tumour stroma and results in larger and better
functioning vessels, increasing tumour growth (Li et al., 2007). Blocking DLL4 in tumour
models has been shown to increase non-productive angiogenesis, increasing hypoxia and
decreasing tumour growth (Noguera-Troise et al., 2006, Ridgway et al., 2006, Scehnet et
al., 2007, Hoey et al., 2009). Anti-DLL4 therapy is a novel antiangiogenic strategy which
focuses on promoting angiogenesis and vessel abnormalisation. Here we explore the
combination of DLL4 blockade, with a clinically relevant dose of radiation, in a human
colorectal carcinoma xenograft model and investigate the ability of the combination to

delay tumour growth.

Page | 63



CHAPTER 3

3.2. Results

3.2.1. Blocking DLL4 — Notch signalling in LS174T human colorectal
carcinoma cells.

Notch signalling is important in the maintenance of normal intestinal and colonic
physiology and has been mainly reported in an oncogenic context in colorectal cancers.
Following a western blotting analysis of DLL4 expression in a number of colorectal cancer
cell lines by Dr Stanley Liu, LS174T cells were selected as a model cell line to test the
effects of DLL4 blockade alone and in combination with radiation treatment. LS174T cells
were infected with a lentivirus containing a construct expressing firefly luciferase under
the control of NICD binding RBPJk sites. Together with Dr Stanley Liu, cells stably
expressing this construct (LS174T RBPJk-Luc) were generated following selection with
puromycin containing media, and used to assess Notch activation by measuring luciferase
activity. LS174T RBPJk-Luc cells were cultured on plates with immobilised recombinant
human DLL4 (rhDLL4) or bovine serum albumin (BSA), and treated with either DLL4
blocking monoclonal antibodies (DLL4 mAb) or y-secretase inhibitor DBZ (figure 3.1a) for
24 hours. DMSO or isotype-control antibody (Isotype) treated cells were included as
controls for DBZ and DLL4 mAb respectively. DMSO and Isotype treated cells cultured
with rhDLL4 showed increased luciferase activity as compared to cells cultured with BSA.
Both DLL4 mAb and DBZ treatments decreased Notch activity in cells cultured with BSA or
rhDLL4, compared to DMSO controls. Notch activity inhibition observed with DLL4 mAb
was comparable to that with DBZ, in both BSA and rhDLL4 exposed cells, indicating that

Notch signalling may occur predominantly via DLL4 in LS174T cells in vitro.
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Western blot analysis of LS174T cells treated with DBZ or DLL4 mAB (figure 3.1b, data
contributed by Dr Stanley Liu) shows that both treatments cause an increase in DLL4
protein levels compared to DMSO control. However, the level of Notch ligand Jagl, also
endogenously expressed by LS174T cells, was not altered by either treatments.

a b

CJ BSA

W DLL4 agl

3. e il

B-actin S s S

Fold change in luciferase activi

3 Mock DBZ DLL4
mAb
1 4 T N P
0
DMSO | Isotype | DLLAmMAb | DBZ

Figure 3.1. DLL4 blocking antibodies inhibit Notch signalling but upregulate DLL4 in
LS174T cells. a, Changes in luciferase activity in LS174T cells transfected with Notch-
responsive luciferase reporter. Cells were incubated on plates coated with recombinant
DLL4 or BSA and incubated with DMSO, isotype-control antibody, DLL4 blocking antibody
(DLL4 mADb) or DBZ for 24 hours before luciferase activity was measured. Measurements
relative to BSA DMSO. Columns, mean; error bars, 95% Cl, **p<0.01 vs. respective DMSO.
b, Western blot analysis of Jagl and DLL4 proteins in LS174T cells following treatment
with DBZ or DLL4 overnight. B-actin as loading control.

3.2.2. Effects of ionising radiation on Notch signalling in LS174T cells.

As detailed above, ionising radiation has previously been reported to alter Notch pathway
in cancer cell lines (Phillips et al., 2006, Mizugaki et al., 2012). To investigate the effects of
radiation on Notch signalling in LS174T cells, we assessed Notch activation by measuring

luciferase activity in LS174T RBPJk-Luc cells (figure 3.2a). LS174T RBPJk-Luc cells were
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cultured for 3 days on BSA or rhDLL4 coated wells. During this period, cells were treated
with a single 5 Gy IR dose, either 3 days or 1 day before luciferase activity measurement.
After 3 days, luciferase activity was recorded and cells counts were determined to
normalise for differences in cell numbers between IR treated samples and unirradiated
controls. In cells cultured within BSA coated wells, treatment with radiation resulted in a
reduction in Notch activity, 1 day as well as 3 days after IR. In cells exposed to exogenous
rhDLL4, a significant decrease in Notch activity was seen only 3 days after irradiation.
Radiation induced changes in Notch signalling was also explored via western blot analysis
for cleaved Notch 1 intracellular domain (N1ICD), DLL4 and uncleaved Notchl protein

(figures 3.2b and c). Samples treated with 5 Gy IR exhibited a decrease in DLL4 protein
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Figure 3.2. lonising radiation suppresses Notch signalling in LS174T cells. a, Changes
in luciferase activity in LS174T cells transfected with Notch-responsive luciferase
reporter. Cells were incubated on plates coated with recombinant DLL4 or BSA,
cultured for 3 days and treated with 5 Gy IR, 1 day or 3 days before luciferase
measurements. Measurements relative to BSA mock. Columns, mean; error bars, 95%
Cl, **P<0.01 vs. BSA or rhDLL4 mock. b,c, Western blot analysis of DLL4, Notchl and
cleaved Notch1 intracellular domain (NICD) in LS174T cells harvested 5 hr (b) or 24hr
(c) after treatment with 5 Gy IR . B-actin as loading control.

Page | 66



CHAPTER 3

levels as well N1ICD levels within 5 hours, while Notchl levels appeared to remain
unchanged (figure 3.2b). A similar result was observed in samples analysed 24 hours after
irradiation (figure 3.2c). The reduction in DLL4 levels observed may partly explain the
reduced Notch activation observed following radiation treatment. These results
collectively demonstrate that ionising radiation suppresses Notch signalling in LS174T

cells in vitro.

3.2.3. Effects of radiation treatment and DLL4 blockade on proliferation

and growth of LS174T cells.

Notch signalling has been observed to promote pro-proliferative pathways in cancer and
Notch inhibition has been reported to decrease cancer cell proliferation and induce cell
cycle arrest, as discussed in Chapter 1. Recent reports have also shown that targeting
Notch may increase radiosensitivity, as detailed above. The effects of DLL4 blockade and
IR on proliferation and growth of LS174T cells were examined next. LS174T cells were
irradiated with 5Gy IR and/or treated with DLL4 mAb for 3 days before immunostaining
for Ki67 (figure 3.3a). IR treatment caused a significant decrease in the number of cells
with Ki67 positive nuclei compared to untreated mock. DLL4 blockade however did not
appear to significantly alter proliferation when given alone, or lead to a further decrease
in proliferation when combined with IR.

A similar result was observed when cell counts were measured after being subjected to
5Gy IR and allowed to grow for 3 days with or without DLL4 mAb (figure 3.3b). Cell counts

measured show that cell numbers increased over 3 days in all treatment groups. However
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cell numbers were lower in samples exposed to IR, compared to mock, while DLL4 did not

significantly impact cell growth.
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Figure 3.3. Effects of DLL4 blockade and radiation on proliferation and growth of
LS174T cells in vitro. LS174T cells were treated with 5 Gy radiation or incubated with
DLL4 blocking antibody (DLL4 mAb) or both. a, Proliferation analysed 3 days after
treatments by Ki67 immunostaining. Representative images, left panels, Scale bar,
50um; quantified as percentage of positive nuclei, right panels. b, Total numbers of cells
counted 3 days after treatment, measurements relative to mock. Columns, mean; error
bars, 95% Cl, **p<0.01, ***p<0.001 vs. mock
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3.2.4. DLLA blockade and IR inhibit Notch and delay LS174T tumour growth
in vivo.

Solid tumours are complex structures which not only include cancer cells but also stromal
elements such as inflammatory cells and vasculature (Mueller and Fusenig, 2004). Notch
inhibition may affect tumour growth by directly acting on cancer cells or indirectly by
targeting stromal components. To investigate the effects of combining DLL4 blockade and
IR in vivo, we utilised a subcutaneous tumour xenograft model in athymic nude mice,
established using LS174T RBPJk-luc cells. Once tumours reached 100mm?3, Dr Stanley Liu

and | randomly assigned mice to Mock, DLL4 mAb, IR and DLL4 mAb + IR treatments, and
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Figure 3.4. Combining DLL4 blockade and IR in vivo. Mice bearing subcutaneous LS174T
tumours with a Notch responsive luciferase reporter were randomly assigned to
treatment groups, Mock, anti-DLL4 antibody (DLL4 mAb), 5 Gy radiation (IR) or DLL4 mAb
and IR, when tumour volumes were approximately 100 mm?3. a, Growth curves of
tumours. Tumour volumes plotted relative to starting volumes, DLL4 mAb given twice a
week (black arrowheads), IR given at the start of the experiment (white arrowhead).
Mice sacrificed when tumours reached four times the starting volume (dotted line). Mice
in each group shown in parentheses. b, Average times for tumours to reach four times
the starting volume ¢, 3-5 mice from each treatment group injected intraperitoneally
with luciferin, and tumour bioluminescence measured before and 24hr after treatment.
Left panels, heat map overlying representative tumours displays relative luciferase
activity. The mean fold change in luciferase activity is shown in graphical form in right.
Columns, mean; error bars, 95% Cl, *p<0.05, ***p<0.001 vs. mock.

treated relevant groups with a single dose of 5 Gy IR, followed by administration of DLL4
mAb (figure 3.4a). Subsequently, DLL4 mAb was administered twice per week for the
remainder of the experiment. We scheduled the administration of DLL4 mAb after IR
treatment as DLL4 blockade has been reported to increase tumour hypoxia and hence
decrease radiosensitivity (as described in section 1.5.1). Tumours volumes were
estimated from measurements using calipers throughout the experiment, and normalised
to volumes at the start of treatment. Tumour volumes were monitored until they reached
four times the starting volume (4RTV), when the mice were sacrificed and tumours
resected for further analysis. Compared to mock tumours, the average time for tumours

to reach 4RTV was longer for DLL4 mAb and IR treatments alone as well as when
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combined together. Additionally, combining DLL4 mAb with IR led to a greater than
additive growth delay than those observed with DLL4 mAb or IR.

