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Abstract

Imaging p53 in Pancreatic Ductal Adenocarcinoma

A thesis submitted in partial fulfillment for the requirements of the degree of Doctor
of Philosophy

Trinity Term 2017

Sofia Koustoulidou, St Peter’s College

Pancreatic ductal adenocarcinoma (PDAC) represents 90% of pancreatic cancer cases
and is characterised by poor survival rates and resistance to current therapeutic
regimes as the majority of patients present with an already advanced disease at the
time of diagnosis. Mutations of the TP53 tumour suppressor gene are a frequent
event in tumourigenesis and appear in around 75% of pancreatic cancer cases just
before the full development of PDAC and metastasis into the surrounding tissues.
Molecular imaging tools, such as SPECT, using monoclonal antibodies specific to-
wards tumour associated antigens, could aid the in vivo characterisation of biological
processes and provide a non-invasive method for early diagnosis of cancer.

Toward this end, a commercially available mouse monoclonal antibody against total
p53 protein (anti-p53 (1C12)) was selected. Anti-p53 (1C12) was first evaluated in
vitro regarding its specificity and affinity in cell lines with variable p53 status, derived
from a genetically engineered mouse model of PDAC (KPC mice). The subcellular
localisation of the p53 protein in the cell lines used was also studied.

Following the selection of the antibody, the anti-p53 (1C12) was conjugated to the
cell penetrating peptide TAT to facilitate cellular and nuclear translocation and then
to p-SCN-Bn-DTPA to allow labeling with "'In. Further in vitro evaluation was per-
formed on the conjugated antibody, conferring subcellular translocation in fixed cells,
unaffected binding affinity, favourable radiochemical yield and purity, and stability
of the radioconjugate in serum. Retention of the radioconjugates was also observed
and was significantly different when compared to radiolabeled non-specific IgG;-TAT
in cells harbouring mutant p53.

The ability of '1In-BnDTPA-p53 (1C12)-TAT to selectively target endogenously ex-
pressed pb3 was assessed in vivo using mouse allograft tumour models of the cell lines
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Abstract

evaluated in vitro, and in genetically engineered KPC mice. This provided a prelim-
inary “proof-of-principle” concept for diagnostic detection of PDAC. The knowledge
acquired from the current study may be used to develop a first imaging tracer against
p53 which could significantly improve the biological evaluation of cancer.
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1. General introduction

1.1 Cancer

Cancer, a name given to a set of diseases characterised by abnormal cell prolifera-
tion, is one of the leading causes of mortality worldwide with the number expected to
increase by 70% in the next two decades (Vineis and Wild, 2014). Despite improve-
ments in treatment, the cancer burden still persists, highlighting the need to address
the problem through a preventive approach (Umar et al., 2012). The expected in-
crease has been attributed to several factors such as ageing population and changes in
the distribution of risk factors (e.g. spread of tobacco use in low-income and middle-
income countries), making cancer a complex public health problem (Mayne et al.,
2016).

With the knowledge accumulated through years of cancer research, it is commonly
agreed that it is a disease which involves dynamic changes in the genome. In their
seminal review, Hanahan and Weinberg suggested six hallmarks of cancer (Hanahan
and Weinberg, 2000), with two additional hallmarks added later (Hanahan and Wein-
berg, 2011), that provided a stepping stone for the understanding of the biology of the
disease. These are: i. sustained proliferation, ii. evasion of apoptosis, iii. resistance
to cell death, iv. angiogenesis, v. invasion and metastasis, vi. replicative immor-
tality, vii. deregulation of cellular energetics and metabolism, and viii. avoidance
of immune destruction. Genomic instability and mutation as well as inflammation
caused by cells of the immune system, were also described as important contributors
towards the acquisition of hallmark characteristics (Kerr et al., 2016). Most forms of

cancer require the combination of the aforementioned hallmarks, each one serving a
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unique role in promoting the development, progression, and resistance of tumours.

1.2 Pancreatic cancer

Pancreatic cancer is the 7" most common cancer worldwide and 11" in the UK with
an estimated 5-year survival of less than 5%. It is the 5 most common cause of cancer
death and accounts for 9,618 new cases in 2014 in the UK and more than 338,000
in the world (2012), more than 50% of which occurred in high income countries (Ilic
and Ilic, 2016). It typically affects the elderly, affecting mostly males (5% of all
male cancer deaths). Reported incidence rates have increased since the 1970s largely
thanks to improvements in available diagnostics (Kleeff et al., 2016). However, the

diagnostic technology is not good enough to improve the outcome of the disease.

1.2.1 Risk factors

Most pancreatic cancer cases are attributed to two key risk factor groups: host and
environmental (Midha et al., 2016). Age is the main host risk factor with more than
90% of cases occurring in patients of > 40 years of age, while the younger group
tend to include cases with underlying genetic predisposition (Krejs, 2010). Gender
(more common in males than females), ethnicity, blood group (lower risk for group
O) are amongst the rest of host risk factors responsible for pancreatic cancer. Like
other cancers, pancreatic cancer is a genetic disease caused by both inherited and
acquired genetic mutations. More than 80% of the cases develop due to sporadically

occurring mutations while a small number is due to inherited genetic alterations. Mu-
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tations in breast and ovarian cancer susceptibility protein 1/2 (BRCA1 and BRCAZ2)
genes were found to be linked to pancreatic cancer, though less strongly than other
types. Increased risk has been also found to be associated with familial cancer syn-
dromes (e.g. cystic fibrosis, pancreatitis, breast and ovarian cancer, fanconi anaemia,
Li-Fraumeni syndrome) (Turati et al., 2013). Chronic pancreatitis shows a direct as-
sociation to pancreatic cancer (13-fold increased risk) (Dhar et al., 2015), as inflam-
matory processes occurring during pancreatitis are known to support the development
of genetic alterations and promote carcinogenesis. Hereditary pancreatitis has been
characterised by mutations in the cationic trypsinogen (PRSSI) gene which were
also identified in pancreatic cancer patients (Greer and Whitcomb, 2009). A number
of epidemiological studies have also suggested a link between diabetes mellitus and
pancreatic cancer (Huxley et al., 2005; Ben et al., 2011) with patients presenting a
new-onset of diabetes to be at higher risk. Furthermore, diabetes can also act as a
diagnostic factor as it is often caused by pancreatic cancer itself (Type 3c diabetes)
(Bosetti et al., 2014).

Regarding environmental risk factors, tobacco smoking is highly associated with the
incidence of pancreatic cancer as smokers have a two-fold higher risk of developing
the disease when compared to non-smokers (Gandini et al., 2008). Obesity, dietary
factors and alcohol (due to its connection to chronic pancreatitis) can also lead to

increased risk for the disease (Casari and Falasca, 2015).
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1.2.2 Anatomy and physiology of the pancreas

The pancreas is an organ of endodermal origin and the largest gland in the human
body, lying in the back of the abdominal wall behind the stomach (Figure 1.1).
Anatomically it is divided into the head, neck, body, and tail (Ellis, 2013) and is
the main regulator of protein and carbohydrate digestion, and glucose homeostasis
(Hezel et al., 2006). In particular, the exocrine pancreas, composed of a group of duct
and acinar cells closely interlinked, produces fluids containing enzymes important
for digestion that are secreted into the main pancreatic duct and from there to the
duodenum. The endocrine pancreas, responsible for metabolism, consists of islet cells
that generate hormones such as insulin and glucagon, regulating blood sugar levels.
The exocrine tissue comprises 95% of the organ while the endocrine accounts for
approximately 5%.

During embryonic development both endocrine and exocrine cells originate from the
same precursors, the pancreatic progenitor cells (Pour et al., 2003) that arise from
cells coming from the developing foregut (Wells and Melton, 1999). In mice, the
development of pancreas becomes evident at approximately embryonic day 9 (e9)
when epithelial buds appear on both sides of the foregut. The pancreatic buds then
elongate across the duodenum and stomach, fusing into a single organ by el2.5.
Finally, the proliferation of cells leads to an increase in size of the buds, forming
branched tubular structures. These changes are accompanied by differentiation of
endocrine, acinar, and ductal cells leading to organisation of the mature organ (Shih

et al., 2013).
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Figure 1.1: Anatomy and location of the pancreas in the human body. The pan-
creas lies behind the stomach and is divided into the head, neck, body, and tail.
As a large gland, it produces juices and insulin that are excreted through the pan-
creatic duct and into the duodenum. Image adapted from Cancer Research UK
(http://www.cancerresearchuk.org/about-cancer /pancreatic-cancer /about).

The vast majority of pancreatic neoplasms, approximately 95%, arise from the ex-
ocrine pancreas and of those pancreatic ductal adenocarcinoma (PDAC) represents

90% of all cases (Hidalgo et al., 2015).

1.3 Pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) appears mainly at the head of the pan-
creas with often infiltration to the surrounding tissue, especially the spleen and the
peritoneal cavity and metastasis to the liver and lungs (Hezel et al., 2006). The duct-
like morphology of PDAC suggests the involvement of ductal cells at the origin of
transformation even though some propose that the endocrine or acinar cells play a

role as well (Herniidez-Munoz et al., 2008; Aichler et al., 2012).
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Knowledge of the tumourigenesis of PDAC has significantly improved in the past years
and it is now evident that it originates from several precursor lesions (Brosens and
Offerhaus, 2013). Histological and genetic studies have reported three distinctive pre-
cursor lesions of ductal origin: pancreatic intraepithelial neoplasias (PanINs) within
intralobular ducts, intraductal papillary mucinous neoplasms (IPMNs) in the main
pancreatic duct, and mucinous cystic neoplasms (MCNs), epithelial mucin-producing
neoplasms (Guerra and Barbacid, 2013).

The most studied precursor lesions are PanINs which appear at the head of the
pancreas, and are usually smaller than 5 mm, a characteristic that distinguishes them
from IPMNSs, which are usually greater than 1 cm in size. Depending on the degree of
cytologic atypia, PanINs can be classified into three main stages: PanIN-1, -2, and -3.
PanINs can be further classified into PanIN-1A, characterised by a flat epithelium,
and containing columnar mucinous cells with uniform nuclei, while PanIN-1B lesions
show a more papillary-like architecture. The progression then leads to stage PanIN-
2 neoplasms which present higher architectural disorganisation with loss of nuclear
polarity and hyperchromasia, suggestive of intermediate grade dysplasia. Finally,
PanIN-3 lesions show high grade dysplasia with great cytologic atypia, loss of nuclear
polarity and hyperchromasia as in PanIN-2, and presence of mitotic figures (Hruban
et al., 2000; De Wilde et al., 2012). These PanIN neoplasms are often surrounded by
lobular parenchymal atrophy that could be used as a biomarker in patients at high
risk (Brune et al., 2006).

IPMNs are characterised by papillary growths with thick mucin secretion and at risk

of malignant transformation, usually appearing at the head of the pancreas (De Wilde
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et al., 2012). Morphologically, they are divided into the main (MD-IPMN) and branch
duct (BD-IPMN) types, according to their site of origin. MD-IPMN often show
dilatation of the pancreatic duct (> 6 mm) contrary to BD-IPMN which show no
signs of dilatation (Distler et al., 2014). IPMNs are classified into low-, intermediate-
, high-grade dysplasia IPMN, and IPMN with associated carcinoma (Bosman et al.,
2010).

MCNs are the least frequent precursor lesions, typically located in the pancreatic
body and tail. MCNs are large cystic lesions where the epithelial lining consists of
columnar cells with varying grades of dysplasia. One third of MCNs usually becomes
invasive, most often forming ductal adenocarcinomas (Baker et al., 2012).
Distinction between PanINs and other neoplasms, such for example IPMNs, can be at
times difficult. It has been hypothesised that both PanINs and IPMNs are biologically
related processes affecting different areas of the duct, and that the former may act
as a precursor for the development of IPMNs and therefore, can be morphologically
insuperable (Xiao, 2012). Simultaneous appearance of PanINs and IPMNs is rare
apart from PanIN-1 lesions that are common in atrophic areas near IPMNs. The
prognosis for non-invasive IPMNs as well as MCNs is good and surgical treatment is
often achievable (Haugk, 2010).

The morphological description of the precursor lesions in PDAC has allowed their
characterisation by molecular genetic studies, further supporting the notion that
PanlINs are precursors to the progression towards invasive adenocarcinoma and that
the increasing grades of dysplasia observed are accompanied by genetic alterations

(Brosens et al., 2015).
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1.3.1 Molecular background

Like other cancers, PDAC is predominantly a genetic disease caused by alterations
in cancer-related genes (Ottenhof et al., 2011). The synergistic effect of mutations
in tumour-suppressor genes, oncogenes, and genome maintenance genes results in the
progression towards an invasive tumour. In 2000, Hruban et al. (Hruban et al.,
2000) proposed a stepwise progression model for PDAC on the basis of the presence
of alterations in cancer genes. The authors suggested the appearance of activating
point mutation in the KRAS oncogene (G12D) (> 90%) as well as overexpression
of the HER-2/neu (2.1%) gene product in pancreatic ductal lesions with minimal
cytologic atypia (mainly PanIN-1) (Chou et al., 2013). The prevalence of these early
occurring mutations in both KRAS and HER-2/neu increases with increasing degree
of atypia which are followed by inactivation of the p167%44 tumour suppressor gene
(approximately 95% of the cases) which occurs later during progression and correlates
with severe cytologic atypia in ductal lesions. Patients with familial mutations in the
p16 gene show 22-fold higher risk of developing pancreatic cancer (Shi et al., 2009).
Finally, loss of TP53 (75%), SMAD/ (DPC4) (55%), and BRCA2 (7-10%) genes are
often observed in the later stages in PanIN-3 lesions and are characterised as the late
events in the development of PDAC (Figure 1.2).

Later in 2008, Jones et al. (Jones et al., 2008) characterised a broader spectrum
of the alterations involved in PDAC as well as the signalling pathways affected, that
helped to unravel the complexity of the disease. More than 21,000 genes were screened

from PDAC patient samples, which led to the identification of 63 genetic alterations
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Figure 1.2: Progression model of PDAC with the mutations listed below the associ-
ated lesions, reprinted from Hruban et al.. Progression model from pancreatic cancer.
Clinical Cancer Research 6, 2969-2972 with permission from AACR Journals.

in each sample, involving 12 overlapping signalling pathways. Of the 12 pathways
identified, 5 were involved in cellular functions: DNA damage repair, apoptosis, cell
cycle regulation, cell — cell adhesion, and invasion while the remaining related to
TGF-3-, MAPK-, and embryonic-signalling pathways. An overview of the genetic
alterations associated with PDAC and their corresponding signalling pathways is
presented in Table 1.1. The role of the pathways and their most frequently altered

genes will be described in more detail in the ensuing sections.
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Gene type Gene Pathway Prevalence in PDAC
p16"FAA Cell cycle 95%

DNA d i
Tumour suppressor amage repaitr

o0 TP53 Apoptosis 5%
& Cell cycle
SMAD/ TGF-B 55%
Oncogenes KRAS MAPK 90%
Genome maintenance BRCA2 | DNA damage repair 7-10%

genes

Table 1.1: The most commonly affected genes and their associated signalling path-
ways in PDAC, as described in Section 1.3.1.