To examine the effects of IR on Notch signalling in vivo and to verify Notch inhibition by
DLL4 mAb in LS174T tumours, Dr Stanley Liu measured luciferase activity before and 24
hours after IR and/or DLL4 mAb treatment (figure 3.4c). Treatment with DLL4 mAb
decreased Notch activation alone and as well as when administered following IR. IR
treatment alone also caused a decrease in Notch activity, which is in agreement with

inhibition of Notch by IR in LS174T cells in vitro (section 3.2.2).

3.2.5. Effects of DLL4 blockade and IR on vessel density, hypoxia and

necrosis in LS174T tumours.

DLL4-Notch signalling is a key regulator of angiogenesis and Notch inhibition has been
shown to promote excessive but poorly-functional vasculature and may increase hypoxia,
as discussed in Chapter 1. Treatment induced changes in vasculature, hypoxia and
necrosis were examined by histological and immunohistochemical staining of tumours
resected after 4RTV (section 3.2.4). Treated and untreated tumours were immunostained
for CD31 and Chalkley vessel counts were conducted to determine changes in microvessel
density (figure 3.5a). Tumours treated with DLL4 mAb with and without IR exhibited
higher vessel counts compared to mock tumours, while no significant changes could be
observed in tumours treated with IR alone.

Tumours were injected with EF5, a nitroimidazole which binds proteins in hypoxic cells

(Lord et al., 1993), before resection. Immunofluorescence staining of EF5-protein
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conjugates was employed to detect and assess hypoxia (figure 3.5a). A higher percentage

of EF5-positive area was observed in tumour treated with DLL4 mAb alone or following IR.

To evaluate necrosis in tumours from the above experiment, sections were stained with

haematoxylin and eosin and areas of necrosis were identified visually (figure 3.5a).

Tumours in DLL4 mAb and combination treatment groups displayed a higher percentage

of necrosis as compared to mock, while IR alone did not lead to significant increase.

These results, together with increased vessel density and hypoxia observed in DLL4 mAb

treated tumours show that DLL4 blockade increases angiogenesis but promotes poorly

functional vasculature.
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Figure 3.5. Assessment of vessel density, hypoxia and necrosis in LS174T tumours
treated with radiation and DLL4 blocking antibodies. LS174T tumours treated with anti-
DLL4 antibody (DLL4 mAb), 5 Gy radiation (IR) or DLL4 mAb and IR, and excised after
assessment of growth delay for immunohistochemical analysis. a, Microvessel density
assessed following CD31 immunostaining. Representative images, left panels, scale bar
100um; quantified by Chalkley vessel counting, right panel. b, Hypoxia assessed by EF5
immunostaining. Representative images, left panels, scale bar 200um; quantified by
percentage of hypoxic area, right panel. ¢, Necrosis assessed following haematoxylin and
eosin staining. Representative images, left panels, scale bar 1000pum; quantified as
percentage of necrotic area, right panel. Columns, mean; error bars, 95% Cl, *p<0.05,
***p<0.001 vs. mock.

3.2.6. Tumour cell proliferation and apoptosis in L§174T tumours treated

with DLL4 blocking antibodies and radiation.

We also analysed proliferation and apoptosis in tumours collected after growth delay
assessment with DLL4 mAb and/or IR. Proliferation was examined by staining for and
counting cells with Ki67 positive nuclei (figure 3.6a). Compared with mock tumours, only
tumours treated with DLL4 mAb alone showed a significant difference. The proportion of
Ki67 positive cells did not appear to be different in combination treated tumours
compared to mock. The growth delay in this group may be a result of the considerably

decreased quantity of viable tumour cells due to necrosis. TUNEL staining revealed less
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than 1% TUNEL positive cells observed for all treatment groups with no differences

apparent between any groups (figure 3.6b).
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Figure 3.6. Proliferation and apoptosis in LS174T tumours treated with radiation and
DLL4 blocking antibodies. LS174T tumours treated with anti-DLL4 antibody (DLL4
mAb), 5 Gy radiation (IR) or DLL4 mAb and IR, and excised after assessment of growth
delay for immunohistochemical analysis. a, Proliferation assessed by Ki67
immunostaining. Representative images, left panels, scale bar, 50um; quantified as
percentage of positive nuclei, right panel. b, Apoptosis assessed by TUNEL staining.
Representative images, left panels, scale bar 50um. Columns, mean; error bars, 95% Cl,
*p<0.05.
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3.3. Discussion

Reports prior to this study have identified the potential of combining Notch inhibition
with radiation treatment in cancer (Hovinga et al., 2010, Wang et al., 2010, Yu et al.,
2011). However a majority of these results are based on in vitro models and do not
account for the contribution of stromal and particularly vascular response to the
treatments. Wang et al. noted increased tumour growth delay in xenograft tumours
derived from glioma stem cells when Notchl or Notch2 silencing was combined with
radiation treatment. However, the cells were irradiated in vitro prior to implantation in
mice, and Notch was silenced only in tumour cells. Therefore, this model did not directly
account for stromal response to radiation or Notch inhibition. Here, we have explored the
effects of DLL4 blockade with a clinically relevant dose of radiation in tumour xenografts.
To our knowledge, the results presented here constituted the first report investigating
the combination of Notch inhibition and radiation treatment in an in vivo model. Since
then others have reported an increased tumour growth delay with a combination of y-
secretase inhibition and IR (Mizugaki et al., 2012), and a reduction in radiation-induced
growth delay upon overexpression of Notchl (Theys et al., 2013). Results presented here
as well as experiments conducted by Dr Stanley Liu with pure populations of LS174T,
show that blocking DLL4 does not affect proliferation, apoptosis or clonogenic survival in
vitro. However, the treatments interacted favourably in vivo, resulting in a supra-additive
tumour growth delay. In experiments conducted by Dr Stanley Liu, a supra-additive
growth delay was also seen in the same tumour model when radiation treatment was
combined with a y-secretase inhibitor DBZ (Liu et al., 2011) but no changes in apoptosis
or clonogenic survival were seen in vitro. Theys et al have observed that Notch over-

activation did not alter proliferation or radiosensitivity in vitro but induced
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radioresistance in vivo (Theys et al., 2013). These findings highlight the contribution of the
tumour microenvironment to treatment response and provide a rationale for targeting
Notch with radiation treatment in solid tumours.

Histological assessment of radiation treated tumours revealed no changes in vessel
density. Dr Fokas of our group analysed tumours 2 and 5 days after IR and observed no
changes in blood flow by ultrasound (Liu et al., 2011). Yet, we did note an increase in
hypoxia in IR treated tumours. Acute effects of radiation may not be apparent in
histological analyses presented here, as the tumour had been excised a number weeks
after radiation treatment. Assessment of tumours excised shortly after treatments would
allow a better understanding of the effects of IR and its interaction with anti-DLL4 therapy
in vivo.

Anti-DLL4 antibody promoted angiogenesis in tumours, as evidenced by increased
microvessel density, but also increased in hypoxia and necrosis. Our colleague, Dr
Emmanouil Fokas has also demonstrated that DLL4 blockade reduced blood flow in this
tumour model by microbubble contrast ultrasound analysis. These results support prior
reports that DLL4 blockade promotes non-productive angiogenesis (Noguera-Troise et al.,
2006, Ridgway et al., 2006, Scehnet et al., 2007). Interestingly tumours given anti-DLL4
therapy blockade, particularly in combination with radiation, exhibited necrotic centres
with a viable rim of cancer cells toward the periphery of the tumour, an effect similar to
that observed with vascular targeting agents (Horsman and Siemann, 2006). This may be
due to proximity to normal vasculature outside the tumour mass, resulting in a better
perfused rim. Hence, delivery of another dose of radiation at later point may target this

better oxygenated mass, to achieve tumour control.
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The precise mechanism of interaction of radiation treatment and DLL4 blockade in the
tumour microenvironment remains unclear. In addition to directly targeting tumour cells,
radiation treatment can affect tumour vasculature as well as influence influx of
proangiogenic cellular infiltrates as described in detail in chapter 1. Additionally, radiation
has been shown to alter Notch in endothelial cells (Scharpfenecker et al., 2009, Imaizumi
et al., 2010) as well as tumour cells (Phillips et al., 2006). In LS174T cells, IR suppressed
Notch signalling and reduced DLL4 levels in vitro. Others have shown that DLL4 and Jagl
expressed on tumour cells can alter tumour vasculature (Zeng et al., 2005, Li et al., 2007).
Similarly, Notch induced in tumour cells by stromal cells may promote tumourigenesis
(Indraccolo et al., 2009). Changes in tumour-stromal Notch signalling due to radiation and
DLL4 blockade may alter growth of tumours, and merit further investigation.

In conclusion, these results demonstrate that anti-DLL4 therapy following ionising
radiation in tumour, dysregulates vasculature and promotes tumour necrosis. This
treatment has proven effective in retarding tumour growth in this pre-clinical study and

merits further investigation as a therapy against solid tumours.
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4. Characterising tumour response to anti-DLL4 therapy
and ionising radiation

4.1. Introduction

It is well established that ionising radiation leads to tumour cell death by inducing double
strand breaks in the DNA. However, ionising radiation can also damage or inhibit
endothelial cell function (Budach et al., 1993, Imaizumi et al., 2010). lonising radiation (IR)
has been reported to alter Notch signalling in endothelial cells. 5 Gy IR has been shown to
increase Jagl and well as Notch downstream gene Heyl levels concomitantly in
endothelial cells in vitro, a few hours after treatment (Scharpfenecker et al., 2009).
Another group has demonstrated similar results where a higher dose of radiation (15 Gy)
increased Heyl expression in endothelial cells (Imaizumi et al., 2010). It has been
observed that expression of Notch ligands Jagl and DLL4 on tumour cells can signal to,
and alter tumour vasculature (Zeng et al., 2005, Li et al., 2007). Radiation may also alter
Notch in tumour cells. In lung cancer cell lines that express Notch, radiation treatment
increased protein levels of Hes1 and Heyl (Mizugaki et al., 2012). Treatment of a breast
cancer cell line with fractionated radiotherapy was observed to increase Jagl and
promote Notch1 activation (Phillips et al., 2006).

Studies examining the effects of ionising radiation on tumour vasculature have yielded
conflicting results. It appears that high doses of radiation may inhibit angiogenesis while
low doses may promote it (Imaizumi et al., 2010, Sofia Vala et al., 2010). Additionally,
vasculature in two tumour models may respond differently to the same dose of radiation
(Geng et al., 2001). Radiation treatment may also induce expression of growth factors

such as VEGF, in tumour cells and stroma and alter tumour vasculature in this fashion
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(Gorski et al., 1999, Nozue et al., 2001, Solberg et al., 2008). These findings indicate that
radiation can affect tumour vasculature directly, or indirectly through tumour cells. The
effects however are dependent of multiple factors including radiation dose and tumour
type. In addition, radiation can alter Notch pathway in tumour as well as endothelial cells.
As Notch pathway is a key regulator of angiogenesis and can also promote oncogenic
pathways in tumour cells (as reviewed in chapter 1), these changes can have important
implications for tumour development and treatment. Here we explored the effects of
radiation treatment and anti-DLL4 therapy on tumour cells and vasculature and also

examined alterations in Notch pathway in tumour cells and stroma by these treatments.
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4.2. Results

4.2.1. DLLA blockade alters tumour vasculature within 3 days of treatment.

The results described in chapter 3 show maximal suppression of Notch signalling in
LS174T cells in vitro, 3 days after IR treatment (figure 3.2a). Tumours analysed in the
previous chapter, receiving IR alone or DLL4 mAb following IR, were on average excised
17 days and 44 days respectively after IR treatment respectively. We decided to explore
changes caused by IR treatment in vivo, which may be apparent only at early time points,
and to investigate interaction with DLL4 blockade in tumour cells and vasculature. LS174T
RBPJk-luc cells were grown as subcutaneous tumours in athymic nude mice. Once
tumours reached 120mm3, mice were randomly assigned to Mock, DLL4 mAb, IR or DLL4
mAb + IR treatment groups. Tumours were treated with a single dose of DLL4 mADb, 5 Gy
IR or 5 Gy IR followed by DLL4 mAb. Mice were sacrificed 3 days later and tumours were
excised. Tumours were immunostained for CD31 and Chalkley vessel count were
performed to assess alterations in microvessel density (figure 4.1a). Tumours treated with
DLL4 mAb alone and combination with IR displayed higher vessel counts compared to
mock tumours. Microvessel density in tumours given IR only, appeared similar to mock.

As before, the hypoxic marker EF5 was administered to mice prior to sacrifice.
Immunofluorescence detection and quantification of EF5 positive adducts showed an
increased percentage of hypoxic area in tumours exposed to DLL4 mAb and combination
therapy (figure 4.1b). Of note, hypoxic patches in these tumours were often observed
bordering areas appearing to be necrotic. As with vessel density, distribution of hypoxia in

IR treated tumours appeared similar that in mock.

Page | 81



CHAPTER 4

Areas of necrosis in tumour sections were identified and quantified using haematoxylin
and eosin staining (figure 4.1c). DLL4 mAb treatment resulted in an increase in necrosis
compared to mock. Additionally, tumours treated with a combination of DLL4 mAb and IR
displayed higher levels of necrosis compared to either of the treatments alone.

Together these results show that a single dose of DLL4 mAb can alter tumour vasculature
within 3 days and lead to increased hypoxia and necrosis. IR does not appear to have a
significant effect on vasculature when given alone, but may further enhance necrosis

when combined with DLL4 mAb.
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Figure 4.1. DLL4 blockade alters tumour vasculature and promotes hypoxia and
necrosis within 3 days in LS174T tumours. Mice bearing subcutaneous LS174T
tumours were treated with DLL4 mAb, 5 Gy or IR followed by DLL4 mAb 30 min later.
Tumours resected 3 days later. a, Microvessel density assessed following CD31
immunostaining. Representative images, left panels, scale bar 100um; quantified by
Chalkley vessel counting, right panel. b, Hypoxia assessed by EF5 immunostaining.
Representative images, left panels, scale bar 200um; quantified by as percentage of
hypoxic area, right panel. ¢, Necrosis assessed following haematoxylin and eosin
staining. Representative images, left panels, scale bar 1000um; quantified as
percentage of necrotic area, right panel. Columns, mean; error bars, 95% Cl, **p<0.01,
***p<0.001 vs. mock; n=5.

4.2.2. lonising radiation decreases proliferation in LS174T cells in vivo.

LS174T cells exposed to IR in vitro displayed a decrease in proliferation within 3 days of
treatment, as presented in the previous chapter (figure 3.3). To evaluate the effects of
treatments after 3 days in LS174T tumour, we analysed proliferation by immunostaining
for Ki67 and apoptosis by TUNEL staining (figure 4.2). IR treatment alone and in
combination with DLL4 mAb resulted in a decrease in tumour cell proliferation compared
to mock. DLL4 mAb on its own, did not cause a significant decrease in proliferation at this

time point. However, the percentage of Ki67 positive cells was lower in tumours treated
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with DLL4 mAb and IR compared to IR alone, suggesting that DLL4 mAb may increase

effectiveness of IR at lowering tumour cell proliferation in this model.
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Figure 4.2. Combining radiation treatment with DLL4 blockade decreases
proliferation but does not promote apoptosis in LS174T tumours. Mice bearing
subcutaneous LS174T tumours were treated with DLL4 mAb, 5 Gy (IR) or IR followed by
DLL4 mAb 30 min later. Tumours resected 3 days later. a, Proliferation assessed by
Ki67 immunostaining. Representative images, left panels, scale bar, 50um; quantified
as percentage of positive nuclei, right panel. b, Apoptosis assessed by TUNEL staining.
Representative images, left panels, scale bar. 50um. Columns, mean; error bars, 95%
Cl, **p<0.01, ***p<0.001; n=5.
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TUNEL staining of tumours revealed less than 1% TUNEL positive cells in all tumours
studied regardless of treatment. This result is similar to the pattern of apoptosis observed
in tumours analysed at the end of the tumour growth delay experiment presented in the
previous chapter (figure 3.6). An In vitro caspase assay performed by Dr Liu with this cell
line also show a lack of apoptosis with the treatments. These results suggest that
apoptosis may not be a major contributor to cell death in this model, which may

predominantly occur via necrosis or mitotic catastrophe.

4.2.3. HCT-15 cell line is DLL4 negative in vitro and in vivo.

Prior studies published by our group demonstrated that DLL4 expressed on tumour cells
can activate Notch in tumour stroma and alter tumour vasculature in vivo (Li et al., 2007).
To investigate the effects of DLL4 blockade on tumour vasculature and radiation
treatment independent of tumour DLL4 expression, we examined another colorectal

adenocarcinoma cell line HCT-15. Lysates derived form HCT-15 cells were analysed for
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Figure 4.3. HCT-15 colorectal adenocarcinoma cells do not express DLL4. a, Western
blot analysis of Jagl, DLL4, Notchl and cleaved Notch1l intracellular domain (NICD) in
LS174T and HCT-15 cells. b, DLL4 and cleaved Notch1l intracellular domain (N1ICD)
immunostaining of tumours derived from HCT-15 cells. Representative images, scale
bar 50um, n=3.
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Notch proteins by western blot (figure 4.3). No detectable levels of DLL4 protein were
seen. However, the cells line did express intact Notchl as well as low levels of Jagl
proteins. Low levels of cleaved Notchl intracellular domain (N1ICD), were also observed
indicating that this cell line has intact Notch signalling and can respond to Notch ligands.

To confirm that HCT-15 cells do not express DLL4 in vivo and to determine growth
characteristics of HCT-15 tumours for future experiments, we grew the cell line as
subcutaneous tumours in athymic nude mice. Tumours immunostained for DLL4 showed
no staining on HCT-15 cells (figure 4.3b). However, parts of vasculature within the tumour
were observed to be DLL4 positive. Immunostaining tumours for N1ICD revealed no
positive nuclei in HCT-15 cells, but once again positive cells were identified lining tumour

vessels (figure 4.3b).

4.2.4. DLLA blockade dysregulates tumour vasculature and increases

hypoxia and necrosis in HCT-15 tumours.

To assess whether DLL4 on tumour cells is an essential target for anti-DLL4 therapy, we
decided to evaluate the effectiveness of DLL4 blockade in tumours derived from a DLL4
negative cell line. We established subcutaneous HCT-15 tumours in athymic nude mice
and treated tumours with a single dose of DLL4 mAb, 5 Gy IR or 5 Gy IR combined by DLL4
mAb. Mice were sacrificed 3 days later and tumours were excised and immunostained for
CD31 or EF5 or with haematoxylin and eosin (figure 4.4a, b and c respectively). As in
LS174T tumours before, HCT-15 tumours treated with DLL4 mAb alone or in combination
with radiation, displayed increased microvessel density and hypoxia and higher levels of

necrosis. However, combining IR with DLL4 mAb did not further alter vessel density,
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hypoxia or necrosis compared to DLL4 mAb treatment alone. Additionally, in contrast to

proliferation changes observed in LS174T tumour, IR did not alter proliferation in HCT-15

tumours, alone or with DLL4 mAb (figure4.4d).