1.3.1.1 The MAPK pathway

Mitogen-activated protein kinase (MAPK) pathway is a chain of highly conserved pro-
teins in the cell that communicate extracellular signals and control cellular processes
such as proliferation, growth, differentiation, migration, and apoptosis (Dhillon et al.,
2007). Three major groups of MAPKs have been described in mammals so far: the
extracellular signal-regulated kinase (ERK1/2), the c-Jun N-terminal kinase (JNK)
and p38. Of those, the ERK1/2 module is the most well studied (Krens et al., 2006).
The pathway is illustrated in Figure 1.3.

Activation of the pathway occurs upon binding of a ligand to a cell surface receptor,
leading to tyrosine phosphorylation and consequent generation of binding sites for
the recruitment of proteins such as growth factor receptor-bound protein 2 (GRB2).
GRB2 facilitates the translocation of the guanine nucleotide exchange factor son of
sevenless (SOS), which binds to the inactive guanosine diphosphate (GDP) membrane

bound Ras, changing it into its active guanosine-triphosphate (GTP) state. In its ac-
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Figure 1.3: The MAPK pathway. Binding of a ligand to a cell surface receptor
initiates transformation of RAS-GDP inactive form to its active GTP-bound state.
RAS-GTP is then bound to several effector proteins, enabling the activation nuclear
transcription factors facilitating several cellular processes. Circled P depicts phos-
phorylation.

tive GTP-bound state, Ras is able to bind several effector proteins, most importantly
Raf which leads to the phosphorylation and activation of MEK1/2 kinases and the
subsequent phosphorylation and activation of ERK1/2. This sequence then triggers
several nuclear and cytoplasmic factors responsible for several cellular processes (Cseh
et al., 2014).

Upon point mutations at codon 12, Ras protein persists in the active state (GTP-
bound) leading to over-activation of the pathway and the downstream targets as
observed in PDAC. The resulting elevated Ras activity levels can cause aberrant cell
differentiation, and in the PDAC setting it has been associated with increased acinar

cell proliferation (Logsdon and Lu, 2016). It has been shown that activation of the
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Raf/MEK/ERK pathway in mouse pancreas, at the level of Raf, can lead to a more
aggressive tumour phenotype characterised by the presence of a greater number of
PanINs and therefore, has been the focus of pharmacological targeting for PDAC

(Collisson et al., 2012).

1.3.1.2 p16/m¥4 and cell cycle regulation in PDAC

The tumour suppressor protein p16/%44  encoded by the cyclin-dependent kinase
inhibitor 2A (CDKN2A) gene, is a G1 cyclin-dependant kinase (CDK) inhibitor,
playing an important role in cell cycle progression. It performs this function by
binding to CDK4 and CDKG6, preventing them from forming a complex with cyclin
D, thus inactivating the retinoblastoma protein (Rb) and thereby blocking entry into
S-phase (Li et al., 2011). Upon mutation of p16/™44  the loss of inhibitive control of
Rb protein leads to constant progression of cell cycle from G1 to S-phase and aberrant
cell proliferation (Figure 1.4).

Alterations of p16/™¥44 have been reported in a variety of cancer types and inactiva-
tion of the gene has been observed in 30-40% of pancreatic cancer cases, indicating its
important role in tumourigenesis of the disease (Jeong et al., 2005). The simultane-
ous activation of KRAS and inactivation of p16/"¥44 have been reported to promote
tumourigenic transformation of human immortalised pancreatic cells and progression

towards PDAC (Chang et al., 2014).
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S
Figure 1.4: The pl6/"%44 in cell cycle regulation. The tumour suppressor protein
pl6/7k44 inhibits the CDK-complex formation, resulting in inactivation of the Rb

protein and subsequent arrest in G1 phase of the cell cycle. Upon inactivation of
pl167#4A its function is abrogated leading to an uncontrolled cell proliferation.
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1.3.1.3 SMAD4 and TGF-f signaling

Transforming growth factor-f (TGF-f) is a multifunctional cytokine responsible
mainly for the control of cell growth, cell proliferation and differentiation, and apop-
tosis. TGF-p signalling is mediated through serine/threonine kinases, TGF-f3 type-I
(TSRI) and TGF-B type I (TSRII) receptors. Following complex formation between
the two receptor types and their subsequent activation, phosphorylation of selected
mothers against decapentaplegic (SMAD) proteins occurs (SMAD2 and SMAD3), re-
sulting in a complex with SMAD4. The activated complexes then translocate into
the nucleus, interacting with DNA-binding transcription factors and regulating the
transcription machinery (Maier et al., 2010) (Figure 1.5).

The TGF- pathway plays a significant role in gastrointestinal homoeostasis by keep-

ing balance between cell renewal, differentiation and loss. Disruption of this balance
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Figure 1.5: The TGF-3 pathway. The complex formation between the TGF-f3
type-I and type II receptors is followed by phosphorylation of SMAD2 and SMADS3
proteins, resulting in a complex with SMAD4. The fully formed complex translocates
into the nucleus where it regulates the transcription of other factors.

often results in tumour promotion and development (Ahmed et al., 2017). Under
normal conditions, the signalling of TGF-f3/SMAD4 exerts a tumour suppressive be-
haviour through SMAD/-regulated genes and upon tumourigenesis, mainly due to

loss of SMA D/, this function is lost and the pathway rather acts as tumour promoter.

1.4 The p53 tumour suppressor

The p53 tumour suppressor, characterised as the “guardian of the genome” (Lane,
1992), is one of the most studied genes and proteins with 87,000 PubMed-listed pub-
lications reported so far. Approximately 40 years ago, Lane and Crawford reported
the presence of a new protein, with a molecular weight of 53 kDa, forming a tight
complex with SV40 large T-antigen upon immunoprecipitation with anti-T antibodies
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from extracts of SV40-transformed cells (Lane and Crawford, 1979). At first, it was
believed that p53 acts as an oncogene, caused by the observation that SV40 regulates
over-production of p53 in SV40-transformed cells and therefore, p53 itself should be
an important effector of this transformation (Linzer et al., 1979). Few years later,
Baker et al. suggested the tumour suppressor function of p53 by showing that wild-
type pb3 alleles were lost by mutations and/or deletion in human colorectal cancer
specimens, resulting in tumour cells with no wild-type p53 function, a characteristic
of tumour suppressor genes (Baker et al., 1989). The observation of such mutation
came later from other types of cancer and it soon became clear that p53 is the most

frequently mutated gene of the whole genome (Levine and Oren, 2009).

1.4.1 pb3 as a transcription factor

Following the initial understanding of the importance of p53 in cell regulation and
cancer, the next quest was to unravel its relevant functions. p53 consists of 393 amino
acids, divided into distinct domains: i. the amino-terminal transactivation domain
(TAD, residues 1-62), containing two sub-domains (TAD-I, residues 20-40 and TAD-
I1, residues 40-60); ii. a proline-rich domain (residues 63-94); iii. the DNA-binding
core domain (residues 94-292); iv. a linker region (residues 292-325), connecting the
DNA-binding core domain and v. the tetramerisation domain (residues 324-355); vi.
and finally a carboxyl-terminus domain (residues 356-393) (Beckerman and Prives,
2010) (Figure 1.6).

The most well-studied biochemical function of p53 is that of a transcription factor,

regulating expression of several genes in response to cellular stress. p53 binds DNA
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1 62 63-93 94 202 292-325  325-355 356-393
N-terminus Core domain C-terminus

Figure 1.6: Schematic representation of the domain structure of p53. Each regions
are detailed in the main text. Four p53 core domain molecules interact with two
double-stranded DNA half-sites, forming a tetramer made of a dimer of two identi-
cal dimers (A-B, C-D). The colour code is based on the secondary structure where
[-sheets are blue, loops are yellow, a-helices are red, and DNA backbones are grey.
The molecular structure in ball and stick representation highlights the hotspot muta-
tions. Crystal structure was solved by Kitayner et al. (Kitayner et al., 2006). TAD:
transactivation domain, PRD: proline-rich domain, DBD: DNA-binding domain, L:
linker region, TET: tetramerisation domain, C: carboxyl-terminus domain.

as a tetramer through its DNA binding domain in a sequence-specific manner, p53-
dependant gene expression is encoded through the DNA target sites allowing it to
perform its tumour suppression function (Joerger and Fersht, 2010). The TAD-I and
TAD-II domains are equally important for p53 regulation as they comprise sites of var-
ious post-translational modifications and interaction with other regulatory proteins
(Espinosa and Emerson, 2001). Examining the coding sequence of the TP53 gene, it

was noted that > 80% of the mutations observed in human tumours are within the
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DNA-binding domain, predominantly around exon 4-9, suggesting the importance of
p53 transcriptional role in tumour suppression (Olivier et al., 2010). These mutations
are mostly missense, resulting in substitution of one single amino acid and fall within
the six “hotspot residues”: R175, G245, R248, R249, R273, R282 (Cho et al., 1994).
The ability of p53 to bind specific sequences and transactivate genes, is the main
factor that distinguishes wild-type p53 from any mutant form. Such mutations can
abolish the direct binding of p53 to DNA (contact mutations). Furthermore, such
mutations also affect the correct folding or oligomerisation of the protein (conforma-
tional mutations) which further impede p53’s ability to correctly bind to the DNA
domains (Hoe et al., 2014).

Many target genes have been identified and reported to be transactivated by p53
through its binding to response elements located downstream or within the genes,
and proteins encoded by these genes are known to be involved in DNA damage repair,
cell cycle regulation or apoptosis and cellular senescence (Menendez et al., 2009).This
process is increased upon stress stimuli such as DNA damage, hypoxia, or hyperpro-
liferative signals, where p53 becomes stabilised through decreased interaction with its

main regulator, MDM2 (Beckerman and Prives, 2010).

1.4.2 The p53-MDMZ2 interaction

The mouse double minute 2 homologue (MDM2) protein (human homologue HDM?2)
has been described as the key regulator of p53 that binds to p53 through its transac-
tivation domain and inhibits its biochemical activity (Oliner et al., 1993). By acting

as a pb3-specific E3 ubiquitin ligase, MDM2 also promotes its ubiquitination and sub-
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sequent degradation by the proteasome machinery (Haupt et al., 1997). As MDM2
is a direct transcriptional target of p53, the two proteins form a negative feedback
loop where induction of MDM?2 expression by p53 leads to degradation of p53 and
quenching of its cellular activity (Barak et al., 1993). This p53-MDM2 loop serves to
keep p53 under tight control, and is responsible for the low basal level of p53 function
observed in non-stressed cells. However, under various stress conditions (e.g. DNA
damage, oncogene activation, hypoxia), the affinity of p53 for MDM2 is reduced,
leading to lowered degradation and increased protein stability of p53. This response
ultimately initiates a number of p53-dependent effects on cellular gene expression (Hu
et al., 2012) (Figure 1.7).

The significance of this p53-MDM2 loop was first demonstrated by studies performed
in MDM?2 knock-out mice, suggesting the tight relationship of p53 and MDM2 in
early development. In particular, MDM?2 null mice showed embryonic lethality due
to inappropriate apoptosis. However, upon concurrent deletion of p53 this phenotype
was completely rescued, demonstrating the important role of MDM2 in developmental
stages through the regulation of p53 function (Jones et al., 1995; Montes de Oca Luna

et al., 1995).

1.4.3 Response to DNA damage

Of the many cellular stresses upon which p53 response is initiated, the molecular
mechanisms following DNA damage are the most well-understood. DNA abnormal-
ities can result from exposure to exogenous factors, either physical or chemical, or

as byproducts of physiological processes (spontaneous or enzymatic) (Helleday et al.,
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Figure 1.7: p53 response to cellular stress and its subsequent regulation of differ-
ent mechanisms. The p53-MDM2 interaction is the main regulator of p53 response.
Various cellular stress signals (DNA damage, oncogene activation, oxidative stress,
hypoxia etc.) can affect the tight regulation of p53 by MDM2, leading to increases in
p53 protein expression levels and activity and induction of responses to the stress.

2014). These result in, on average, tens of thousands of DNA lesions per day (Bern-
stein et al., 2013). Fortunately, there are various mechanisms to repair resultant
damages, both double strand breaks (DSBs) and single strand breaks (SSBs), thus
retaining genome integrity. The detailed outline of each one of the pathways in-
volved is beyond the scope of this study and are described briefly. Specifically, for
the DSBs repair: non-homologous end-joining (NHEJ), performs repair by end liga-
tion independently of sequence homology; homology-based repair pathways such as
homologous recombination (HR), alternative end-joining (alt-EJ) and single-strand

annealing (SSA) (Ceccaldi et al., 2016). For SSB repair, base excision repair (BER) is
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the primarily mechanism responsible for the removal and replacement of single-strand
lesions, leading to maintenance of genome stability (Wallace, 2014).

pH3 takes an important role in the response to DNA damage, and it is this response
that mediates its tumour suppression function. Activation of p53 occur via two
stages: the stabilisation of the protein, resulting in pb3 accumulation in the nu-
cleus; and activation of p53’s biochemical functions (Meek, 2009). Such activation
is usually regulated by a number of post-translational modifications, including phos-
phorylation, acetylation, ubiquitination, methylation, and sumoylation (Dai and Gu,
2010). The activation of p53 upon damage is coordinated by two main protein kinases:
the ataxia-telangiectasia mutated (ATM) and the ataxia-telangiectasia Rad3-related
(ATR) proteins, inducing a range of post-translational modifications. More specif-
ically, phosphorylation of p53 by ATM at serine 15 (Ser-15) reduces its affinity for
MDM2, resulting in decreased p53 degradation, thus enhancing its stabilisation, ac-
tivity and nuclear localisation (Hu et al., 2012). In addition, both phosphorylation
at Ser-15 and total p53 protein levels are reduced upon complete abrogation of ATM,
suggesting the importance of ATM in the p53 stability.

Apart from ATM and ATR, p53 has been shown to be regulated by other kinases:
CDKs at Ser-315 (Wang and Prives, 1995), casein kinase 1 and 2 at Ser-6/9 and Ser-
392, respectively (Hall et al., 1996), DNA-PK at Ser-15/37 (Shieh et al., 1997), MAPK
at threonine 73 (Thr-73) (Milne et al., 1994). These post-translational modifications
occur at the N-terminus and C-terminus regulatory domains, disrupting the p53-
MDM2 binding (Lakin and Jackson, 1999). All of these discoveries were part of
in vitro studies. In vivo however, regulation of p53 is somewhat more complicated.
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Studies in mice, bearing p53 mutations, showed that phosphorylation of p53 at Ser-18
(mouse) did not affect cellular proliferation. This then suggested that phosphorylation
may not have an immediate affect on its own but rather occurs as part of several post-
translational modifications (Sluss et al., 2004).