Together these results demonstrate that DLL4 blockade is effective in dysregulating

tumour vasculature and increasing necrosis regardless of DLL4 expression on tumour

cells. Our colleague, Dr John Beech has used another DLL4 negative cell line to examine
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Figure 4.4. Vessel density, hypoxia, necrosis and proliferation in HCT-15 tumours
following DLL4 blockade and radiation treatment. Mice bearing subcutaneous HCT-15
tumours were treated with DLL4 mAb, 5 Gy (IR) or IR followed by DLL4 mAb 30 min
later. Tumours resected 3 days later. a, Microvessel density assessed following CD31
immunostaining. Representative images, left panels, scale bar 100um; quantified by
Chalkley vessel counting, right panel. b, Hypoxia assessed by EF5 immunostaining.
Representative images, left panels, scale bar 200um; quantified by as percentage of
hypoxic area, right panel. ¢, Necrosis assessed following haematoxylin and eosin
staining. Representative images, left panels, scale bar 1000um; quantified as
percentage of necrotic area, right panel. d, Proliferation assessed by Ki67
immunostaining. Representative images, left panels, scale bar, 50um; quantified as
percentage of positive nuclei, right panel. Columns, mean; error bars, 95% Cl, *p<0.05,
**p<0.01, ***p<0.001 vs. mock; n=5.
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growth delay induced by DLL4 mAb and IR in vivo. In an experiment similar to the LS174T
growth delay presented in the previous chapter (figure 3.4a,b), Dr Beech treated
xenograft tumours derived from human hypopharyngeal squamous cell carcinoma FaDu,
with 5Gy IR, DLL4 mAb or 5Gy IR followed by DLL4 mAb. Tumours in relevant treatment
groups were given DLL4 mAb twice a week, and tumour sizes were monitored until
tumours reached 4 times the starting volume. DLL4 mAb alone resulted in a significant
delay in tumour growth, confirming that DLL4 mAb is effective regardless of apparent
tumour DLL4 expression. IR alone did not significantly alter tumour growth but combining
IR with DLL4 blockade resulted in a supra-additive growth delay (Liu et al., 2011).
Unfortunately, a similar experiment could not be repeated for HCT-15 tumours due to

limited availability of the DLL4 mAb.
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Figure 4.5. HCT-15 tumours are responsive to radiation treatment. Mice bearing
subcutaneous HCT-15 tumours were randomly assigned to treatment Mock (n=5) or 5
Gy radiation (IR, n=6) treatment groups, when tumour volumes were approximately
130 mm3. a, Growth curves of tumours. Tumour volumes plotted relative to starting
volumes. Mice sacrificed when tumours reached four times the starting volume. b,
Average times for tumours to reach four times the starting volume. Columns, mean;
error bars, 95% Cl, *p<0.05, **p<0.01 vs. mock.
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4.2.5. lonising radiation delays growth of HCT-15 xenograft tumours.

As we did not notice a difference in proliferation in HCT-15 tumours following IR and as
untreated HCT-15 tumours were more hypoxic and necrotic than LS174T tumours, we
decided to determine if HCT-15 tumours respond to IR. Tumours established in nude mice
were treated with a single dose of 5 Gy IR and tumour sizes were monitored until they
reached 4 times the starting volume (figure 4.5a). Tumours treated with IR showed a
significant growth delay compared to untreated (figure 4.5b), demonstrating that 5Gy IR

does affect tumour growth in this model.

4.2.6. Radiation and DLL4 blockade alter Notch signalling in LS147T

tumours.

As detailed above, roles for Notch signalling have been described in tumour and stromal
compartments in solid malignancies. Notch ligands DLL4 and Jagl are important
regulators of angiogenesis and changes in DLL4 or Jagl expression in cancer cells have
been reported to alter tumour vasculature. Recent reports show that radiation can alter
Notch in cancer and endothelial cells and results in chapter 3 show IR induced
suppression of Notch in LS174T cells and tumours (figure 3.2, 3.4). To investigate changes
in Notch signalling in LS174T tumours by radiation and DLL4 blockade, we analysed
tumours treated with DLL4 mAb and/or 5Gy IR and resected 3 days later. Tumours were
immunostained for Jagl, DLL4 and cleaved Notch1 intracellular domain (N1ICD) (Figure
4.6). In agreement with in vitro and in vivo results described in chapter 3, a significant
decrease in N1ICD was observed in tumours treated with IR as well as DLL4 mAb (figure

4.6a). None of the treatments appeared to significantly alter DLL4 levels (figure 4.6c), but
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increased levels of Jagl were observed in tumours treated with IR alone or in
combination with DLL4 mAb (figure 4.6b).

RNA extracted from tumours was assayed for human and mouse DLL4, Jagl, Hes1 and
Hey1l mRNA using species-specific primers, to detect changes in tumour (i.e. human) and

stromal (i.e. mouse) compartments (figures 4.7 and 4.8). In tumour cells, DLL4 mAb

40 -

20 1
*%k

% N1ICD positive cells

* %k
0 .'-L. T

Mock DLL4 IR DLL4
mAb mAb + IR

Figure 4.6. DLL4 blockade and radiation inhibit Notch but radiation upregulates Jagl
in LS174T tumours. Tumours treated with anti-DLL4 antibody (DLL4 mAb), 5 Gy
radiation (IR) or DLL4 mAb and IR, and excised 3 days later for immunohistochemical
analysis. a, Notch 1 activation assessed immunostaining for cleaved Notchl
intracellular domain (N1ICD). Representative images, left panels; quantified as
percentage of positive nuclei, right panel. b, Jagl immunostaining. ¢, DLL4
immunostaining. Scale bars 50um. Columns, mean; error bars, 95% Cl, ***p<0.001 vs.
mock, n=5.
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treatment decreased the expression of Notch target genes hHes1 and hHey1 as expected
(figure 4.7a, b). lonising radiation also appeared to decrease levels of hHeyl, in
agreement with previous results. Radiation treatment upregulated hJagl mRNA levels
(figure 4.7c), which correlates with the immunostaining data above. Upregulation of
hDLL4 mRNA was observed in tumours treated with DLL4 mAb alone but combining DLL4

mAb with IR appears to inhibit this increase (figure 4.7d).
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Figure 4.7. mRNA analysis of Notch genes in LS174T tumour cells in vivo following
DLL4 blockade and radiation treatment. Tumours treated with anti-DLL4 antibody
(DLL4 mAb), 5 Gy radiation (IR) or DLL4 mAb and IR, and excised 3 days later and RNA
purified for gene expression analysis. Changes in a, Hes1; b, Hey1; c, Jagl and d, DLL4
MRNA levels detected using human-specific gPCR assays. Values normalised to human
B-actin expression, presented relative to Mock. Columns, mean; error bars, 95% Cl,
**p<0.01, ***p<0.001 vs. mock, n=5.
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Assays with mouse specific primers to detect stromal mRNA (figure 4.8) indicate that DLL4
blockade alone or combined with IR, inhibited Notch signalling in the stroma, as
evidenced by decreased mHes1 and mHey1 levels. No significant change was observed
following IR treatment alone. mJagl levels did not change significantly with any
treatment. However, IR appears to inhibit DLL4 levels in the stroma, as indicated by

decreased expression in samples treated with IR alone or together with DLL4 mAb.
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Figure 4.8. Changes in expression of Notch genes in LS174T tumour stroma following
DLL4 blockade and radiation treatment. Tumours treated with anti-DLL4 antibody
(DLL4 mAb), 5 Gy radiation (IR) or DLL4 mAb and IR, and excised 3 days later and RNA
purified for gene expression analysis. Changes in a, Hes1; b, Hey1; c, Jagl and d, DLL4
MRNA levels detected using mouse-specific gPCR assays. Values normalised to mouse
B-actin expression, presented relative to Mock. Columns, mean; error bars, 95% Cl,
*p<0.05, **p<0.01, ***p<0.001 vs. mock, n=5.
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Together these results show that DLL4 blockade inhibit Notch signalling in tumour and
stromal cells in LS174T tumours. In tumour cells, DLL4 blockade alone also appears to
upregulate DLL4 at the mRNA level but this could not be confirmed at the protein level by
immunohistochemistry. IR increases Jagl expression in LS174T tumour cells but this does

appear not significantly alter Notch in the stroma.

4.2.7. Effect of radiation and DLL4 blockade on Notch signalling in HCT-15
tumours.

As tumour DLL4 can alter Notch in stromal cells (Li et al., 2007), we decided to compare
differences in expression pattern in a model that lacks a significant DLL4 signal from
tumour cells to stroma. We analysed changes in Notch signalling in HCT-15 tumours
treated with DLL4 mAb and/or 5Gy IR and excised 3 days later. As with LS174T tumours,
N1ICD, Jagl, DLL4 proteins were detected in tumour cells by immunohistochemistry and
RNA purified from tumours was assayed for DLL4, Jagl, Hesl and Heyl with human and
mouse specific ssays. Immunostaining for N1ICD revealed no staining in tumour cells in
any of the treatment groups (figure 4.9a). As before, structures that appeared to be
vasculature, did contain some N1CD positive nuclei in all treatment groups. Positive
staining for Jagl was observed on all tumour cells but no differences between treatment
groups could be observed visually. As before, tumour cells in untreated samples were

negative for DLL4 (figure 4.9c) and the same was observed for all other treatments.
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Figure 4.9. Immunostaining for Notch proteins in HCT-15 tumour after DLL4 blockade
and radiation treatment. Tumours treated with anti-DLL4 antibody (DLL4 mAb), 5 Gy
radiation (IR) or DLL4 mAb and IR, and excised 3 days later for immunohistochemical
analysis. Immunostaining for a, Cleaved Notchl intracellular domain (N1ICD); b, Jagl
and ¢, DLL4 (mock). Scale bars 50um.

Analysis of expression of hHes1 and hHey1 in tumour cells with human specific assays,
showed that hHes1 and hHey1 could be detected in HCT-15 tumours. As N1ICD could not
be detected by immunostaining, this may suggest that the cell-line may signal through
other Notch receptors. It should be noted that low levels of N1ICD were detected in HCT-
15 in vitro (figure 4.3). DLL4 blockade or IR do not significantly alter hHes1 or hHeyl
levels. As this cell line is DLL4 negative (figure 4.3), the lack of change in Notch
downstream genes indicate that stromal DLL4 may not contribute significantly to Notch

activation in HCT-15 tumour cells. DLL4 mAb and IR increased hJagl expression, but this
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increase was less than that observed with IR in LS174T tumours. As mentioned above, this

was not apparent in HCT-15 tumours by Jagl immunostaining.
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Figure 4.10. mRNA analysis of Notch genes in HCT-15 tumour cells in vivo following
DLL4 blockade and radiation treatment. Tumours treated with anti-DLL4 antibody
(DLL4 mAb), 5 Gy radiation (IR) or DLL4 mAb and IR, and excised 3 days later and RNA
purified for gene expression analysis. Changes in a, Hes1; b, Heyl and ¢, Jagl mRNA
levels detected using human-specific gPCR assays. Values normalised to human B-actin
expression, presented relative to Mock. Columns, mean; error bars, 95% Cl, *p<0.05
vs. mock, n=5.

In the stroma, radiation decreased Notch activation, as evidenced by decreased mHes1
levels in IR and combination treated tumours and decreased mHeyl in combination
treated tumours. DLL4 blockade did not appear to reduce notch target levels, which may
indicate that only a small subset of stromal cells express DLL4. In vasculature, DLL4

expression is largely restricted to tip cells and neighbouring stalk cells and almost entirely
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absent in larger or more mature vessels. Reduction in mDLL4 was seen in tumours given
combination therapy. Of note IR decreased mDLL4 levels in LS174T tumours, alone and

with DLL4 mAb.
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Figure 4.11. Changes in expression of Notch genes in HCT-15 tumour stroma
following DLL4 blockade and radiation treatment. Tumours treated with anti-DLL4
antibody (DLL4 mAb), 5 Gy radiation (IR) or DLL4 mAb and IR, and excised 3 days later
and RNA purified for gene expression analysis. Changes in a, Hes1; b, Hey1; ¢, Jagl and
d, DLL4 mRNA levels detected using mouse-specific gPCR assays. Values normalised to
mouse B-actin expression, presented relative to Mock. Columns, mean; error bars, 95%
Cl, *¥p<0.05, **p<0.01, ***p<0.001 vs. mock, n=5.
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4.3. Discussion

In the present study, we explored the interaction of radiation treatment and anti-DLL4
therapy in DLL4 positive and negative tumour xenografts. Here, we observe anti-DLL4
therapy was effective in dysregulating tumour vasculature within 3 days of treatment as
evidenced by increased microvessel density and concurrent increases in hypoxia and
necrosis in both cell lines. Surprisingly, the effect was independent of tumour DLL4
expression. In the LS174T tumour model, our colleague Dr Fokas has observed reduction
in blood flow within 48 hours of anti-DLL4 therapy. Combined treatment of FaDu
tumours, another DLL4-negative cell line, with DLL4 blocking antibodies and radiation also
resulted in a supra-additive growth delay compared to either treatments alone (Liu et al.,
2011). Collectively, these results suggest that the tumour stroma/vasculature provides
the main therapeutic target for anti-DLL4 therapy. In tumours, where angiogenesis is
permanently switched on, blocking vascular DLL4 further stimulates angiogenesis,
promoting vessel abnormalisation (an opposite effect to VEGF blockade) leading to
hypoxia and tumour necrosis.

lonising radiation has been reported to alter vasculature in vivo. However the effects
appear to be dose dependent, with lower doses promoting and higher doses inhibiting
angiogenesis (as reviewed in chapter 1 and Kleibeuker et al.). Here, we do not observe
any significant changes in vessel density or hypoxia with a clinically relevant (5 Gy) dose of
radiation in either tumour model. In line with these findings, Dr Fokas did not see changes
in blood flow, 2 or 5 days after IR in LS174T tumours (Liu et al., 2011). The addition of IR
does not appear to affect vascular response to DLL4 blockade either. Geng et al. have
reported that a 6 Gy IR dose altered tumour vasculature in a B16FO melanoma tumour

model but not in a GL261 glioma model. They also measured changes in blood flow via
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ultrasound but the signal appeared to be coming from the vascularised tumour rim
mainly. They note a decrease in blood flow 3 days after 6 Gy IR, but flow started to
increase again after 7 days (Geng et al., 2001). Earlier studies investigating the vascular
response to radiation, show that a single 10 Gy dose increased tumour blood flow 3 to 4
days after radiation (Kallman et al., 1972). These results indicate that radioresponse of
tumour vasculature may not only be dose specific but may be influenced by tumour type
and may vary between cell lines.

In the previous chapter, we did note a modest decrease in proliferation with prolonged
anti-DLL4 treatment. Here, we observe a decrease in proliferation with radiation in
LS174T tumours, and a further inhibition when anti-DLL4 therapy is combined with IR. Of
note, Dr Stanley Liu observed an increase in DLL4 in LS174T cells incubated with anti-DLL4
antibody or DBZ in vitro. This may suggest a feedback loop where the cell line tries to
compensate for loss in Notch activity by upregulating the ligand. Combining DLL4
blockade and IR may delay LS174T tumour growth by targeting proliferation as well as
promoting non-productive angiogenesis. In contrast to this, radiation treatment or DLL4
blockade does not alter proliferation in HCT-15 tumours.

As expected, anti-DLL4 therapy reduced Notchl activation and decreased Notch
downstream gene expression (hHes1, hHey1) in LS1714T tumour cells in vivo. Anti-DLL4
therapy also decreased mHes1 and mHey1 levels in the stroma, suggesting that tumour
DLL4 contributes to Notch signalling in the stromal compartment. In line with this, anti-
DLL4 treatment did not alter tumour or stromal Hes1 and Heyl levels in DLL4-negative
HCT-15 tumours. Stromal DLL4 expression may be confined to a small subset of cells such
as endothelial tip cells, and effects of blocking this may not be detectable by methods

employed here.
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In agreement with suppression of Notch by radiation detailed in the previous chapter,
radiation decreased Notchl activation as well as Heyl mRNA levels in LS1714T tumour
cells. Radiation decreased expression of stromal Notch downstream genes in HCT-15
tumours but not in LS174T tumours, suggesting that the presence of tumour DLL4 may
stimulate Notch in the stroma and mask this effect. We also detected upregulation of
Jagl protein as well as mRNA in LS174T tumours cells and Jagl mRNA in HCT-15 cells, but
these increases did not translate to increased Notch activation. Upregulation of Jagl by
radiation (5x 3 Gy) has also been reported in MCF-7 breast cancer cells (Phillips et al.,
2006). Increased Jagl expression in tumours has been reported to promote angiogenesis
increase tumour growth in tumours (Zeng et al., 2005). Conversely, decreased stromal
DLL4 expression was noted in LS174T tumours given IR alone and in combination with
DLL4 mAb, as well as in HCT-15 tumours given combination therapy. Collectively these
findings show that radiation alters Notch signalling in tumour and stromal cells, where it
upregulated Jagl in tumour cells, and may play a role in inhibiting Notch and
downregulating DLL4 in the stroma. Blocking tumour derived DLL4 decreases Notch in the
stroma, but in the absence of tumour DLL4 expression, no effects of DLL4 blockade could
be detected in the stroma. However, the precise effects of treatments on the
endothelium remain to be dissected.

Immune cell infiltrates are an important part of the tumour stroma, and tumour
associated macrophages (TAMs) produce proangiogenic growth factors and promote
angiogenesis in tumours (Coffelt et al., 2009). It has been observed that high doses of
radiation (such as 15, 20 Gy) promotes influx of bone marrow derived CD11b* cells into
tumours where these may promote vessel development and tumour growth (Ahn and

Brown, 2008, Ahn et al., 2010, Kioi et al., 2010). Blocking recruitment of these cellular
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infiltrates has been shown to impair tumour growth following IR (Ahn et al., 2010, Kioi et
al., 2010). DLL4 expression has been observed to promote inflammatory genes in
macrophages (Fung et al., 2007) and has been implicated in mononuclear cell recruitment
in virus-induced demyelinating disease (Takeichi et al., 2010). It is not known if a lower
radiation dose used in this study (5 Gy) would cause recruitment of immune cell infiltrates
into the tumour and whether DLL4 blockade may alter this.

In conclusion, these results demonstrate that anti-DLL4 therapy is effective irrespective of
tumour DLL4 expression and thus may delay tumour growth by primarily targeting the
stroma/vasculature. Radiation treatment can alter Notch signalling in the tumour cells

and stroma, potentially affecting tumour vasculature and immune cell infiltrates.
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5. Effects of DLL4 blockade and IR on the endothelial cells

5.1. Introduction

Angiogenesis is a tightly regulated process and is dependent on the ability of endothelial
cells to migrate, proliferate and differentiate into tubules. Old and recent studies show
that radiation can impair many of these functional aspects. It has been observed that
radiation may alter migration in endothelial cells (Scharpfenecker et al., 2009, Imaizumi et
al., 2010), and that this may in part, be due to alterations in Notch signalling
(Scharpfenecker et al., 2009). Other studies have reported decreased endothelial cell
proliferation following radiation (Donker et al., 2007). Radiation has also been reported to
alter endothelial sprouting and induce senescence, and may affect proliferating and
quiescent endothelial cells differently (Imaizumi et al., 2010). As anti-DLL4 therapy affects
tumour growth by altering angiogenesis in tumours, alterations in endothelial function
may potentially affect the outcome of this therapy, particularly with multiple radiation
doses such as in a fractionated radiotherapy schedule. Hence it is important to examine
the response of irradiated endothelium to DLL4 therapy.