Acetylation has been also described, although to a lesser extent, to regulate activation
of p53 in response to DNA damage, promoting its transcriptional activity. C-terminus
lysine residues (164, 305, 370, 372, 373, 381, and 382) are known to be acetylated
by the CREB-binding protein/p300 (CBP/p300) disrupting the interaction of p53
with MDM2, leading again to its stabilisation (Wang et al., 2004). The same lysine
residues are also ubiquitinated by MDM2 . In wvivo studies have shown that upon
replacement of the C-terminus lysine residues with arginines, pb3 levels were not
altered significantly, suggesting that these modifications are not essential for p53
regulation, as previously thought, but rather contribute to homeostatic control in

vivo (Krummel et al., 2005).

1.4.4 pb53 in cell cycle regulation and apoptosis

The eukaryotic cell cycle is tightly controlled by a regulatory network of checkpoints
that monitor cellular perturbations and arrest progression until errors are fixed (Bar-
num and O’Connell, 2014), with p53 being the main regulator of the G1/S checkpoint,
which prevents replication of damaged DNA (Giono and Manfredi, 2006). p53 per-
forms this role by activating its main target gene, p21 (also known as p21WAF-1/CIP-1)
which binds and inhibits the activity of CDK-complexes (cyclinE/CDK2), thus pre-

venting the G1/S transition (Abbas and Dutta, 2009).
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Another checkpoint involving p53 is the G2/M (Taylor and Stark, 2001), which is
maintained by a number of targets. GADDA45 (growth arrest and DNA damage)
has a similar function to p21 by disrupting the binding of CDc2 to cyclin Bl (Zhan
et al., 1999) and the 14-3-3-6-0 protein has been also described to be regulated by
p53, causing G2 arrest by interference with the cyclin B1/CDc2 complex (Hermeking
et al., 1997).

In addition to its key function in the aforementioned cell cycle checkpoint, p53 is
also involved in the regulation of apoptosis. The primarily contribution of p53 to
apoptosis is largely dependant on its transcriptional activity, regulating the expression
of a number of genes involved in the process. Amongst these targets, two are of a
particular importance: PUMA and NOXA members of the BCL-2 family proteins
(Pietsch et al., 2008), as demonstrated by the defective p53-dependant apoptotic
machinery observed in knock-out mice, suggesting its necessity for pb53-mediated cell
death (Jeffers et al., 2003).

The p53-regulated balance between these intricate processes, cell cycle arrest or apop-
tosis, is dependant upon several extracellular or intracellular factors, including, but
not limited to, p53 expression levels; type of the stress signal; cellular context; time

of exposure to damage (Sionov et al., 2013).

1.4.5 pb53 and cellular senescence

Senescence refers to a stress response where cells leave the cell cycle and lose their
capability to proliferate, preventing cells with mutations from expansion (Rufini et al.,

2013). The first demonstration of p53’s involvement in the regulation of senescence
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was performed using the SV40 T antigen that causes inactivation of p53 upon binding.
As a result of this inactivation, increased lifespan of human fibroblasts and DNA
replication was observed (Ide et al., 1983). This phenomena was later confirmed by
Shay and co-worker, suggesting the important role of an active p53 in the regulation of
senescence (Shay et al., 1991). The transcriptional activity of p53 has been reported
to increase upon senescence even though it is not clear whether the increase is specific
to senescence or is related to cell growth arrest (Vaziri et al., 1997). In addition to
increased ph3 activity, it was reported that levels of p21 also increase, suggesting that

p5H3 initiates senescence growth arrest through induction of p21 (Dulié¢ et al., 2000).

1.4.6 p53 and PDAC

PDAC is characterised by missense mutations in the T'P53 gene accumulated through-
out the later stages of the PDAC progression model, leading to a mutant p53 protein
increasingly incapable of identifying the p53 wild-type DNA-binding sites in the pro-
moter of p53 target genes, also acquiring oncogenic properties, know as the “gain of
function” (GOF) effect (Muller and Vousden, 2013).

The GOF effect of pb3 was first proposed over two decades ago, where the growth
advantage of mutant p53 was demonstrated in the absence of endogenous wild-type
p53 in wvitro (Dittmer et al., 1993). Later, experiments in animal models showed
that mice with one mutant p53 allele, present a higher number of neoplastic lesions
in combination with increased metastatic potential and genomic instability when
compared to p53 null mice (Lang et al., 2004; Liu et al., 2010). In 2010, Morton et

al., confirmed that p53 mutation rather than p53 loss is required to drive metastasis
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in genetic models of human PDAC (Morton et al., 2010).

Two main pb3-related mechanisms have been proposed to drive metastasis in cancer
cells (Muller et al., 2011). Firstly, mutant p53 is able to acquire a transcription func-
tion of its own and therefore, influencing the promoter activity through the transacti-
vation domain and this may be sufficient to trigger expression of target genes (Weisz
et al., 2004). Secondly, mutant p53 has been also suggested to act by modifying
the function of other proteins or even mask the activity of transcription factors. It
was shown that interaction of mutant p53 with Mre-11 nuclease leads to suppressed
binding of Mre-11/Rad50/NBS1 (MRN) complex, responsible for the repair of DSBs,
followed by incomplete activation of ATM kinase and impaired DNA damage repair
(Song et al., 2007). Regarding its interaction with other transcription factors, p53 has
been known to negatively regulate the pro-apoptotic function of its family members,

p63 and p73, affecting their ability to induce growth suppression (Lang et al., 2004).

1.5 Diagnosis and therapy of PDAC

As discussed earlier, important scientific advances have been made to enhance the
understanding of the molecular mechanisms underlying PDAC development and pro-
gression. Progress towards better diagnosis and treatment of the disease in the clinic
however, has been relatively slower than other cancers due to several obstacles: lack
of specific symptoms or biomarkers lead to diagnosis at a very late stage; presence
of dense desmoplastic stroma that limits drug delivery, causing therapy resistance

(Long et al., 2011a); and the limited number of patients that are eligible for surgical
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resection, currently the only viable option for long-term survival (Dhayat et al., 2017).
Computed tomography (CT) is currently the gold standard method for the detection
of PDAC and evaluation prior to surgical resection thanks to its relatively high sen-
sitivity (Egorov et al., 2013). Despite the great impact of CT in PDAC detection,
it is still limited due to its inability to detect small lesions (tumour detection limit
5-8 mm), microscopic lymph node metastasis, and to distinguish inflammatory from
neoplastic lymph node growth (Heiken, 2015). Ultrasound (US) is also often used as a
detection tool in patients experiencing abdominal pain due to its cost-effectiveness and
non-invasive nature. It is particularly useful in detecting small masses and pancreatic
head tumours but less so for the visualisation of the tail of the pancreas as the presence
of gas in stomach and transverse colon may mask the sensitivity (Lee and Lee, 2014).
With a better soft-tissue contrast, magnetic resonance imaging (MRI) is considered
superior to CT as it allows detection of smaller tumours and determination of vascular
involvement. However, MRI is limited by the inability to accurately distinguish the
tumour from chronic pancreatitis due to biliary ductal obstruction observed in both
pathologies (Miura et al., 2006). Finally, imaging with positron emission tomogra-
phy (PET) using ¥F-FDG (2-deoxy-2-[*¥F]fluoro- D-glucose analogue), has shown to
be a promising modality for differentiation between benign and carcinogenic lesions,
based on the increased glucose consumption by tumours (Chang and Kundranda,
2017). However, in spite of the good sensitivity (70-100%) and specificity (65-90%)
of FDG-PET, it can also result in false-positive and false-negative interpretations as
it does not separate between PDAC and chronic pancreatitis or hyperglycemia (Jha
and Bijan, 2015).
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To date, no screening methods have been identified for detection of early-stage tu-
mours, and the applicability of biomarkers used in the clinic is questionable for tumour
progression or recurrence (Cid-Arregui and Juarez, 2015). Serum levels of carbohy-
drate antigen 19-9 (CA19-9), an epitope of sialylated Lewis A blood group antigen,
is the only biomarker utilised in the clinic for PDAC detection and monitoring. Its
use however, has been hampered by its poor sensitivity and overexpression of the
antigen has been associated with benign diseases and chronic pancreatitis (Parikh
et al., 2014).

Surgical removal of stage-1 and stage-2 tumours and in some cases stage-3, will add
a significant survival benefit to PDAC patients. However, most of the patients carry
an already advanced disease at the time of clinical presentation and even if surgery is
an option, the additive benefit is often questionable considering the patient’s physical
inability and aggressive nature of the disease (Chari et al., 2015).

The only treatment approach for patients diagnosed with locally advanced or metastatic
disease is palliative chemotherapy (Vincent et al., 2011). Gemcitabine, approved in
the late 90s, offered a marginally increased survival rate and even in combination
with other chemotherapy regimes (irinotecan) does not improve the overall survival
(Rocha Lima et al., 2004). The treatment was slightly improved with the recently
introduced FOLFIRINOX (leucovorin, 5-fluorouracil, irinotecan, oxaliplatin), which
showed improved therapy response and overall survival over treatment with gem-
citabine (11.1 vs. 6.8 months), however, it also elicited a greater toxicity profile
(Conroy et al., 2011).

Based on the discussed treatments, it is clear that despite the efforts made in im-
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proving the diagnostic potential that could lead to more effective treatment options,
PDAC still remains one the most deadliest cancers, and their treatment and prognosis

are in dire needs of further improvements.

1.6 Clinical implications of p53 imaging in PDAC

As mentioned earlier, the p53 gene mutation is found in approximately 50% of human
cancers underlying its importance in tumour suppression and providing the basis for a
diagnostic assay. The correlation of p53 mutations to the prognosis of PDAC were first
studied back in the 90s (Nakamori et al., 1995). The authors examined 37 pancreatic
adenocarcinomas for the presence of p53 mutations and correlated that to the disease
prognosis. When compared to tumours with no p53 mutations, those bearing mutant
ph3 showed a significantly shorter median survival (6 months vs. 15 months in the
no-mutation group). Later, Grochola et al. studied the expression of transcriptional
variants from P1 promoter of MDM?2 gene in a cohort of patients with PDAC and
found that individuals with high P1 transcript levels were associated with increased
risk for tumour-related death. They concluded that transcriptional induction from P1
promoter is dentrimental to upregulation of MDM?2 in PDAC, leading to abrogation of
ph3 pathway and worse clinical outcome (Grochola et al., 2011). In a different study,
Ormanns et al., studied the effect of pb53 mutations in erlotinib-treated advanced
pancreatic cancer. The authors assessed the p53 status in 50 dissected patient tissues
by immunohistochemistry (IHC) and genome sequencing showing that overexpression

of p53 was correlated with dismal progression free survival.
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Despite the correlations shown in the aforementioned studies, these were performed
in relatively small sample size (n < 50), and are not yet sufficient to support the use of
ph3 as a prognostic and diagnostic marker (Ormanns et al., 2014). In fact, there still
exists great debates on whether this information can be used (Xin, 2012; Muller and
Vousden, 2014). In particular, a clear distinction should be made between somatic
and germline p53 mutations as each could lead to a different range of consequences.
Furthermore, the identification of a specific mutation may be informative as several
studies have shown a strong correlation with increased risk of developing tumours.
For example, in a study of 36 patients with childhood cortical adenocarcinoma and
their families, 35 out of 36 showed the same mutation of p53 encoding an R337TH
amino acid substitution (Ribeiro et al., 2001). For somatic lesions however, using
pH3 as a diagnostic and prognostic tool is somewhat more complicated. Most of the
currently developed methods for p53 detection are highly sensitive, and it is this
sensitivity that can contribute to false positives findings as mutations of p53 in a
single cell may not provide any further information other than that of the mutation
itself (Ling et al., 2001).

Patients with PDAC are often divided into three groups: those with resectable; locally
advanced; and metastatic disease, with the first being the key stage of identification
for the enhancement of overall survival and representing early stage tumours (Jenkin-
son et al., 2015). Discrimination of early tumours, however, may often be confused by
the presence of inflammatory disease, such as chronic pancreatitits, due to morpho-
logical similarities between the two and better tools are always needed for accurate

staging, for which the detection of p53 may be a powerful supplementary diagnostic
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tool. In their study, Mu et al., evaluated p53 overexpression and serum concentra-
tions of CA19-9 in patients with suspected pancreatic cancer. The authors showed
that CA19-9 alone does not show strong specificity for the detection of pancreatic
cancer. However, when combined with detection of p53 overexpression, the diagnos-
tic sensitivity was enhanced, allowing the distinction between cancer from chronic
pancreatitis (Mu et al., 2003). In a different review paper, Strobel et al. discussed
tha additive effect of FDG-PET in pancreatic cancer diagnosis, concluding that on
its own it can only provide minor help to the identification of operative tumours and
combination strategy of different biomarkers can significantly optimise the diagnosis
of pancreatic tumours (Strobel and Biichler, 2013). Therefore, a p53 tracer together
with the aforementioned gold standard methods could enhance the rate of accurate
detection of PDAC in an earlier stage, especially on high-risk populations (Zhang

et al., 2017).

1.7 Molecular imaging

One of the most significant advancements in cancer diagnosis has been in the area
of molecular imaging modalities. In oncology, molecular imaging can be considered
as the in vivo characterisation of biological processes that are important to the ma-
lignant state (Kircher et al., 2012). It can be achieved by either using endogenous
information or exogenous probes that target specific biomolecules. A number of
modalities are currently being used in pre-clinical and clinical settings. These include

the aforementioned imaging tools, PET, CT, MRI, US, single photon emission com-
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puted tomography (SPECT), and optical imaging. The modalities can be divided
into two groups based on the information they provide, i.e. structure: CT, MRI, and
US; and functional: PET, SPECT, and optical (Khalil et al., 2011). The increasing
availability of these techniques has revolutionised the field of molecular imaging and
combination or fusion of different methodologies into a single modality could provide
more valuable diagnostic information than when a single method is utilised. The key
advantages and disadvantages of the aforementioned techniques are summarised in
Table 1.2, and the selection of the technique should comply with the research question

being posed.

Modality Advantages Disadvantages
Structural imaging
cT High spatial resolution Radiation dose
High depth penetration Poor soft-tissue contrast
Short scan time
No radiation dose Expensive
MRI High spatial resolution Long scan time
Excellent soft-tissue contrast Low sensitivity
No radiation dose
US High spatial resolution & sensitivity Operator ‘deper'ldant
No wb imaging
cheap
Quantitative Radiation dose
PET Wb imaging Expensive
High depth penetration Low spatial resolution (0.6 mm)
Combination with CT/MRI Long scan time
Quantitative Radiation dose
SPECT Wb imaging Expensive
High depth penetration Low spatial resolution (0.3-1 mm)
Combination with CT Long scan time
No radiation dose
Optical Inexpensive Limited depth penetration

High spatial resolution & sensitivity

Table 1.2: Advantages and disadvantages of imaging modalities currently used in
the clinic. Table adapted from Pysz et al. (Pysz et al., 2010). Wb: whole body.