Recent reports have demonstrated that a high dose of radiation (20 Gy) inhibited local
angiogenesis in tumours but promoted influx of bone marrow derived cells, composed
mainly of CD11b* cells (Ahn and Brown, 2008, Ahn et al., 2010). These cellular infiltrates
increased vessel development and growth of tumours, established on a pre-irradiated site
(Ahn and Brown, 2008). Blocking the recruitment of these cellular infiltrates with anti-
CD11b antibodies resulted in enhanced tumour radiation response (Ahn et al., 2010).
DLL4-Notch signalling has been reported to induce inflammatory pathways in

macrophages and DLL4 expression has been observed to co-localise with macrophages in
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human atherosclerotic plaques (Fung et al., 2007). Anti-DLL4 antibodies have also been
observed to inhibit infiltration of mononuclear cells in spinal cords in virus-induced
demyelinating disease (Takeichi et al., 2010). It is not known whether lower doses of
radiation elicits a similar influx of immune cells into the tumour and if anti-DLL4 therapy
targets this potentially proangiogenic component of the tumour stroma.

We examined the effects of a moderate and clinically relevant dose (5 Gy) of radiation on
endothelial cells and the response of irradiated cells to DLL4 therapy. We examined if this
dose alters endothelial expression of Notch ligands, DLL4 and Jagl, which are important
regulators of angiogenesis. We also explored whether this dose of radiation induces
recruitment of proangiogenic immune cell infiltrates into the tumour and if anti-DLL4

therapy can affect this influx.
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5.2. Results

5.2.1. DLL4 blockade and IR affect HUVEC migration.

Radiation has been reported to alter the ability of endothelial cells to migrate
(Scharpfenecker et al., 2009, Imaizumi et al., 2010). To investigate the effects of DLL4

blockade on irradiated and unirradiated endothelium, cell migration was analysed with a
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Figure 5.1. Endothelial cell migration following DLL4 blockade and radiation
treatment. a, Confluent HUVEC monolayers were treated with DLL4 mAb, 5 Gy (IR) or
DLL4 mADb and IR and scratched. Cell migration into the scratched area was quantified
by measuring the scratched area covered by migrating cells over time. b, Scratched
area covered over time. ¢, Percentage of cell coverage over scratched area at the end
of the experiment. Columns, mean; error bars, 95% Cl; *p<0.05.
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scratch assay. Cells were treated with 5 Gy IR and/or DLL4 mAb and the migration of cells
into a scratched area was quantified over time (figure 5.1a). Radiation treatment alone
appeared to cause a decrease in cell migration but this effect was not seen when DLL4

mAb was combined with IR (figure 5.1b, c).
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Figure 5.2. Endothelial network formation following DLL4 blockade and radiation
treatment. HUVECs were trypsinised and introduced into wells contain Matrigel
supplemented with EGM-2 media. Cells were treated with DLL4 mAb, 5 Gy (IR) or DLL4
mAb and IR and allowed to form networks. a, Representative images of endothelial
networks, b, Number of branches and ¢, average branch length in endothelial networks
guantified with ImageJ software. Columns, mean; error bars, 95% Cl.
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5.2.2. Effects of DLL4 blockade and IR on network formation in HUVECs.

The capacity of endothelial cells to form networks is based on guidance pathways,
migration, and differentiation into tubule-like structures. To determine if DLL4 blockade
and IR altered the formation of vascular networks by endothelial cells, we assessed the
formation of networks by HUVEC following 5Gy IR and/or DLL4 mAb (figure 5.2).
Quantitative measurements of branch lengths and numbers show that none of the
treatments affected network formation compared to mock (figure 5.2). Others have
observed restoration of network formation following anti-DLL4 treatment but under
growth factor deficient conditions (Scehnet et al., 2007). We performed our assays in
media supplemented with growth factor to more closely mimic conditions within the
tumour, where angiogenesis is constantly activated due to growth factor secretion by

tumour cells (Carmeliet and Jain, 2011).

5.2.3. DLL4 blockade and IR alter proliferation in HUVECs.

To investigate the effect of combining DLL4 blockade and IR on proliferation in
endothelial cells, we treated confluent and non-confluent monolayers of HUVECs with
DLL4 mAb and/or 5 Gy IR, and immunostained cells for Ki67 24 hours later (figures 5.3a,
b). In actively growing, non-confluent cultures, IR reduced proliferation alone and with
DLL4 mAb, However, cells treated with DLL4 mAb alone did not show any significant
differences compared to mock. Untreated confluent cells displayed reduced levels of Ki67
positive cells compared to non-confluent cultures and this was not further reduced

following IR treatment. Blocking DLL4 in unirradiated cells resulted in a significant
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increase in Ki67 positive cells, but this increase was completely inhibited in cells that were

irradiated.

We also assessed changes in cell numbers in sub-confluent in vitro HUVEC cultures, 3 days

after treatment with DLL4 mAb and/or 5 Gy IR. In line with the above results, IR reduced

cell numbers compared to mock, when given alone or in combination with DLL4 mAb,

while DLL4 mAb treatment did not alter cell numbers. Together these results suggest that

at the clinically relevant 5 Gy dose used in this study, IR inhibits proliferation in
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Figure 5.3. Effects of DLL4 blockade and radiation on proliferation and growth of
endothelial cells. HUVECs were treated with DLL4 mAb, 5 Gy (IR) or DLL4 mAb and IR.
Proliferation in a, sub-confluent and b, confluent HUVEC cultures, 24 hours after
treatment analysed by Ki67 immunostaining. Representative images, left panels, Scale
bar, 100um; quantified as percentage of positive nuclei, right panels. ¢, HUVEC cell
counts determined 3 days after treatment. Cells counts presented relative to cells plated.
Columns, mean; error bars, 95% Cl, *p<0.05, **p<0.01, ***p<0.01 vs. mock.

endothelial cells. Blocking DLL4 may induce proliferation in contact inhibited quiescent

endothelial cells but does not rescue proliferation inhibition caused by IR.

5.2.4. Effects of DLL4 blockade and radiation on vascular Jagl and DLLA4.

As Notch ligands, DLL4 and Jagl are important regulators of angiogenesis, we chose to
investigate the impact on the treatments on these ligands in the tumour endothelium.
LS174T tumours treated with DLL4 mAb and/or 5Gy IR and excised 3 days later, were
immunofluorescently co-stained for CD31 and DLL4 or CD31 and Jagl (figures 5.4a and b
respectively). Analysis of co-localisation with CD31 revealed no significant differences in
DLL4 or Jagl expression in tumour vasculature between treatment groups. Of note, a high
expression of DLL4 was observed in parts of vessels, as compared to DLL4 staining

observed on LS174T. DLL4 is upregulated in endothelial tip cells but has also been
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observed in tip and stalk cells in the vascular front in mouse retinas, and therefore lacks

specificity as a tip cell marker (Hellstrom et al., 2007, Lobov et al., 2007).
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Figure 5.4. Vascular Jagl and DLL4 expression in LS174T tumours following anti-DLL4
therapy and radiation treatment. Mice bearing subcutaneous LS174T tumours were
treated with DLL4 mAb, 5 Gy (IR) or IR followed by DLL4 mAb 30 min later. Tumours
resected 3 days later. a, DLL4 and b, Jagl expression on tumour vessels assessed
following co-immunostaining with CD31. Representative images, left panels; Jag1,DLL4
red, CD31 green, scale bar 100um. Co-localisation quantified as a percentage of total
CD31 positive area, right panels. Columns, mean; error bars, 95% Cl; n=5.
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5.2.5. DLL4 blockade does not affect radiation-induced influx of immune

cells.

As mentioned in chapter 1, CD11b* immune cell infiltrates and specifically macrophages
promote angiogenesis by secreting proangiogenic factors and may promote vasculature
development in tumours. Additional, radiation treatment has been shown to stimulate
the influx of these cells into the tumour. We explored whether DLL4 blockade would alter
the numbers of CD11b* cells and macrophages in our tumour model alone or following
radiation treatment. We immunostained LS174T tumours excised 3 days after treatment,
for CD11b and the murine macrophage marker F4/80. Treatment with 5 Gy IR resulted in
increased numbers of CD11b* cells and macrophages in the tumours compared to mock.
Blocking DLL4, however, did not affect CD11b* cell or macrophage numbers compared to

mock, or alter IR induced immune cell recruitment.
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Figure 5.5. Immune cell infiltrates in LS174T tumours following DLL4 blockade and
radiation treatment. Mice bearing subcutaneous LS174T tumours were treated with
DLL4 mAb, 5 Gy (IR) or IR followed by DLL4 mAb 30 min later. Tumours resected 3 days
later. a, CD11b"* cells and b, macrophages visualised by immunostaining for CD11b and
F4/80 antigens respectively. Representative images, left panels; scale bar 50um. Positive
cells per field of view counted, right panels. Columns, mean; error bars, 95% Cl;
**p<0.01, ***p<0.01 vs. mock; n=5.
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5.3. Discussion

Tumour endothelium plays an important role in tumour development and response to
radio and chemotherapy. There is accumulating evidence that endothelial cells are
responsive to ionising radiation, which can directly affect endothelial function (as
reviewed in chapter 1). Radiation can also alter gene expression profiles in endothelial
cells, which may have implications for surrounding tumour cells. Here we investigate the
effects of a moderate dose of radiation (5 Gy) on endothelial cells in vitro, in combination
with anti-DLL4 therapy. Endothelial cell migration is a critical step during sprouting
angiogenesis (Munoz-Chapuli et al., 2004). Here we measured a decrease in HUVEC
migration after radiation treatment, but this difference was no longer observed in
irradiated cells incubated with anti-DLL4 antibody. Scharpfenecker et al. have also
reported similar findings, where a 5 Gy dose of radiation decreased migration in human
dermal microvascular endothelial cell (HMVEC-d) compared to unirradiated controls, but
no significant difference was seen in irradiated cells treated with y-secretase inhibitor.
They also observed that Jagl and Hey1 levels increased 3 hours after IR but subsided to
the same level as control by 6 hours post-irradiation (Scharpfenecker et al., 2009). We
did not note increased Jagl or DLL4 staining in tumour vasculature, 3 days after
irradiation. Examination of tumours harvested a few hours after irradiation would help to
resolve whether the in vitro upregulation of Jagl occured in vivo. Collectively, these
results show that ionising radiation impairs migration in endothelial cells which may in
part be due to changes in Notch signalling.

Radiation has been shown to inhibit proliferation of endothelial cells at doses similar to

this study (Abdollahi et al., 2003, Donker et al., 2007). In agreement with these findings,
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we observe inhibition of proliferation and decreased cell numbers in cultures of irradiated
non-confluent HUVECs. DLL4 has been shown to negatively regulate endothelial
proliferation in vitro and in vivo (Liu et al., 2006, Williams et al., 2006, Benedito et al.,
2008). Additionally, it has been reported that the Notch pathway promotes cell cycle
arrest in endothelial cells and may be involved in contact inhibition (Noseda et al., 2004).
Here we observe that blocking DLL4 did not significantly increase proliferation in actively
growing HUVECs, but stimulated proliferation in contact inhibited quiescent endothelial
monolayers. However, this increase was completely inhibited in irradiated cells. The
Notch downstream gene HesR1 has been suggested to play a role in maintaining vascular
homeostasis (Henderson et al., 2001). The importance of DLL4 in tip cell specification
during sprouting angiogenesis is well established. DLL4-Notch may also be involved in
continued maintenance of a mature, quiescent vessel.

Higher doses of IR such as 15 Gy and 20 Gy have been demonstrated to promote the
recruitment of CD11b* cells, primarily macrophages to the tumour (Ahn and Brown, 2008,
Kozin et al., 2010). Tumour associated macrophages are known to produce proangiogenic
cytokines and affect vasculature (Coffelt et al., 2009). In models involving IR mediated
ablation of vasculature, it has been shown that redevelopment of vasculature requires an
influx of CD11b* cells (Ahn and Brown, 2008, Ahn et al., 2010) mediated via stromal
derived factor 1 (SDF1) and that blocking SDF1 impairs tumour regrowth (Kioi et al., 2010,
Kozin et al., 2010). Results here demonstrate that a single lower dose of 5 Gy significantly
increases CD11b+ cells and macrophages infiltration into the tumour. This IR mediated
influx of cells does not appear to be a response to necrosis as no more than 5% necrosis
was present in tumours treated with radiation alone. In our model DLL4 blockade does

not appear to affect radiation induced recruitment of CD11b* cell or macrophages.
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In summary, the clinically relevant dose of radiation used in this study impairs migration
and inhibits proliferation of endothelial cells in vitro. Blocking DLL4 may restore
migration. DLL4 may be involved in maintaining quiescence in endothelial cells and anti-
DLL4 therapy could possibly stimulate proliferation in contact inhibited cells. 5 Gy dose of
radiation induced the influx of immune cells into the tumour and blocking DLL4 did not

affect this recruitment.
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6. Conclusions and future perspectives

6.1. Introduction

Radiotherapy is an important treatment modality and is prescribed to approximately 50%
of all cancer patients, either alone or in combination with chemotherapy or surgery (Begg
et al.,, 2011). Technological advances in the field over the past few decades have
improved delivery of the dose to the tumour while reducing dose to the surrounding
normal tissue, allowing higher doses of radiation to be used in treatments. Despites
improvements, some patients respond poorly or develop recurrent tumours, highlighting
the need to further improve efficacy of radiation treatment. The outcome of radiation
treatment is dependent of several factors, including the intrinsic radioresistance of
tumour cells as well as the extent of hypoxia.

Consequently, targeting tumour vasculature represents an important strategy in
controlling tumour growth (Fens et al., 2010). It has long been recognised that tumour
hypoxia decreases the efficacy of radiotherapy (Moeller et al., 2007). Hence, there is a
concern that antiangiogenic therapy may decrease radiosensitivity. However, several
preclinical and clinical studies reported favourable results with a combination of radiation
treatment and antiangiogenic agents (reviewed in chapter 1).

As reviewed in chapter 1, the Notch pathway has been reported to play an oncogenic role
in a number of cancers, and aberrant expression of DLL4 has been observed in a number
of tumour types. Additionally, DLL4-Notch signalling is a key regulator of physiological and
tumour angiogenesis. Given its dual functions in tumour and vascular cells, the Notch
pathway presents an attractive target for cancer therapy. Consequently, a number of

studies have explored the effects of Notch inhibition on tumour cells and vasculature as
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well as its combination with conventional cancer therapies including radiation treatment.
Specific inhibitors against different components of the pathway, including DLL4 are in
development for treatment against a variety of malignancies (Table 1.1, chapter 1). For
this thesis, we have investigated the effects of anti-DLL4 therapy on tumour cells and the
endothelium and its combination with a clinically relevant dose of radiation.

Here we present the first report investigating the effects of combining anti-DLL4
treatment with radiation therapy. Combining the treatments resulted in a supra-additive
growth delay compared to the treatments alone. We observed dysregulation of tumour
vasculature within 3 days of DLL4 blockade. Our colleagues have shown the combination
of the two treatments result in a supra-additive growth delay in xenograft tumours
derived from FADU, a DLL4-negative cell line. Together these results suggest that DLL4
blockade following radiation therapy may be an effective strategy to target tumour
growth, and indicate that that the tumour stroma may provide the main therapeutic
target for anti-DLL4 therapy in solid tumours. Gene expression analysis of the Notch
pathway in treated tumours shows that IR may upregulate Jagl in tumour cells but may
supress Notch signalling and downregulate DLL4 in the tumour stroma. As Jagl and DLL4
are important regulators of angiogenesis, these changes may affect response to anti-DLL4
therapy. IR was also observed to decrease migration of cultured endothelial cells, but
blocking DLL4 abrogated this effect. DIl4 blockade induced proliferation in quiescent
confluent endothelial cultures. Collectively these results indicate a role for DLL4 in

maintaining vessel quiescence.
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6.2. DLL4 blockade as an antiangiogenic strategy.

Strategies targeting tumour vasculature can take a number of forms. They can be based
around blocking tumour secreted growth factors, such as VEGF inhibitors (Thurston et al.,
2007). They can target distinct features of tumour vessels to disrupt vessel function.
Examples include vascular targeting agents such as combretastatins (lyer et al., 1998).
They can focus on endogenous anti-angiogenic molecules such as endostatin and
angiostatin (Javaherian et al., 2011). Conventional antiangiogenic therapies such as VEGF
blockade aim to inhibit angiogenesis and prune existing vessels. Anti-DLL4 therapy
represents a novel approach to targeting tumour vasculature selectively. Tumours
represent sites of active, poorly balanced angiogenesis, resulting in a sub-optimal vascular
network. Blocking DLL4 has been reported to further increase angiogenesis, resulting in
even poorer perfusion and increased hypoxia, inhibiting tumour growth (Noguera-Troise
et al., 2006, Ridgway et al., 2006, Scehnet et al., 2007). Here, we also observed that anti-
DLL4 therapy promoted non-productive angiogenesis and significantly inhibited tumour
growth. We noted increases in vessel density and tumour hypoxia, impaired blood flow as
well as significant induction of necrosis within 3 days of anti-DLL4 therapy.

In addition to functioning as a key regulator of tip and stalk cell specification during
sprouting angiogenesis, Notch signalling may be important in maintaining vascular
quiescence. Notch activation has been suggested to contribute contact inhibition in
confluent endothelial cells (Noseda et al., 2004). Overexpression of the Notch
downstream target HESR1 has been reported to suppress endothelial cell proliferation
and migration in vitro (Henderson et al., 2001). We observed that blocking DLL4 in
confluent quiescent HUVEC cultures initiated proliferation. We also noted that radiation

induced inhibition of migration was no longer apparent when HUVECs were also treated
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with anti-DLL4 antibodies. Recently it has also been reported that Angiopoetin-1 (Angl),
which has been reported to promote quiescence and vessel integrity (Brindle et al., 2006),
upregulated DLL4 in confluent endothelial cells, and induced deposition of extracellular
collagen IV through DLL4-Notch signalling (Zhang et al., 2011).

We and others noted that anti-DLL4 therapy is well tolerated with no apparent weight
loss in animals treated (Ridgway et al., 2006, Liu et al., 2011). Notch signalling is
important in the maintenance of intestinal crypt progenitor cells. Hence one serious side
effect of treatment with y-secretase inhibitors (GSI) is goblet cell metaplasia (Milano et
al., 2004, van Es et al., 2005). Consequently, intermittent dosing is required to mitigate
gastrointestinal toxicity (Tammam et al., 2009). Additionally, y-secretase is involved in a
number of other signalling pathways, and cleaves other membrane proteins, increasing
the potential for side effects (Fortini, 2002, Lleo, 2008). Targeting DLL4 specifically avoids
these pitfalls, however prolonged DLL4 blockade has been reported to induce
subcutaneous vascular neoplasms in rats, which appear to be benign. Liver pathology and
upregulation of endothelial specific genes in the liver was also noted. The author suggest
that DLL4 may be important in maintaining endothelial quiescence, which is consistent
with our findings (discussed above) (Yan et al., 2010). Frequency and dose of DLL4

blocking agents may have to be refined to minimise these side-effects in clinical settings.