For example, on the one hand, CT and MRI are favoured for their superior spatial
resolution; on the other hand, the sensitivity of PET and SPECT makes them supe-

rior functional imaging methods, allowing detection of radiopharmaceuticals in the
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nanomolar or even picomolar range as well as being non-invasive, quantitative, and
functional imaging modalities for cancer biology (Pysz et al., 2010; De Jong et al.,
2014). Based on the consideration of the project reported here, SPECT is the main

imaging modality and will be the focus in the ensuing section.

1.7.1 SPECT imaging

Cancer research has hugely benefited from the development of SPECT imaging sys-
tems due to the detection ability of specific tumour sites, which together with CT
fusion, can provide accurate anatomical references (Hicks and Hofman, 2012). SPECT
has several advantages over other imaging modalities thanks to a number of factors,
such as lower cost (especially when compared to PET), greater accessibility and avail-
ability of various tracers that can be applied to wider range of biological mechanisms.
Over the past decade, SPECT has greatly improved in the preclinical setting, result-
ing in better spatial resolution outperforming preclinical PET (0.25 mm vs. 1 mm,
respectively) (Goorden et al., 2013).

SPECT imaging relies on the tracer principle to detect any functional abnormali-
ties within the body. Briefly, a v-emitting radiotracer is delivered into the patient
through injection into the bloodstream and following radioactive decay, single photon
will be emitted in all directions, allowing detection by a y-camera (Van Audenhaege
et al., 2015). The high-energy photons are absorbed by a scintillation crystal, typi-
cally thallium doped sodium iodide (Nal(T1)), resulting in a scintillation or light flash
which is detected by a set of photomultiplier tubes (PMTs) at the back of the crystal.

The PMTs then convert every scintillation light-flash into a pulse of electrical current
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which will be processed by the electronics of the system, determining the energy and
the position of the incident. To provide additional spatial information, a collimator
is positioned in front of the crystal, comprising of multiple holes to allow the emitted
photons to travel in a parallel direction to the holes and interact with the crystal.
Subsequent count data is then generated for image reconstruction. There is a con-
stant improvement in the current technologies in instrumentation and reconstruction
algorithms, to enhance SPECT /CT performance beyond its current level, with multi-
pinhole collimator systems being most competitive (Peremans et al., 2005; Livieratos,
2012).

SPECT probes, consists of a target-specific biomolecule and a y-emitting radionuclide,
can be classified into two main categories according to their biodistribution properties:
the ones determined by their physical and chemical properties; and those determined
by their interaction with a biological target of interest (Miiller and Schibli, 2013). The
majority of diagnostic SPECT tracers utilise metallic radionuclides with a wide range
of characteristics (Bhattacharyya and Dixit, 2011). The choice of radionuclide must
be considered during tracer development. Technetium-99m (%™Tc), isotopes of non-
metallic iodine (1231, 1311, 125]), Indium-111 (1!In), Gallium-67 (7Ga), Lutetium-177
(17Lu), and Yttrium-90 (°°Y) are the most common SPECT radionuclides used in
the clinic to date. More specifically, one should consider the type of study (diagnostic
or therapeutic), and the potential targeting biomolecules or ligands based on their
biological characteristics (half-life, stability). Following the selection process, the
radionuclide can be identified based on its nuclear properties (physical half-life, decay

characteristics, stability, toxicity, availability) (Yeong et al., 2014).
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1.8 Antibodies as imaging agents

One of the major recent advances in biomolecules was that of the monoclonal antibod-
ies, with their diverse ability of tumour recognition, making them attractive for the
development of imaging agents for a non-invasive identification of cancer (Wu, 2014).
Most diagnostic tests using antibodies rely on the immunohistochemical detection of
the target of interest in a biopsy. Despite being simple and inexpensive, this method
has several disadvantages such as tissue handling and diagnostic interpretation vari-
abilities; need of multiple biopsies for conclusive results as sampling from a single site
does not account for tumour heterogeneity (Fleuren et al., 2014).

The large bank of monoclonal antibodies available, together with their unique capa-
bility of identifying specific protein targets, has been invaluable to in wvitro and in
vivo diagnostic research. The advent of immunotherapy and “biologicals” in oncol-
ogy (Knowles and Wu, 2012), has resulted in more than 50 antibodies being tested in
clinical trials (Reichert, 2017). The pharmacokinetic profile, biodistribution, toxicity,
and side effects of antibodies are well known and several have been already approved
by FDA for use in the clinic as imaging agents (!!!In-satumomab pendetite, 1!In-
Prostascint, ''In-Trastuzumab, %™ Tc-Rituximab) (Bohdiewicz, 1998; Kaur et al.,
2012). On the one hand, the large size of antibodies (150 kDa) results in long plasma
circulation time (days-weeks) as they exceed the renal clearance threshold (~ 70 kDa),
preventing clearance from the kidneys. Therefore, it is necessary that imaging ses-
sions are performed days after administration due to the high blood background

(Warram et al., 2014). On the other hand long circulation time could potentially lead
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to a longer and higher tumour-specific uptake when compared to smaller molecules,
especially when target expression is low.

Development of antibody-based imaging agents has mainly focused on extracellular or
cell-surface targets involved in disease development due to their limited access to the
cytoplasm and nucleus, leading to a large amount of surface-based imaging agents,
which in turn expanded the imaging capabilities of other functional processes, such as
angiogenesis, invasion and metastasis, immunotherapy (Halin and Neri, 2001). An-
tibodies have been used to image classic markers such as carcinoembryonic antigen
(CEA) (Hong et al., 2008), prostate-specific membrane antigen (PSMA) (Bouche-
louche et al., 2010), CA19-9 (Girgis et al., 2011) and others.

The limited penetration of antibodies into intracellular compartments has created
the need for exploring possibilities that will enable this delivery. Several methods
have been described in the past, including DNA transfection of native or engineered
proteins (Kim and Eberwine, 2010), electroporation (Sharei et al., 2013), or microin-
jection of protein-based biosensors (Postupalenko et al., 2014). However, these tech-
niques tend to be limited to n witro applications, as they are challenged by poor
delivery efficiency, cell death, protein aggregation when applied in vivo applications.
One of the methods utilised to overcome the aforementioned limitations is the use of
cell penetrating peptides (CPPs), containing nuclear localisation sequence(NLS), to
enable intracellular entry of different cargoes both in vitro and in vivo (Munyendo
et al., 2012; Copolovici et al., 2014). In vivo delivery of large biomolecules was first
demonstrated by Schwarze et al., where the delivery of S-galactosidase protein into

tissue, including the brain, was facilitated by the conjugation of CPP via intraperi-
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toneal administration (Schwarze et al., 1999). Later, Costantini et al. (Costantini
et al., 2007) and Cornelissen et al. (Cornelissen et al., 2011) reported similar results

in vivo, opening new possibilities for intracellular targeting of proteins.

1.9 Cell penetrating peptides

Since their discovery (Frankel and Pabo, 1988), cell penetrating peptides (CPPs),
also known as protein transduction domains (PTDs), have been considered invalu-
able tools for delivery of various cargos into the cell. It was demonstrated that
the trans-activator of transcription (TAT) protein of the human immunodeficiency
virus (HIV-1) was able to enter cells in an in vitro system and trans-activate the
viral promoter, contrary to common dogma that the cell membrane is impermeable
to hydrophilic molecules (Bechara and Sagan, 2013). After the discovery of TAT,
more followed and in 1991, the homodomain of Drosophila antennapedia displayed
internalisation into neuronal cells derived from the third helix of the homodomain
and named penetratin (RQIKIYFQNRRMKWKK) (Joliot et al., 1991; Derossi et al.,
1994). Later, the minimal essential sequence of TAT (GRKKRRQRRRPPQ) respon-
sible for cellular uptake was identified (Vives et al., 1997). Since then, a large number
of peptides have been described, from protein-derived (pVEC from vascular endothe-
lium cadherin protein) to the chimeric (Transportan), and synthetic (polyarginines,
model amphipathic peptides (MAPs)). Table 1.3 presents the sequences of some of

the most studied peptides.
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Peptide Origin Sequence References
Protein-derived
Tat(48-60) HIV-1 protein GRKKRRQRRRPPQ Vives et al. (1997)
Penetratin Antennapedia ROQIKIYFQNRRMKWKK Derossi et al. (1994)
pVEC Cadherin LLIITLRRRIRKQAHAHSK Elmquist et al. (2001)
Chimeric
Galanin &
Transportan GWTLNSAGYLLGKINLKALAALAKKIL | Pooga et al. (1998)
Mastoparan
Synthetic
Polyarginines TAT-based > 6 aa Mitchell et al. (2000)
MAP Model aphipathic KLALKLALKALKAALKLA Oehlke et al. (1998)

Table 1.3: The most well-studied CPPs their origin and sequences. aa: amino acids.

These CPPs consist of short residue (between 5-30 amino acids) sequences and are
highly variable in both 3D-structure and amino acid composition and can contain
cationic, anionic, and neutral sequences with different degrees of hydrophobicity and
polarity (Milletti, 2012). Most CPPs contain a section of positively charged, or
cationic, residues, and they are considered key to their enhanced cellular uptake.
In addition, the type of cargo can be covalently or non-covalently attached to the
CPP, resulting in different modes of uptake.

On the one hand, covalent attachment of the cargo to the peptide can be achieved
through chemical modification (disulfide bonds, amide bonds, linker) or cloning (ex-
pression of the CPP as part of a fusion protein). On the other hand, physical com-
plexation is performed through hydrophobic or electrostatic interactions between the
CPP and the cargo molecule and the formation of this non-covalent interaction will
depend on the physicochemical properties of both. Both approaches have their own
advantages and disadvantages. While covalent interaction results in a well-defined
molecule, it is usually a very laborious process and careful optimisation of the pro-
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tocol is needed. Even though simpler, physical complexation can produce a pool of
structures varying in size and composition and thus, the method of choice should
depend on biochemical properties of both the CPP and the cargo (Kristensen et al.,

2015).

1.9.1 Uptake mechanisms of CPPs

Despite the many studies performed on CPPs and their successful outcome, the mech-
anism of cellular entry remains inconclusive. It is commonly accepted that different
translocation mechanisms are utilised by CPPs despite their similar cationic nature
of peptide sequences, and the mechanism employed is dependent on the experimental
conditions (Madani et al., 2011). The most widely accepted pathways will be dis-
cussed herein: direct penetration and endocytosis (Guo et al., 2016). A simplified

schematic of these uptake pathways is shown in Figure 1.8.

Macropinocytosis /

Clathrin - mediated

endocytosis
~ CPP Y
% Clathrin Caveolin - mediated
endocytosis
Caveolin

Direct penetration

Figure 1.8: Cellular uptake mechanisms of CPPs. Schematic depicting the most
accepted pathways of CPP cellular entry, namely direct penetration and endocytosis
(macropinocytosis, clathrin- and caveolin-mediated endocytosis).
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1.9.1.1 Direct penetration

Direct penetration of CPPs relies on plasma membrane destabilisation in an energy-
independent manner. Several mechanisms have been proposed including micelle for-
mation (Derossi et al., 1996), pore formation (Matsuzaki et al., 1996), membrane-
thinning (Lee et al., 2005), and a carpet-like model (Pouny et al., 1992). All of the
proposed models are initiated by the interaction between positively charged CPP and
the negatively charged membrane components, such as heparan sulfates (HS) and
phospholipid bilayer. This then leads to the destabilisation of membrane binding
sites and entrance of the CPP with its cargo into the cell.

The micelle formation model was first proposed as a translocation mechanism for
penetratin (Derossi et al., 1996). In this model the destabilisation of membrane leads
to reorganisation of the neighbouring lipids and formation of the inverted micelle that
traps the peptide in its interior. Disruption of the membrane will releases the peptide
into the cell.

In the pore formation model, interaction of the peptides with phosphate groups leads
to their accumulation on the outer leaflet of the membrane, causing a thinning of the
bilayer, which ultimately result in the formation of a pore through which peptides
can diffuse inside.

Lastly, in the membrane-thinning and carpet-like models, the positively-charged amino
acids of the CPP interact with the hydrophobic core of the membrane, leading to dis-

ruption of the lipid packing and peptide internalisation.
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1.9.1.2 Endocytosis

In comparison to direct translocation, endocytosis is an energy-dependent pathway
and consists of two steps: endocytic entry and endosomal escape (Bechara and
Sagan, 2013). Endosomal escape plays an important role in preventing degrada-
tion of the cargo in lysosomes. It is generally described as a regulated cellular process
of biomolecule internalisation characterised by the formation of vesicles (Patel et al.,
2007). Two main mechanisms of endocytosis have been described, phagocytosis and
pinocytosis. Of the two studied mechanisms, phagocytosis is used in the uptake
of larger particles (e.g. viruses, bacteria) and is restricted mostly to cells such as
macrophages and leukocytes; pinocytosis is used for the uptake of smaller particles by
all known cell types, and encompasses a set of pathways: macropinocytosis, clathrin-
and caveolin-mediated endocytosis (Mayor and Pagano, 2007; Trabulo et al., 2010).

Macropinocytosis involves ruffling of the outer membrane surface, causing formation
of macropinosomes surrounded by a membrane similar to cell membrane. It has
been considered an attractive pathway for intracellular delivery as it involves entry
of extracellular fluids and it has been proposed that since the CPPs are outside the
membrane surface, they may enter the cell with the fluids (Patel et al., 2007).

In clathrin- and caveolin-mediated endocytosis, clathrin and caveolin respectively, are
responsible for the uptake as they cover the intracellular part of the membrane and
are necessary for the folding of the membrane, leading to vesicle formation (Madani
et al., 2011).

Endosomal escape following endocytosis, may determine the efficiency of cargo deliv-
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ery to the cytosol. However, understanding of the processes involved remains poor
to date (Erazo-Oliveras et al., 2012). Several assays to monitor the efficiency of CPP
escape have been developed, with fluorescence-based methods showing that CPPs
conjugated to fluorescently-labelled molecules are entrapped with the endocytic route
(Gillmeister et al., 2011). On the other hand, some suggest that CPPs may disrupt
the lipid bilayer of the endocytic organelles allowing escape to occur. Yang et al. pro-
posed a model of delivery into the cytosol, according to which cationic CPPs induce
leaky fusion, associated with membrane permeabilisation, resulting in the delivery of
peptides and their cargoes into intraluminal vesicles. That is then followed by back-
fusion of the intraluminal vesicles, releasing their load into the cytosol (Yang et al.,
2010).

Studies have suggested that internalisation of CPPs was achieved mainly through
direct penetration based on observations that peptides can enter the cell even at 4°C,
suggesting an energy independent route (Vives et al., 1997). However, most of the
techniques of visualising CPP uptake rely on fixed cells which has been suggested to
introduce experimental artefacts (Richard et al., 2003). Endocytosis has been sug-
gested as the main mechanism for uptake of most of the CPPs, even though different
conditions may influence the mechanism of choice such as CPP conformation and
sequence length, amino acid constitution, concentration, type of cargo, and binding

methodology of cargo to CPP (Kersemans and Cornelissen, 2010).
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1.9.2 The TAT peptide

The TAT protein acts as a transcription activator for viral gene expression of HIV
viruses 1 and 2 (HIV-1/2). Despite its role as a transcription factor, TAT also pos-
sesses unique properties of cell internalisation. This ability of the TAT protein to
enter the cells is largely dependent on the integrity of the main region of the protein,
a 9-amino acid, arginine-rich sequence that comprises the nuclear localisation por-
tion as well. Short peptides corresponding to this amino acid sequence can rapidly
be internalised by the cells (Fittipaldi and Giacca, 2005). Truncated versions of the
full TAT protein were later investigated, reducing the transduction motif to a short
sequence of 49-57 residues (TAT,9_57) (Park et al., 2002a). The mechanism of entry
both of TAT peptide and TAT-fused molecules have been the subject of debate. A
few mechanisms were proposed, with the first being that cell entry of TAT peptide
was endocytosis-independent (Vives et al., 1997); a temperature-dependant caveolar-
mediated pathway was later suggested by Fittipaldi et al. (Fittipaldi et al., 2003);
finally, it was proposed by Mishra et al., that TAT is able to achieve multiple in-
teractions with the membrane, cytoskeleton, and receptors, thus producing different
pathways of internalisation upon different conditions (Mishra et al., 2011).

Various TAT peptide constructs have been used for applications in molecular imag-
ing (Kersemans and Cornelissen, 2010) and the most important for this present work
are those with intracellular or intranuclear targets. In early 2000, Polyakov et al.,
first demonstrated the use of TAT modified with a peptide-based motif labelled with

9mT¢, which efficiently accumulated in human Jurkat cells, presenting rapid up-
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take kinetics (ti/2 < 2 min) and quick washout of %™Tc (Polyakov et al., 2000).
Later, Bullok et al. (Bullok et al., 2002), reported the uptake of TAT labelled with
fluorescein-5-maleimide (FM) and %™ Tc in cells, confirming the subcellular localisa-
tion of the peptide and similar biodistribution to the previous study, opening new
possibilities in intracellular cargo delivery. While these studies were primarily con-
centrated on the distribution of CPP alone, the Reilly group showed the utilisation
of TAT in delivering 123I- or ''In-labelled monoclonal antibodies into the nucleus in
vivo, interacting with intracellular targets (Cornelissen et al., 2007; Hu et al., 2007;
Cornelissen et al., 2009). Following these works, in 2011 Cornelissen et al. employed
a similar methodology to target YH2AX, a DNA damage marker in vivo in breast
cancer xenograft models (Cornelissen et al., 2011), formed via the phosphorylation of
H2A X-isoform upon DSB formation, which acts as a protein scaffold for the initiation
of the repair process (Banéth and Olive, 2003). Upon irradiation-induced DNA dam-
age, the authors reported the in vitro colocalisation of the formed YH2AX foci with
the anti-yH2AX-TAT conjugate labelled with a fluorophore, increasing the retention
of n-labelled probe and finally high tumour uptake. This study demonstrated the
potential of such method as a non-invasive approach towards clinical imaging of DNA

damage.

1.10 Aims of the study

The primary aim of this study was the development and evaluation of a p53 imag-

ing agent for the visualisation of p53 mutations in PDAC. The potential of such an
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imaging target could provide diagnostic benefits in PDAC, but also other types of
cancer, as identification of such mutations before the full onset of the tumour and
metastasis into the surrounding tissue may offer more patient stratification options
for treatments available, based on their p53 status. However, it is beyond the scope
of the current study to fully realise the envisioned goal. Therefore, the current study
will serve as the initial “proof-of-concept” phase, which aims to explore the following
aspects.

The properties of the selected monoclonal antibody against endogenous pb3 were
evaluated in vitro. The specificity and affinity were characterised in p53 mutant and
p53 null cell lines derived from PDAC mouse models (Chapter 3).

Following in witro validation, the monoclonal antibody was then conjugated to a
cell penetrating peptide, TAT, and a metal ion chelator that allowed radiolabelling
with 1MIn radioisotope. Validation of the functional characteristics of the antibody-
conjugate was performed after each modification step (Chapter 4).

Finally, the ability of 'In-labelled anti-p53 antibody conjugate to target p53 pro-
tein in vivo, was evaluated in two mouse models of PDAC using SPECT imaging
(Chapter 5).

In a separate study (Chapter 6), and through a collaborative work with professor
Alison Banham, a novel antibody, recognising a p53-derived peptide presented by
human leukocyte antigen haplotype (HLA-A2) on the cell surface, was also evaluated
regarding its biodistribution and tumour uptake in wvivo. This extracellular imaging
target provided means of comparison with the previously discussed antibody targeting
intracellular p53.
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2. General materials and methods

The following chapter summarises the materials and experimental techniques used
throughout the present thesis. Each section is broken down into its corresponding
experimental chapters. A brief outline of the methods will also be given at the

beginning of each result chapter.

2.1 Cell lines and cell culture reagents

All KPC mouse-derived cell lines used in this study were kindly provided by Pro-
fessor Eric O’Neill (Department of Oncology, University of Oxford, UK), as de-
scribed by Hamilton et al. (Hamilton et al., 2014). B8484 cells originated from
LSL-Kras®12b/+  LSL-Trp538172H/+  Pdz-1-Cre KPC mice. P2FIR cells were derived
from LSL-KrasG?P/+ LSL-Trp53ior, Pdx-1-Cre KPC mice and used as negative con-

trols.

2.1.1 Cell line maintenance

Unless otherwise stated, all cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma Aldrich, UK), supplemented with 10% (v/v) of foetal
bovine serum (FBS) (Gibco, USA), 100 units/mL penicillin, 100 pg/mL strepto-
mycin and 2 mM L-glutamine (Sigma Aldrich). Cells were maintained at 37 °C and
in a 5% CO5 humidified chamber, and handled in a class IT microbial safety hood.

Cell lines were cultured in T-75 flasks (Greiner Bio-One, UK). Once cells had reached
80% confluence, the culture media was aspirated, cells were washed with phosphate

buffered saline (PBS) (Merck Chemicals Ltd, UK) and were detached from the flask
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by addition of 3 mL trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA) (Sigma-
Aldrich), keeping a ratio of trypsin to growing surface at 1 : 25 (1 mL for a T-25
flask). Cells were incubated for 2 min at 37 °C prior to dilution with 8 mL of fresh
culture media and reseeding in new flasks at an appropriate ratio (1 : 10). Where
required, cells were counted using a Countess Il automated cell counter (Thermo
Fisher Scientific, UK) and the appropriate amount of cells were plated into selected
well plates 24 h prior to each experiment. Details of each experiments are listed in

respective chapters.

2.1.2 Cryopreservation and storage of cells

Cells were harvested, as described in Section 2.1.1, and counted to ensure cell viability
was over 90%. The cell suspension was then centrifuged at 100 x g for 5 min in a
Heraeus™ Megafuge™ 40 centrifuge (Thermo Fisher Scientific). The cell pellet
was re-suspended in growth media containing 10% (v/v) dimethyl sulfoxide (DMSO)
(Sigma-Aldrich) (cell suspension of 1 x 106 cells/mL). Aliquots of the cell suspension
(1 mL each) were dispensed into 2 mL cryogenic storage vials (Greiner Bio-One), and
were placed in a CoolCell? cell freezing container (Biocision, USA) that ensured a
standardised, controlled, temperature decrease of —1 °C/min, preventing cell lysis.
Vials were kept at =80 °C overnight prior to long term storage in the gas phase above

liquid nitrogen (-190 °C to —135 °C).
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2.2 Cell culture plasticware

The plasticware used for all cell culture and assays were purchased from Greiner
Bio-One (Greiner Bio-One Ltd,UK) unless otherwise stated. Immunocytochemistry
assays were performed in 6-well plates (9.6 cm? growth area). In wvitro assays using

radiolabelled compounds were performed in 24-well plates (1.9 cm? growth area).

2.3 Antibodies

The main antibody used for this study was the anti-p53 (1C12) mouse monoclonal
antibody (Cell Signaling, USA). Product information, reactivity and immunogenicity
are provided in Table 2.1. The different antibodies tested in parallel with the anti-p53

(1C12) are listed in Table 2.2 as per application.

Species

Name Cross-Reactivity Isotype Immunogen Supplied in
10 mM Na-HEPES (pH 7.5)
H, M, R Around 150 mM NaCl

Anti-p53 (1C12) Mouse IgGy k** 100 pg/mL BSA
50% glycerol

>0.02% sodium azide

Mk, Hm Ser20 Hpb53

Table 2.1: Anti-p53 (1C12) mouse mAb-Product information. H: human, M:
mouse, R: rabbit, Mk: monkey, Hm: hamster, HEPES: (4-(2-hydroxyethyl)-1-
1piperazineethanesulfonic acid), BSA: bovine serum albumin.
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Species

Name Cross-Reactivity Applications Supplier
. H, M, R Western Blotting, IHC, ICC Cell Signaling
Anti-p53 (1C12) Mk, Hm Flow cytometry, IP, Chromatin-IP, ELISA USA
OP29L | anti-p53 (Ab-3) bovine, chicken Flow cytometry, Frozen sections Merck

(Mutant) Mouse Mab
Pab240

H, M, R, Hm

Immunoblotting, ICC
IP, Paraffin sections

Millipore, Germany

Bovine, H, M, R

ICC, IP

Anti-p53 (PAD1620) Non-human primate IHC-Frozen, IHC-Paraffin Abcam, UK
Anti-p53 (A-1) M. R Western Blotting, IP, ICC Santa Cruz
Sc-393031 ’ ELISA USA

Table 2.2: List of anti-p53 antibodies tested and applications. H: human, M: mouse,
R: rabbit, Mk: monkey, Hm: hamster. ICC: immunocytochemistry, IHC: immuno-
histochemistry, IP: immunoprecipitation.

2.4 Western blotting

All reagents and buffers were purchased from Sigma-Aldrich unless otherwise stated.

2.4.1 Lysis buffer

Lysis buffers I and II were prepared as described in Tanaka et al. (Tanaka et al.,
1992). Buffer I was composed of 10 mM 2-Amino-2-(hydroxymethyl)propane-1,3-diol
hydrochloride (Tris-HCI1) (pH 7.8) and 200 mM potassium chloride (KCl1). Buffer II
was composed of 10 mM Tris-HCI (pH 7.8), 600 mM KCI, 40% (v/v) glycerol, 0.1

mM EDTA, and 0.2% (v/v) Nonidet P-40.

2.4.2 SDS loading sample buffer (5 x)

The sodium dodecyl sulfate (SDS) loading sample buffer was composed of 25 mM
Tris-HCI (pH 6.8), 1% (v/v) SDS (10% stock solution), 5% (v/v) glycerol, 1 mM

EDTA (0.5 M stock), 2.5% (v/v) p-mercaptoethanol, and 0.01% (v/v) bromophenol
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blue (1% stock solution).

2.4.3 NuPAGE® MES SDS running buffer (20 x)

2-(N-morpholino)ethanesulfonic acid (MES) running buffer (20 x, Thermo Fisher
Scientific) was composed of 50 mM MES, 50 mM Tris base (pH 7.3), 0.1% (v/v) SDS,
and 1 mM (EDTA). For electrophoresis the buffer was diluted 1 : 20 with deionised

H,0 (dH20) from the 20 x stock.

2.4.4 NuPAGE® Transfer Buffer (20 x)

NuPAGE Transfer buffer (20x, pH 7.2, Thermo Fisher Scientific) was composed of
25 mM bicine, 25 mM Bis-Tris (free base), and 1 mM EDTA. Prior to use, the buffer

was diluted 1 : 20 in dH,O and 20% (v/v) methanol.

2.4.5 Cell pellet preparation

A total of 5 x 105 cells were seeded onto a 10 cm diameter culture dish and incubated
at 37 °C overnight. The media was aspirated and cells were washed twice with 5
mL followed by an additional 10 mL of ice-cold PBS. Cells were scraped off the
dish, using a cell scraper (Greiner Bio-One Ltd,UK) and transferred into a 15 mL
centrifuge tube. The dish was further washed with 5 mL of PBS and the remaining
cells were added to the same centrifuge tube. The samples were then centrifuged at
252 x g at 4 °C for 5 min using an Eppendorf 5417R centrifuge. The supernatant
was removed and the pellet was resuspended in 1 mL of PBS and transferred into

a 1.5 mL microcentrifuge tube (Costar, Corning, USA). The resuspended cells were
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centrifuged further at 252 x g at 4 °C for 5 min. After decanting the supernatant, all

cell pellets were stored at —80 °C if not used immediately.

2.4.6 Whole cell extraction

Whole cell extracts were prepared as described by Tanaka, et al. (Tanaka et al., 1992).
After determining the packed cell volume (PCV) of the pellet, cells were resuspended
in one PCV of lysis buffer I (Section 2.4.1), containing ‘Complete’ proteinase inhibitor
cocktail EDTA free (1 tablet/10 mL buffer, Roche, Germany). Two PCVs of buffer
I1, also containing proteinase inhibitor cocktail, was then added. The cell suspension
was mixed thoroughly before being placed onto a rotator (Stuart, SB2, Cole-Parmer,
UK) for 1 h at 4 °C. Finally, the cell lysate was centrifuged at 49,304 x g at 4 °C for

35 min and the supernatant was collected and stored at —80 °C.

2.4.7 Bradford protein assay

The protein concentration of each sample was determined using the Bradford protein
assay. BSA was used as a protein standard (stock solution of 0.2 mg/mL) using a
serial dilution, ranging from 1-10 pg/mL. Samples (40 uL) of each concentration were
transferred to a 1 mL disposable cuvette (Fisherbrand™, Thermo Fisher Scientific)
and combined with 960 uL dye reagent (Bradford reagent) and a standard curve was
generated. The unknown samples were diluted in 1 mL at an approximate concen-
tration of 1-10 pug/mL, mixed with 960 pL reagent, and incubated for 5 min at room
temperature. Absorbance at 595 nm were measured using a Jenway 6505 UV /Vis

spectrophotometer (Keison International Ltd, UK). The instrument was calibrated
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with a blank sample, containing dH,O together with 960 uL. dye reagent. The pro-
tein concentration of the unknown samples was determined by comparing the net

absorbance values at 595 nm against the standard curve.

2.4.8 Sample loading

4-12% Bis-Tris protein gels (10 well, NuPAGE™ Novex™  Thermo Fisher Scientific)
were used. The samples to be loaded were prepared in a total volume of 30 uL by
adding 20 pg of protein, 6 puL of 5x SDS loading sample buffer and the remaining
volume dH,O. The samples were denatured by heating for 10 min at 72 °C before gel

loading.

2.4.9 Electrophoresis

Gel cassettes were placed in an XCell SureLock® Mini-Cell system (Thermo Fisher
Scientific) after removing the tape covering the back of the gel cassette. The up-
per buffer chamber was filled with 1x running buffer (as described in Section 2.4.3)
(» 200 mL) prior to filling the lower buffer chamber. The PageRuler™ Plus prestained
protein ladder (Thermo Fisher Scientific) was loaded in the first lane (5 pL) followed
by the samples. The gels were then run at 125 V for 1.5 h, with the voltage controlled

by the PowerPac™ High-Current power supply (Bio-Rad Laboratories Ltd., UK).