6.3. Targeting DLL4 to improve the tumour radioresponse.

Other studies have explored the combination of antiangiogenic agents with radiation
treatment to improve the radioresponse of tumours (as reviewed in chapter 1). However,
the effects of combining anti-DLL4 therapy, an unconventional antiangiogenic therapy

focussing on vascular abnormalisation, with radiation had not been explored in vivo.
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Experiments by us and our colleague John Beech have demonstrated that the DLL4
blockade and ionising radiation (5 Gy) interact with each other and synergistically
increase tumour growth delay (Liu et al., 2011). We also observed that this effect
occurred regardless of DLL4 expression in the tumour cell compartment, and suggest that
the stromal/vascular DLL4 is the main therapeutic target for this treatment. This would
indeed make the therapy broadly applicable in different tumour types. As listed in a table
1.1, a number of DLL4 blocking antibodies are being clinically developed for a number of
solid tumours. Together with our colleagues, we have investigated the combination of
anti-DLL4 therapy with radiation in two cancer (colorectal and squamous cell carcinoma).
It remains to be determined whether the combination is effective in other malignancies
as well. Additionally, the mechanism of interaction of anti-DLL4 therapy with ionising
radiation remains unclear. We did not observe any changes in vasculature and our
colleague Dr Fokas did not note any changes in perfusion between tumours treated with
DLL4 antibody and those treated with a combination of antibody and radiation (Liu et al.,
2011).

Lee et al. examined the combination of VEGF blockade and high doses of radiation (20-40
Gy) in LS174T tumours, and found that the tumour growth delay was additive at best.
Here, we show a supra-additive growth delay when DLL4 blockade was combined with a
much lower dose (5 Gy). Our group also noted greater than additive tumour growth
delays when the same dose of radiation was combined with DBZ, a y-secretase inhibitor
(Liu et al., 2011). However, DBZ could only be administered for total of 5 doses (spanning
2 weeks) due to the risk of gastrointestinal toxicity. Hence, it is difficult to state whether
y-secretase inhibition combined with radiation treatment, would have resulted in further

growth delay compared to anti-DLL4 therapy, if DBZ could be dosed throughout the
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experiment. It was noted that tumours treated with DBZ alone, grew faster than tumours
treated with anti-DLL4 antibody. Additionally, in contrast with anti-DLL4 therapy, DBZ
treated tumours (which were excised before the cessations of DBZ treatment) did not
display increased microvessel density or hypoxia compared to controls. Inhibition of
Notch signalling was observed (via bioluminescence imaging) within 24 hours of DBZ or
anti-DLL4 antibody treatment. However, as DBZ was administered once every 3 days, this
inhibition may not have been sustained between doses as DBZ has been reported to have
a plasma half-life of less than 12 hours (Milano et al., 2004). A majority of biological
drugs, including monoclonal antibodies, may have a half-life of several weeks (Javaherian
et al., 2011). The average half-life of a human IgG1 in SCID mice has been reported to be
about 6 days (Bazin et al., 1994). This may in part explain the differences in growth delay
and vessel density between DBZ and anti-DLL4 antibody treated tumours.

Considering the preclinical nature of our findings, it would be important to investigate the
combination of anti-DLL4 therapy in a fractionated radiotherapy schedule and determine
effective scheduling of anti-DLL4 treatments to radiotherapy doses. Future experiments
with xenograft tumours tumour models can be used to inform on the timescale of
changes in tumour perfusion and hypoxia following cessation of anti-DLL4 treatment.
Treatment of tumour bearing mice with DLL4 blocking antibodies, can be interrupted and
tumour perfusion can be monitored via Power-Doppler ultrasound. Tumours can be
resected at different time points and hypoxia and vessel density can be analysed via
immunostaining. As poorly perfused, hypoxic tumours are less responsive to radiation
treatment, these studies can inform on the optimal times to deliver subsequent doses of
radiation during fractionated radiotherapy, particularly if anti-DLL4 therapy is to be

maintained long term.
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It has been observed with other antiangiogenic agents that the timing of antiangiogenic
therapy in relation to radiotherapy influences the results of the treatment (Murata et al.,
1997, Zips et al., 2003, Truman et al., 2010). Here we observed increased hypoxia with
DLL4 blockade within 3 days of treatment. The effects of cessation of anti-DLL4 therapy
and the timescale of changes in tumour vasculature and hypoxia that may occur once
anti-DLL4 therapy is paused, needs to be investigated to inform on incorporation into
radiotherapy regimens. It is also important to determine the effects of different
sequencing of treatments. Future experiments should focus on comparing tumour growth
delay and necrosis in xenograft tumours upon delivery of radiation before, during or after
anti-DLL4 treatment. These will help identify optimal time-windows when DLL4 blockade
could be incorporated into fractionated radiotherapy schedules. As noted in chapter 3,
despite extensive necrosis induced by anti-DLL4 treatment, an intact, viable rim of
tumour tissue was observed near the tumour boundary, possibly due to its close
proximity to normal vasculature outside the tumour. With careful scheduling of
treatments, radiation and anti-DLL4 therapy may complement each other as anti-DLL4
therapy induces necrosis by targeting perfusion but spares the well oxygenated tumour
rim, while radiation treatment preferentially affects areas with high oxygen tension.

In addition to vascular specific effects, anti-DLL4 therapy may directly target certain
tumour types where DLL4-Notch may be acting in an oncogenic fashion. Notch activation
can promote pro-survival, proliferation, invasion and drug resistance pathways in
tumours, as reviewed in chapter 1. Upregulation of DLL4 has been noted in a number of
tumour types including pancreatic (Mullendore et al., 2009), colorectal (Jubb et al., 2009),
gastric (Ishigami et al., 2013) and nasopharyngeal (Zhang et al., 2013) carcinomas. Here

we observe that DLL4 blockade potentiates the anti-proliferative effect of radiation in
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(DLL4-positive) LS174T tumours but does not have any effect on (DLL4-negative) HCT-15
tumours. Therefore screening tumours for DLL4 expression may highlight cases where
anti-DLL4 therapy would produce the maximal benefit by dually targeting tumour cell and
vascular compartments.

Here we employed Ki67 immunostaining to assess proliferation in tumour and endothelial
cells following IR and anti-DLL4 treatments. IR decreased proliferation in LS174T tumour
cells in vitro and in vivo. Blocking DLL4 reduced proliferation alone and resulted in a
further decrease when combined with radiation treatment. DLL4 blockade induced
proliferation in contact inhibited endothelial cells in vitro, but IR treatment abrogated this
effect. Further work investigating these changes is important to elucidate the mechanistic
processes underlining the effects of DLL4 blockade and IR on proliferation. Cyclins are key
factors that control the progression of cells through cell cycle and Notch signalling has
been reported to directly alter expression of cyclins in tumours (as stated in section
1.2.1.). To determine the effects of the treatments on the expression of different cyclins,
cyclin mRNA levels in treated and untreated cells may be analysed by qPCR.
Immunostaining of treated cells for expression of cyclins D1, E, A and B1 may be used to
identify cells in different compartments of cell cycle. Analysis by flow cytometry of
treated cells labelled with bromodeoxyuridine (BrdU) together with propidium iodide
staining, may also be used to study the distribution of cells in distinct phases of cell cycle

and further define the growth arrest caused by IR treatment.

6.4. Effects of ionising radiation on tumour stroma and endothelium.

A few recent reports demonstrate that radiotherapy can alter Notch in tumour cells as

well as endothelial cells (Phillips et al., 2006, Scharpfenecker et al., 2009, Imaizumi et al.,
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2010). We observed upregulation that radiation upregulated Jagl in tumour cells
(increased mRNA levels and immunostaining in LS174T cells and increased mRNA in HCT-
15 cells) that may potentially affect tumour vasculature. Zeng et al. reported that
increased Jagl in cancer cells can promote tumour angiogenesis (Zeng et al., 2005). In
DLL4-negative HCT-15 tumours, radiation appeared to decrease Notch signalling in the
stroma, an effect which may be masked by DLL4 signalling from cancer cells in LS174T
tumours. Radiation-induced changes in Notch signalling may be tumour specific but may
affect tumour stroma/vasculature as well as response to anti-DLL4 therapy.

Current literature suggests that effects of radiation on vasculature may be dose-specific
as well as dependent on tumour type. Lower doses of radiation have been suggested to
promote angiogenesis while higher doses inhibit it (Kleibeuker et al., 2012). Geng at al.
show vascular changes with 6 Gy radiation in a B16F10 melanomas, while no changes
were observed in a GL261 glioma model (Geng et al., 2001). We did not note any vascular
impairment in our in vivo studies following 5 Gy radiation (vessel density changes or
tumour hypoxia). In vitro studies on pure populations of endothelial cells demonstrate
that 5 Gy of radiation impaired migration and inhibited proliferation of endothelial cells.
Others observed that a dose of 5 Gy (Scharpfenecker et al., 2009) decreased endothelial
cell migration. Imaizumi and colleagues have conducted a series of functional assays on
endothelial cells in vitro, ex vivo and in matrigel plugs implanted subcutaneously into
mice. They reported decreased angiogenesis and sprouting and migration as well as
induction of senescence following radiation treatment (15-20 Gy). However, it is well
established that a single large dose of radiation is not equivalent to a clinically relevant

fractionated radiotherapy regimen (Wachsberger et al.,, 2003). Further studies are
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necessary to understand the effects of radiation doses commonly used in fractionated
radiotherapy schedules, and their interaction with anti-DLL4 therapy.

In summary, anti-DLL4 therapy represents a novel strategy in targeting tumour
vasculature. Additionally, DLL4-Notch signalling may play an oncogenic role in multiple
tumour types. We explored the combination of anti-DLL4 therapy with radiation
treatment and demonstrated that this combination is an effective and well-tolerated
treatment that delayed tumour growth in a supra-additive manner. This approach may be
clinically relevant in a number of tumour types and warrants further validation and

refinement to be translated into clinical practice.
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