2.4.10 Protein transfer

Protein transfer was carried out using the XCell II™ blot module (Thermo Fisher

Scientific). Blotting pads and filter papers (2.5 mm thickness, Invitrogen, USA) were
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pre-soaked in transfer buffer, detailed in Section 2.4.4. A hydrophobic polyvinylidene
fluoride (PVDF) membranes (0.45 wm pore size, Merck Millipore, Germany) were pre-
wet for 30 s in methanol, then washed in dH,O briefly (15 s) and soaked in transfer
buffer for another 2 min. The cathode core of the blotting module was filled in a spe-
cific order, while ensuring no air bubble was introduced, with the followings: blotting
pad, filter paper, gel, PVDF membrane, filter paper, blotting pad. Additional pre-
soaked blotting pads were then added to hold and secure the gel /membrane sandwich
and the anode core was placed on top of the pads. The assembled blotting module
was subsequently placed inside the XCell SureLock® Mini-Cell system and filled with
transfer buffer. The tank was filled with ice-cold dH;O and transfer was performed

at 25 Vior 1.5 h .

2.4.11 Membrane blocking and antibody probing

After transfer, the PVDF membrane was removed, washed with 1x PBS for 5 min
and placed in a blocking solution of 5% w/v non-fat milk powder (Amresco, USA) in
1x PBS-T (0.1% (v/v) Tween-20) for 1 h at room temperature before probing with
primary antibodies. The antibodies used in the study are listed in Table 2.3.

The antibodies were diluted in 2.5% (w/v) non-fat milk powder in PBS-T and in-
cubated for 1 h at room temperature unless otherwise stated. After incubation of
the primary antibody, the membrane was washed three times with PBS-T and con-
sequently incubated with the secondary horseradish peroxidase (HRP) conjugated
antibody (1 h at room temperature). Subsequently, the membrane was washed again

three times with PBS-T and kept in PBS at 4 °C until development.
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. . . . Mol.
Antibody Species Cat.# Supplier Dilution Weight (kDa)
p53 (1C12) Mouse 2524 Cell Signalling |} 19 53

USA
p53 (CM5) Rabbit | NCL-L-p53-CMsp | €€ B[}‘;Eyswms 1: 2,000 53
B-Actin Mouse | MCAST75GA AbDUSgOteC 1: 10,000 417
A“téjf;elg““ Rabbit ab179471 Abcam, UK | 1: 2,000 140-150
An“gfmm Rabbit ab133741 Abcam, UK 1: 1,000 70
Anti-alpha Rabbit ab176560 Abcam, UK 1: 2,000 50
Tubulin
Goat anti-Mouse
IgG (H/L): Mouse 5178-2504 Bio-Rad 1: 3,000 N/A
HRP
Goat anti-Rabbit .
IgG (H/L): Rabbit 65-6120 Thermo Fisher -5 N/A
HRP Scientific

Table 2.3: Antibody dilutions applied for western blotting. Catalogue number,
company, as well as dilutions used and the molecular weight of protein recognised by
each antibody is provided.

2.4.12 Enhanced chemiluminescence detection

Pierce™ enhanced chemiluminescence (ECL) western blotting substrate (Thermo
Fisher Scientific) was used for ECL detection. After removal of PBS buffer, the mem-
brane was incubated with the ECL substrate working solution, prepared by mixing
equal parts of detection reagents 1 and 2. After 1 min of incubation at room temper-
ature, the membrane was removed from the working solution and placed on a clear
plastic wrap and taped into an X-ray cassette (18 cm x 24 cm) with the protein side
facing up. The excess liquid was removed while ensuring no air bubbles were formed
between the blot and the membrane protector. Under red safe light, X-ray film (Fuji
Super RX-N, Fujifilm, Japan) was then placed on top of the membrane. Exposure

times were varied, depending on the quality of the primary antibody and the intensity
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of the signal. The film was removed from the cassette and placed into the Compact
X4 film processor (Xograph, UK). The molecular weights of each of the protein bands

were marked on the film by placing it over the membrane.

2.5 Sub-cellular protein fractionation

Sub-cellular protein fractionation was performed using a fractionation kit and all
buffers were supplemented with proteinase inhibitors at all times, unless otherwise
stated (Thermo Fisher Scientific), according to manufacturers guidelines. More specif-
ically, cells (1 x 10¢ in 1 mL) were seeded in T-75 flasks and left at 37 °C, 5% COs,.
Cells were harvested upon reaching 80% confluence, as described in Section 2.1.1,
and were subsequently centrifuged at 500 x g for 5 min at 4 °C. Cell pellets were
then prepared as described in Section 2.4.5. Ice-cold cell extraction buffer (CEB) was
added to the cell pellet (1 mL CEB per 100 uL cell packed volume) and incubated for
10 min at 4 °C with gentle mixing. Samples were then centrifuged 500 x g for 5 min
at 4 °C and the supernatant, consisting the cytoplasmic extract, was transferred to a
pre-chilled 1.5 mL tube. To the pellet, an ice-cold membrane extraction buffer (MEB)
was added and the samples were again incubated for 10 min at 4 °C with gentle mix-
ing followed by centrifugation at 300 x g for 5 min. The supernatant, the membrane
fraction, was then transferred to a new pre-chilled tube as before. Nuclear extraction
buffer (NEB, ice-cold) was then added to the pellet and samples were incubated for
30 min at 4 °C with gentle mixing. Samples were then centrifuged at 5,000 x g for

5 min and the supernatant, the nuclear extract, was transferred to a 1.5 mL tube.
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Samples were stored at —80 °C until used.

2.6 Statistical analysis

All statistical analyses and non-linear regression were performed using GraphPad
Prism 5 (GraphPad Software,USA) and the specific tests and methods performed in
each chapter are detailed where therein. The data were obtained in at least triplicates
and results are reported and graphed as mean + standard error mean (SEM), unless

otherwise stated.
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3. Imaging p53 — in vitro antibody validation

3.1 Introduction

pH3 is one of the most extensively studied tumour suppressor proteins and mutations
responsible for the loss of p53 function result in the expression of p53 protein that has
an abrogated wild-type role, exerting a dominant negative effect over any remaining
wild-type p53 (Petitjean et al., 2007; Muller and Vousden, 2014). It has been widely
known since the late 90’s that under normal conditions, wild-type p53 has a very
short half-life as it is constantly targeted for degradation by its main regulator MDM2,
while mutant proteins escape this feedback loop leading to a high p53 accumulation in
cancer cells (Midgley and Lane, 1997; Ashcroft and Vousden, 1999; Hailfinger et al.,
2007). Most mutations correspond to a single amino acid substitution within the
full 393 amino acid protein sequence of the central DNA binding domain, with a
number of hotspots being identified (R175, G245, R248, R249, R273, R282). These
changes result in the presence of pb3 protein that is misfolded and highly unstable,
a phenotype crucial for the acquisition of “gain-of-function” (GOF) characteristics
(Muller and Vousden, 2013).

As detailed in Section 1.3, pancreatic ductal adenocarcinoma (PDAC) makes up more
than 90% of pancreatic cancer cases and is characterised by a distinct genetic land-
scape throughout its progression, starting with mutations in the KRAS oncogene
followed by loss of TP53 function in approximately 50% of cases due to a missense
mutation (R175H) in the later stages of development (Hruban et al., 2000; Moore
et al., 2003; Bailey et al., 2016). This mutation of p53 has been strongly correlated

with a malignant phenotype in PDAC as well as other cancers, thus, the detection of
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ph3 mutations could aid the optimum therapeutic selection (Waddell et al., 2015).

Therefore, and as stated in Section 1.10, the main goal of this study was the devel-
opment of a non-invasive imaging probe for the detection of p53 mutations in PDAC
mouse models in vivo. Imaging agents are designed to provide an image format of
the accurate reflection on disease biochemical behaviour of the disease in real-time.
Hence, the optimal probe should exhibit high target specificity and binding affinity to
avoid non-specific uptake in other tissues and false positive results which will affect
image analysis (Chen and Chen, 2010). The first step towards achieving this vision is
the characterisation of a commercially available antibody used as the p53-targeting
vector, based on the methodology published by Cornelissen et al. (Cornelissen et al.,
2011). In this chapter a number of assays were used to validate the specificity and
affinity parameters in two cell lines with positive or negative pb3 profile. The cell
lines used were derived from a genetically engineered mouse model of PDAC (KPC),
first described by Olive et al. (Olive et al., 2004; Olive and Tuveson, 2006), that repli-
cates the human histopathology and metastatic profile characterised by a mutation in
KRAS (G12D) and a differential p53 status. B8484 cells were derived from a KPC-
mouse with LSL-KrasG12P/+  LSL-Trp538172H/+  Pdg-1-Cre status, while P2FIR cells
were derived from KPC-mouse with LSL-KrasG2P/+ LSL-Trp53oc, Pdx-1-Cre. Both
cell lines were used throughout this study in an in vitro an in vivo setting (Hamilton

et al., 2014).
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3.2 Materials and methods

All buffers and solutions are detailed in Chapter 2, unless otherwise stated.

3.2.1 pb3 detection with flow cytometry

Cells were seeded in a 10 cm diameter culture dish (1 x 10¢ cells) and left to adhere
overnight at 37 °C and 5% CO,. After trypsinisation (detailed in Section 2.1.1), cells
were centrifuged for 5 min at 300 x g at 4 °C in 15 mL centrifuge tubes using the
Heraeus™ Megafuge™ 40 centrifuge (Thermo Fisher Scientific). After the removal
of supernatant, cells were washed once with PBS and centrifuged once more for 5 min
at 300 x g before resuspending the pellet in 4% paraformaldehyde (PFA) (500 uL)
and incubating for 10 min at 37 °C. The PFA was then removed by centrifugation
(5 min, 300 x g), cells were washed with PBS and immediately permeabilised using
500 pL of 0.1% Triton-X-100 in PBS for 20 min at 4 °C. Samples were treated with
blocking solution containing 2% FBS (v/v) in PBS for 20 min at room temperature
under stirring. Cells were then incubated with the primary mouse anti-p53 (1C12)
diluted in blocking solution (1 : 3,200 dilution) for 1 h at room temperature or
with a monoclonal mouse IgG; isotype control (1 : 200 dilution, 1 mg/mL stock,
R&D Systems, USA). Cells were washed twice with PBS, each time removing the
supernatant by centrifugation (300 x g, 5 min). Finally, secondary antibody Alexa
Fluor 488 goat anti-mouse IgG, diluted 1 : 200 in blocking solution, was added
and the samples were agitated for 40 min at room temperature. Cells were then

washed one last time with PBS and resuspended in 1 mL PBS for analysis. Data
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was acquired using a Becton Dickinson FACSCalibur™ (BD, USA) and analysis,
including histogram overlays, were performed using FlowJoV10 software (FlowJo,

LLC, USA).

3.2.1.1 Data acquisition and analysis

For each sample, a total of 15,000 detection events were acquired at an approximate
rate of 150-300 events per second. The control sample contained no primary antibody
and was used to adjust the side-scatter area (SSC-H) versus forward-scatter area
(FSC-H) axes to reveal the general cell population (Forment and Jackson, 2015).
Single cells were gated from the general population by plotting forward-scatter linear
width (FSC-W) against forward-scatter linear area (FSC-A) values from the single
cell population. The detected fluorescence at 488 nm was displayed in histogram
mode (FL1-H) where the horizontal axis represents the fluorescent signal value in

channel numbers and the vertical axis the number of events per channel.

3.2.2 siRNA-mediated gene silencing

Cells were seeded in a 6-well plate (1 x 10° cells per well) and left to adhere overnight.
The following sequences in the p53 coding region were targeted with pre-designed
ON-TARGETplus mouse Trp53 siRNA-SMARTpool (Dharmacon, USA) at a work-
ing concentration of 50 nM. The four p53 siRNA sequences in the pool are: siRNA1
GUAAACGCUUCGAGAUGUU, siRNA2 AAAUUUGUAUCCCGAGUAU, siRNA3
GAGGAGUCACAGUCGGAUA, and siRNA4 CAGUCUACUUCCCGCCAUA. Trans-

fections were carried out using Lipofectamine RNAIMAX reagent (Invitrogen, UK)
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according to manufacturer’s specifications. More specifically, siRNA and lipid pre-
mixed samples were prepared separately in serum-free DMEM media by mixing 5 pL
of 20 uM siRNA (final concentration of 50 nM) and 7.5 uL Lipofectamine RNAIMAX
respectively. Each mix was then incubated for 5 min at room temperature before the
siRNA was added to the lipid pre-mix and incubated for a further 20 min. The
siRNA-lipid complex was then added to each well and cells were incubated at 37 °C
for 48 h. Control transfections were performed using identical procedures but without
the siRNA mix and with the Lipofectamine reagent only to ensure that the effects

observed were independent of the transfection agent used.

3.2.3 Immunocytochemistry

For immunocytochemistry studies with labelled secondary antibodies, cells (2 x 10°
cells per well) were seeded in 6-well plates, equipped with a sterile cover glass (24 x
24 mm) at the bottom of each well. Cells were then incubated overnight at 37 °C and

in a 5% CO5 humidified chamber before fixation and labelling with antibodies.

3.2.3.1 pb3 staining

After incubation, cells were washed with 1 mL PBS and immediately fixed with 4%
(w/v) PFA in PBS (500 puL) (Sigma-Aldrich) for 30 min at room temperature. The
cells were then washed three times with PBS for 5 min each followed by permeabil-
isation with 500 pL of 0.2% (v/v) Triton-X-100 in PBS (Sigma-Aldrich) for 10 min
at 4°C. Cells were then washed three times with PBS and blocked with 500 pL of

blocking solution composed of 2% (w/v) BSA in PBS for 1 h at room temperature.
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Primary mouse anti-p53 (1C12) antibody was prepared in blocking solution (1 : 4,000
dilution) and 300-400 pL was added to each well, and incubated at room temperature
for 1 h or overnight at 4 °C. After incubation with the primary antibody, cells were
washed three times with PBS and incubated with 300-400 uL secondary antibody,
Alexa Fluor 488 goat anti-mouse IgG (Thermo Fisher Scientific), 1 : 500 dilution in
blocking buffer, for 1 h at room temperature. Subsequently, cells were washed three
times with PBS for 5 min at room temperature. The prepared glass cover (at the
bottom of each well) were then mounted onto a microscope slide (Thermo Fisher Sci-
entific) following the addition of a drop of Vectashield® mounting media containing
4’ 6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, USA). Samples were im-
aged using a Leica TCS SP8 confocal laser Scanning platform (Leica microsystems,
UK) equipped with 63 x oil-immersion objective lenses and an excitation maximum

wavelength of 358 nm and 490 nm for DAPI and Alexa Fluor 488, respectively.

3.2.4 Enzyme linked immunosorbent assay

For the enzyme linked immunosorbent assay (ELISA), 1 x 10* cells per well were
seeded in a 96-well plate and incubated overnight at 37 °C in a 5% CO, humidified
chamber. The cell media was aspirated and cells were washed with PBS prior to cell
fixation with 100 uL of 4% PFA for 10 min at 4 °C. After the removal of PFA, cells were
washed with PBS and then permeabilised with 100 uL of permeabilisation solution,
containing 1% (v/v) Triton-X-100 in PBS for 15 min at room temperature. Cells were
then blocked with 100 pL of ELISA blocking buffer (Thermo Fisher Scientific) for

45 min at room temperature. Serial dilutions of the primary mouse anti-p53 (1C12)
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monoclonal antibody in blocking solution were added in triplicates to the cells and
were incubated for 1 h at room temperature. After removing the primary antibody,
cells were washed twice with Tris-buffered saline wash buffer, supplemented with 0.1%
(v/v) Tween-20 in deionised HyO (dH20) (TBS-T) and consequently incubated at a
1 : 5,000 dilution of goat anti-mouse IgG (H/L) : HRP secondary antibody for 40
min at room temperature. At the end of the incubation period, cells were washed
twice with TBS-T wash buffer and 100 uL of 3,3’,5,5'-tetramethylbenzidine (TMB)
substrate solution (Abcam, UK) was added to each well, resulting in a visible blue
colour. To the samples, 100 pL of stop solution (1 N HCI, 0.6 N sulfuric acid) was
added and the absorbance at 450 nm was measured using the Infinite® 200 Pro

microplate reader (Tecan Group Ltd, Switzerland).

3.2.5 Statistical analysis

For flow cytometry, data were reported as mean + SEM (standard error of mean)
and statistical analysis were performed using GraphPad Prism 5 (GraphPad Soft-

ware,USA). A Mann-Whitney test was used to compare medians between groups.

3.3 Results

3.3.1 Validation of the anti-p53(1C12) antibody

The mouse monoclonal (mAb) anti-p53 (1C12) antibody, which detects endogenous
levels of total p53 protein, was selected from a panel of others (Table 2.2, Section 2.3)

due to its application range, literature references and pricing. Considering the vari-
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able quality of commercially available antibodies, the anti-p53 (1C12) was validated
using a set of criteria evaluating its specificity, reproducibility, and affinity. B8484
(LSL-KrasG12P/+  LSL-Trp538172H/+  Pdr-1-Cre) and P2FIR (LSL-KrasG'?P/+  LSL-
Trp53for . Pda-1-Cre) KPC-derived cell lines were used throughout this study as p53-

positive and phH3-negative controls, respectively.

3.3.1.1 Western blot analysis

To test the specificity of the anti-p53 (1C12) antibody, western blot analysis was
performed as the first verification whereby specificity was confirmed by the presence
of a single band at a corresponding molecular weight of the protein of interest. Whole
cell extracts from B8484 and P2FIR samples (20 pg total protein) (see Section 2.4.6)
were loaded onto 4-12% Bis-Tris protein gels followed by immunobloting for p53 and

results are shown in Figure 3.1.

KPC Cell Lines B8484 P2FIR

P53 | —

B-Actin | — — |

Figure 3.1: Antibody validation by western blot. Representative western blot of
p53 protein expression in B8484 and P2FIR KPC-derived cells. Whole cell protein
extracts (20 pg total protein) were loaded on SDS-PAGE, followed by immunoblotting
with mouse monoclonal anti-p53 (1C12) antibody (Lot No:7). S-Actin was used as a
loading control.
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As can be seen in Figure 3.1, B8484 KPC-derived cell lines, harbouring a p53 mis-
sense mutation (R172H), presented a high level of p53 basal protein expression and
there was indeed a singular band at a molecular weight of approximately 53 kDa
corresponding to ph3 protein (see full developed film in Appendix, Figure A.1). In
contrast, no protein product was detected in the p53-null P2FIR negative control
cells.

To confirm that the signal observed in B8484 cells originate from the mutant variant
of p53, as well as to gain clearer insight of the expression level in the wild-type cells,
a comparison was made between the B8484, P2FIR, and mouse embryonic fibroblast
(MEF) that carry wild-type p53. As evident in Figure 3.2, there was a very faint
pH3 signal in the MEF cells when compared to the highly accumulated p53 protein
in B8484 cells.

Cell Lines B8484 MEF P2FIR

po3

B-Actin

Figure 3.2: Representative western blot of p53 protein expression levels in B8484
(Trp53R172H/+) P2FIR, (Trp53fr) and MEF (Trp53*/%) cell lines. Total protein (30
ug) was loaded on SDS-PAGE, followed by immunoblotting with mouse monoclonal
anti-p53 (1C12) antibody . [-Actin was used as a loading control.

These results were reproducible amongst different lots of the anti-p53 (1C12) antibody

(see Appendix, Figure A.2), where only a single band was present at 53 kDa.
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3.3.1.2 Flow cytometric analysis

In addition to western blot, flow cytometry was performed to quantitatively evaluate
the ability of the anti-p53 (1C12) antibody to detect p53 protein at a single-cell level.
Cells were incubated with the primary anti-p53 (1C12) antibody followed by a sec-
ondary Alexa Fluor 488-conjugated antibody, as detailed in Section 3.2.1, producing
a signal while they individually passed through a beam of light. Data were acquired
and analysed using FlowJoV10 software as described in Section 3.2.1.1.

From the 15,000 events acquired per sample, the percentage of p53-positive cells was
calculated from the gated cells in forward (FSC-H) and side (SSC-H) scatter profile
as can be seen in the dot plots for both B8484 and P2FIR KPC-derived cell lines
with each cell registered as a single dot (Figure 3.3a and Figure 3.3b, respectively).
Median fluorescence intensity (MFI) was used to quantify the differences in cellular
fluorescence of each cell population. The MFI values for each sample were plotted
on GraphPad Prism 5 whilst correcting for background (samples stained only with
secondary antibody). Asshown in Figure 3.3c, B8484 cells present more than a 10-fold
greater MFI than that observed in P2FIR cells. Furthermore, evident fluorescence
intensity shift (histogram mode, FL1-H) was detected in B8484 cells while the signal
from P2FIR cells was similar to background levels (Figure 3.3d). Cells incubated with
IgGy isotype control or fluorophore-labelled secondary antibodies alone served as non-
specific binding and background controls, respectively, but were also important for

the correct identification of positively and negatively labelled cell populations.
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Figure 3.3: Antibody validation using flow cytometry. (a) and (b) Dot blot of
all 15,000 events and the representative gated cell population for B8484 and P2FIR
cells, respectively (c) p53 expression in B8484 and P2FIR KPC-derived cell lines de-
termined by median fluorescence intensity (MFI) values. Error bars represent mean +
standard error mean (SEM) (n = 3 independent biological experiments) (d) Represen-
tative histogram of the FL1-H parameter (Alexa Fluor 488 fluorescence), indicating
the population of pb3-positive cells. IgG; or fluorophore-only stained cell populations
were used as background controls.
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3.3.1.3 Evaluation by siRNA-mediated protein knockdown

Additional antibody validation by siRNA gene silencing for Trp58 gene was performed
to further ensure if the observed differences represented true protein detection. siRNA
transfections were performed in B8484 KPC-derived cells as described in Section 3.2.2,
using RNAIMAX transfection reagent. pb53 expression was depleted using a p53
siRNA pool at a working concentration of 50 nM. Non-transfected (NT') cells were
added to allow side by side comparisons. Expression of pb3 protein was then assessed

by western blot 48 h post-transfection using the 1C12 antibody (Figure 3.4).

siRNA NT Mock p53

p53

B-Actin

Figure 3.4: Validation of 1C12 antibody by siRNA-mediated protein knockdown
in B8484 cell line. B8484 cells were incubated with either a p53-targeting siRNA
pool or transfection-reagent only (Mock), and harvested 48 h after for western blot
analysis. Non-transfected cells (NT) were also prepared as controls. Total protein (10
ug) was loaded on SDS-PAGE, followed by immunoblotting with mouse monoclonal
1C12 antibody. p-Actin was used as the loading control.

Whole cell protein extracts (10 pg total protein) were used following procedures
described in Section 2.4. Compared to mock-transfected B8484 cells (Mock, Fig-
ure 3.4), a reduction in p53 expression level of greater than 50% was observed in cells

treated with the p53 siRNA pool (p53, Figure 3.4). This depletion of p53 in B8484
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cells was not affected by the transfection reagent as there was no difference in protein
expression levels between the non-transfected and mock-transfected (NT andMock,

Figure 3.4) samples.

3.3.2 Intracellular localisation of p53 using confocal microscopy

The intracellular localisation of p53 has been extensively studied since the early 80’s
(Dippold et al., 1981; Middeler et al., 1997; Marchenko et al., 2007). It was demon-
strated that p53 mainly resides in the cytoplasm of normal cells, however, due to a
compromised degradation of mutant p53 (as discussed in Section 1.4.2), it accumu-
lates to high levels in tumour cells, especially in the nucleus. Taking this understand-
ing of p53 localisation into account, p53 distributions within the B8484 and P2FIR
KPC-derived tumour cells were determined by indirect immunofluorescence using
confocal microscopy (Figure 3.5). Cells were processed with procedures described in
Section 3.2.3, and probed with anti-p53 (1C12) antibody followed by staining with
a fluorophore-conjugated secondary antibody (Alexa Fluor 488 goat anti-mouse IgG)
and images are shown in Figure 3.5.

As seen in Figure 3.5a, B8484 cells presented enhanced nuclear staining (as observed
by colocalisation with the DAPI nuclear stain) of the p53 mutant protein with a
significant fraction in the cytoplasm. In contrast, no pb3 staining was detected in
p53 null P2FIR cells (Figure 3.5b).

This distribution of p53 both in the nucleus and in the cytoplasm is in agreement with
studies that observed a similar localisation pattern for the R175H mutant (human

equivalent of the murine R172H mutant), when transfected into p55/~ human colon
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(a) B8484
DAPI

20 micron

(b) P2FIR
DAPI

20 micron

Figure 3.5: Representative microscopy images of intracellular localisation of p53 in
KPC-derived cell lines. B8484 (a) and P2FIR (b) cells were stained with the anti-
p53 (1C12) primary antibody followed by an Alexa Fluor 488-conjugated anti-mouse
secondary antibody (green). Nuclei were visualised using DAPI (blue, left panel).
Images were acquired using a Leica TCS SP8 confocal laser scanning platform. Scale
bar is 20 um for all images.

carcinoma HCT 116 cells (Morselli et al., 2008). No signal was detected on the
membrane of either cell line.

Finally, to support the validity of staining and to ensure that the secondary antibody
exhibit no non-specific binding towards endogenous IgG, a control staining without
primary antibody was applied to the B8484 cells, where little to no background stain-
ing was observed (Figure 3.6). These results confirm that the staining observed above
was representative of endogenous pb3 expression. All images were processed using

Fiji (ImageJ, USA) using the same analysis parameters.
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B8484

No primary

20 micron

Figure 3.6: Evaluation of non-specific fluoresence in B8484-KPC derived cells. Cells
were incubated with fluorophore-conjugated antibody only (Alexa Fluor 488). DAPI
(blue) was used to stain nuclei. Scale bar is 20 pwm.

The sub-cellular distribution of p53 in B8484 cells was also evaluated by fractiona-
tion studies, as described in Section 2.5, where each of the sub-cellular compartments
(membrane, cytoplasm, nucleus) was prepared separately and probed for the presence
of p53 protein by western blot. However, the results obtained from three independent
biological experiments (see a representative blot in Appendix A.3) do not agree with
the p53 distribution presented above (Figure 3.5a). More specifically, the p53 protein
seems to appear not only in the nucleus and cytoplasm but also in the membrane
fraction. This can be attributed to a possible cross-contamination by various com-
partments during the fractionation protocol as evident by the presence of a-tubulin,

a cytoplasmic marker, in all three fractions invalidating the process.

3.3.3 Evaluation of antibody affinity by ELISA

In order to gain insight of the interaction between the antigen binding site of anti-
p53 (1C12) and the ph3 epitope, the equilibrium dissociation constant (Kp) was
characterised. An interaction of high affinity is represented by a low Kp, where the
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association rate (ko) is many orders of magnitude faster compared to the dissociation
rate (Kof).

Indirect enzyme-linked immunosorbent assay (ELISA) was used, as described in Sec-
tion 3.2.4. In this experiment, an antigen immobilised to a surface, is bound to an
antibody linked to an enzyme (horseradish peroxidase, HRP). Detection is then per-
formed using a substrate-chromogen reagent that recognises the conjugated enzyme

and allows the colour to develop. The absorbance is then measured at 450 nm.
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Figure 3.7: Evaluation of binding affinity by ELISA. Saturation binding curve repre-
senting the binding of the p53 (1C12) mouse monoclonal antibody to the p53 antigen
in fixed and permeabilised B8484 cells. The Kp was estimated as 9 + 2.2 nM (n =5
independent biological experiments) by non-linear regression analysis.

The Kp value was determined for the B8484 cells using a range of concentrations for
the anti-p53 (1C12) antibody. In Figure 3.7, a representative binding curve is dis-

played, indicating binding of the anti-p53 (1C12) antibody to the p53 antigen, reach-
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ing saturation at approximately 200 nM with an affinity constant Kp of 9 + 2.2 nM.
The data was fitted to a saturation binding curve using a non-linear regression fitting
model of the GraphPad Prism 5 software to the following equation:

Y= Bpax x X" (Kp + X")

where B« is the maximum specific binding, X is the concentration in nM, n is
the curve slope factor, and Kp is the dissociation constant. The background was
constrained to the reading obtained where no concentration of antibody was added,
representing non-specific binding. When determining the affinity in P2FIR cell line
using same concentrations as in B8484 cells, the resulting binding curve was inter-
rupted and no Kp value was generated. This Ky value in the low nanomolar range

suggests high affinity of the anti-p53 (1C12) antibody for its antigen in B8484 cells.

3.4 Discussion

In this chapter the mouse monoclonal (mAb) anti-p53 (1C12) antibody was validated
in vitro by several assays to confirm its suitability for this study as a tool for the
recognition of mutant p5H3.

The anti-p53 (1C12) antibody specificity was first tested using western blot, a com-
monly used method in biological research. A panel of cancer cell lines with a known
p53 status were used as a first step to understand whether the antibody recognises the
antigen in its denatured form. A single band was observed at the molecular weight of
approximately 53 kDa for the p53-positive B8484 KPC-derived cell line (Figure 3.1)

whereas no signal was detected in the p53-null P2FIR cells. The observed strong
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signal in B8484 cells suggests a significant accumulation of the p53 mutant protein,
likely due to the lack of efficient degradation by the proteasome as well as a complete
abrogation of the existing wild-type allele (Blagosklonny, 1997; Muller and Vous-
den, 2013). No other bands were present across the membrane at different molecular
weights, which strongly suggests the lack of any breakdown products or splice vari-
ants.

The positive B8484 cells presented a great accumulation of the mutant p53 protein
as shown by the comparison made with the p53 wild-type MEF cells (Figure 3.2).
Taken together, the observations are in great agreement with the common notion that
mutations of p5H3 lead to the expression of a full-length mutant protein with abrogated
functions, that usually presents a dominant negative effect over the remaining wild-
type pb3 allele (Petitjean et al., 2007). This phenomenon is observed in many types
of cancer, including pancreatic ductal adenocarcinoma (PDAC).

While these data suggest the strong specificity towards the epitope in its denatured
form of the antibody utilised in the study, information provided by western-blots are
semi-quantitative in nature. This was therefore supplemented by the flow cytometric
analysis of p53 protein expression levels, which provided information on single cell
level, based on their fluorescent properties. The data generated by flow cytometry
corroborates those obtained from western blot as significant difference in p53 ex-
pression levels was observed between the B8484 and P2FIR cells (Figure 3.3c). The
combined results from western blot and flow cytometry not only confirmed the good
specificity of the anti-p53 (1C12) mAb, but also the reproducibility as different lots
were tested providing comparable results.
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Genetic strategies such as siRNA knockdown have been used extensively for antibody
validation, where the target messenger RNA (mRNA), coding the target protein,
is degraded to knockdown the production of a specific protein in the cell. This
approach provides a strong correlation between the gene and the target protein and
its recognition by the antibody. Therefore, it is a particularly useful method to test
the specificity of an antibody towards proteins that come from relevant genes (Uhlen
et al., 2016). In Section 3.3.1.3, the western blot assaying p53 compared siRNA
knockdown of the protein in the B8484 cell line with a mock control (no siRNA)
where a strong reduction of antibody staining was observed after treatment with p53
siRNA pool. This data set suggest favourable antibody specificity, especially against
related proteins, such as other p53 family members.

After characterisation of the specificity of the antibody, the sub-cellular distribution
of p53 was evaluated in both cell lines of interest (B8484 and P2FIR, Section 3.3.2).
These experiments showed that pb3 protein was mainly localised in the nucleus in
B8484 cells with some diffuse staining in the cytoplasm (Figure 3.5a), which is in
agreement with previously published literature (Yu et al., 2000; Morselli et al., 2008;
Comel et al., 2014). No staining was observed in P2FIR cells (Figure 3.5b). These
findings were similar to those observed by the Human Protein Atlas (Atlas, 2017).
More specifically, in a panel of human tumour sections, including pancreatic cancer,
pH3 protein was found primarily in the nucleus using antibodies against human p53.
However, further validation using fractionation studies were unsuccessful, thus making
these observations inconclusive.

Finally, antibody affinity was determined using an ELISA method, a quantitative and
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high-throughput assay, which gave the Kp value of 9 + 2.2 nM (Figure 3.7). Such
a Kp value at the nano-molar range are usually associated with high affinity, thus
indicating the strong affinity of the anti-p53 (1C12) mAb for the p53 antigen in B8484

cells.

3.5 Conclusions

The work presented in this chapter demonstrated, through a number of characteri-
sation methods, the suitability of the anti-p53 (1C12) mAb for the purposes of this
study as a high quality antibody, proving good specificity, reproducibility and affin-
ity. However, the techniques utilised were not without their shortcomings: i, the
results could be assay dependent; ii, detection systems could be highly sensitive to
environmental factors; and iii, the non-specific binding of antibody could lead to fluc-
tuations between cell lines. Therefore, it would be interesting to carefully evaluate
the abundance of p53 antigen in these KPC-derived cell lines and also estimate any
potential binding partners that might have similar sequences to p53. One such ap-
proach could be similar to that reported by Marcon et al. (Marcon et al., 2015),
a novel method based on mass spectrometry (MS) evaluation of antibodies mainly
used for immunoprecipitation studies. The authors generated a standard operating
procedure where 1,124 synthetic antibodies were applied for immunoprecipitation of
their respective antigens from HEK293 cells and analysed by MS with the aim of
identifying any bound proteins. With further development of this technique, it could

serve as a strong supplementary method for the validations performed in the present
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chapter.
In conclusion, the data in this chapter support the feasibility of using the anti-pb3

(1C12) antibody, considering its optimal binding properties for the target of interest.

78



Chapter 4

Synthesis and in vitro validation of
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4.1 Introduction

Antibodies have been widely used as the basis of imaging agents thanks to their
well-known biodistribution, lack of toxicity and side effects, pharmacokinetic charac-
teristics as well as high target affinity and specificity. Compared to small molecules,
the size of antibodies (150 kDa) facilitates the long plasma half-life (24-56 h) which
often lead to higher tumour uptake, hence giving a greater tumour-to-background
level (Warram et al., 2014). However, their large size and hydrophilicity also limits
their application in intracellular delivery due to poor permeability and specificity.
Furthermore, even the ones that could enter the cell through endocytosis, they are
likely to be degraded by lysosomes, without interacting with their target. While a
number of techniques exist for cellular injection of antibodies, such as microinjection,
electroporation, and liposome encapsulation (Chakrabarti et al., 1989; Park et al.,
2002b; Zhang and Yu, 2008; Yang and Hinner, 2015), these are limited to in vitro ap-
plications as their invasive nature (disruption of cell membrane, cell-to-cell variability)
make them unsuitable for in vivo or clinical applications.

Since their discovery, cell penetrating peptides (CPPs), also referred to as protein
transduction domains (PTDs), have been extensively used to facilitate the intra-
cellular entry of large biomolecules, overcoming the selective nature of the cell mem-
brane (Kersemans and Cornelissen, 2010). The transactivator of transcription protein
(TAT), derived from the human immunodeficiency virus (HIV-1) has been reported
to deliver various cargos into the cell both in vitro and in vivo (Mann and Frankel,

1991; Cornelissen et al., 2011; Schwarze et al., 1999). However, the mechanism of
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entry is still unclear, with many pathways implicated over the years (as discussed in
Section 1.9.1). The positive charge of the peptide as well as the a-helix formation are
considered to play an essential role in the cellular uptake. In particular, the number
of arginines in the TAT sequence (GRKKRRQRRRPPQGYG) are responsible for the
membrane translocation while the presence of KKRR nuclear localisation sequence
accounts for nuclear import (Schmidt et al., 2010).

Several studies have suggested that the internalisation process may be energy and
endocytosis independent (Vives et al., 1997; Torchilin et al., 2001) and furthermore
was affected by various parameters such as cell type, cargo size, linkage type, as well
as membrane composition. Despite these debates, the main pathway of internalisation
is widely accepted to be endocytosis (Richard et al., 2003) with the escape mechanism
also being poorly understood (El-Sayed et al., 2009).

The use of cell penetrating peptides in molecular imaging has been reported pre-
viously, mostly to target intracellular or intranuclear biomarkers (Kersemans and
Cornelissen, 2010). The first TAT-conjugated monoclonal antibody imaging agent
was described by Hu et al., where the authors characterised the cellular and nuclear
uptake of TAT-conjugated molecules labelled with 231 (1231-IgG-TAT) both in wvitro
and @n vivo, in breast cancer xenografts suggesting a potential method of imaging
intracellular and especially nuclear targets (Hu et al., 2006).

While modalities such as magnetic resonance imaging (MRI), computed tomography
(CT) and ultrasound have been widely used in diagnostic clinical applications, these
techniques can only provide anatomical and physiological information. The aforemen-

tioned imaging methods utilising radioisotopes coupled to antibodies, namely single
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photon emission tomography (SPECT) and positron emission tomography (PET)
(Kaur et al., 2012), offer great sensitivity in visualisation and quantification of bio-
logical processes involved in cancer tumourigenesis and progression at a whole body
level (Freise and Wu, 2015). While PET offers better sensitivity, greater spatial
resolution could be achieved by SPECT in the submillimeter range (< 1 mm) in pre-
clinical scanners, making SPECT a more suitable imaging modality for pre-clinical
assessment of radiolabelled antibodies (Rahmim and Zaidi, 2008; Khalil et al., 2011).
The selection of radioisotope has to meet several criteria for applications in in vivo
imaging studies, such as compatibility to human physiology, half-life, cost and ease of
production (Rangacharyulu and Roh, 2015). Of all the different radioisotopes avail-
able for SPECT imaging, Indium-111 (**!In) was chosen in this study due to its ideal
half-life (67.32 h), low cost, and well-established chemistry. Radiolabelled antibodies
have been used in the clinic before, with 'In-satumomab pendetite being the first
FDA approved labelled monoclonal antibody against a tumour-associated antigen,
TAG-72, found in many cancer types (Bohdiewicz, 1998). FDA approval of antibody
based imaging agents opened the door to more possibilities for the development of
imaging biomarkers.

Taken together, the overall aim of the investigations in this chapter is to validate
the radiolabelled anti-p53 (1C12) monoclonal antibody following its characterisation
as described in Chapter 3. Considering the important role of p53 in carcinogenesis
and cancer progression, an imaging agent would provide an invaluable tool for char-
acterising tumours based on their p53 status. The anti-p53(1C12) was conjugated

to the TAT cell penetrating peptide, radiolabelled and evaluated in vitro. Assays to
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evaluate labelling yield, cell internalisation, binding characteristics were performed
in order to assess the potential suitability of these radioconjugates for subsequent in

v1vo imaging.

4.2 Materials and methods

Radioconjugate synthesis was carried out as described by Cornelissen et. al. (Cor-
nelissen, B. 2011). All buffers, water, and PBS were de-metallated using Chelex-100
resin (Bio-Rad Laboratories, Inc.) and were filtered through a sterile 0.22 uM syringe

filter device with a polyethersulfone (PES) membrane (Merck Millipore, USA).

4.2.1 Conjugation to TAT cell penetrating peptide

The first step towards targeting p53 for imaging was the conjugation of the anti-
p53 (1C12) mAb antibody to a CPP | the transactivator of transcription (TAT)
protein of HIV-1, which facilitates the delivery of the antibody across the plasma
membrane and into the nucleus. The conjugation method exploited the 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N-hydroxysulfosuccinimide
sodium salt (Sulfo-NHS) chemistry whereupon EDC, a crosslinking agent, is used to
couple carboxyl groups, present at the side chains of the biomolecule, to primary
amines forming an active intermediate. To increase the stability of the intermediate,
Sulfo-NHS is then used converting it into an amine-reactive Sulfo-NHS ester react-
ing with the amines from the TAT peptide forming an amide bond (Figure 4.1).

The chemical structures of both EDC and Sulfo-NHS are shown in Figure 4.2a and

83



4. Synthesis and in vitro validation of radioconjugates

Figure 4.2b, respectively.
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Figure 4.1: Antibody-TAT conjugation via EDC/Sulfo-NHS chemistry. EDC/Sulfo-
NHS facilitates the activation of carboxyl groups to amine-reactive Sulfo-NHS ester,
followed by TAT conjugation through an amide bond formation.
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Figure 4.2: Chemical structures of EDC (a) and Sulfo-NHS (b).

More specifically, anti-p53 (1C12) mouse monoclonal antibody or mouse monoclonal
IgG1 non-specific control (R&D Systems Inc., USA) were first buffer exchanged to
0.1 M 2-(N-morpholino)ethanesulfonic acid (MES, pH 6) using an Amicon ultra-
centrifugal filter with a nominal molecular weight cut off of 30 kDa, (0.5 mL, Merck
Millipore). The filter device was centrifuged for 8 min at 12,300 x g using a Mi-
cro Star 12 desktop microcentrifuge (VWR, USA) for three consecutive rounds of
concentration and dilution. The final concentration of antibodies was maintained
at approximately 1 mg/mL in 100 pL total volume. The antibody was diluted to
200 puL of 0.1 M MES (pH 6) and then 3.1 uL of EDC (130 mM in 0.1 M MES,

pH 6) (Thermo Fisher Scientific) and 8.8 uL of Sulfo-NHS (115 mM, in 0.1 M MES,
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pH 6) (Thermo Fisher Scientific) were added to give a final concentration of 2 mM
and 5 mM, respectively. The resultant solutions were then mixed by vortexing for
15 min at room temperature. The Sulfo-NHS modified antibodies were then buffer
exchanged to PBS (pH 7.4) in a final volume of 100 pL and the cell penetrating
peptide TAT (GRKKRRQRRRPPQGYG, molecular weight = 1996.3 g/mol) (Cam-
bridge Peptides, UK) was reacted with the antibody for 2 h at room temperature
(TAT : antibody ratio at 5 : 1, TAT stock concentration = 1.4 mg/mL in PBS).
Unreacted TAT was removed using Sephadex® G50 gel filtration (Sigma-Aldrich) in
PBS (fractionation range 1.5-30 kDa), eluted with 0.1 M sodium bicarbonate buffer
at pH 9 (100 uL/fraction, 16 fractions). The fractions with the highest antibody
concentration, as determined by Nanodrop 1000 (Agsg) (Thermo Fisher Scientific),

were combined, concentrated and used for the next step (Section 4.2.5.1).

4.2.2 Antibody labelling with the Cy3-NHS dye

Cyanine 3 mono-reactive dye (Cy3-NHS, the chemical structure of the Cy3-NHS dye
is shown in Figure 4.3) (GE Healthcare), dissolved in DMSO (10 mg/mL), was reacted
with a solution of 1 mg/mL TAT-conjugated antibody (in 0.1 M sodium bicarbonate
buffer, pH 9) at a 100 : 1 ratio for 1 h at room temperature. The excess non-reactive
reagent was removed by G50 gel filtration medium and the antibody-dye conjugate
was eluted in PBS.

The absorbance of the Cy3-antibody conjugate was measured at 280 nm and 550 nm
using a spectrophotometer (Nanodrop 1000) (Thermo Fisher Scientific). The degree

of labelling was estimated using the method described in Hayashi-Tanaka et al. by
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SOK

Figure 4.3: Cy3 mono NHS ester.

the following expressions (Hayashi-Tanaka, Y. et. al. 2014):

A Agye
Ab Concentration (M) = 2280 X Adye o (4.1)
€Ab
. Adye
Dye Concentration (M) = . (4.2)
dye
D i M
Dye: Ab ratio = ye Concentration (M) (43)

Ab Concentration (M)

where Aggg is the absorbance of the cyanine 3-antibody (Cy3-Ab) conjugate at 280
nm for a 1 cm path length and Agye is the absorbance of Cy3 at 550 nm; the cor-
rection factor (CF) is the ratio of Cy3 absorbance alone at 280 nm to Agye; €dye i8
the extinction coefficient of Cy3 at the excitation wavelength (550 nm); €ay, is the

extinction coefficient of antibody at 280 nm.

4.2.2.1 Evaluation of conjugation efficiency by SDS-PAGE

Following the synthesis of Cy3-Ab conjugate, 10 ug of sample was prepared in 30 pL

total volume with 6 x glycerol based Orange G loading dye (Alfa Aesar, UK). The
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samples were subsequently loaded onto a 4-12% Bis-Tris protein gels (Section 2.4.8)
and run at 200 V for 32 min (Section 2.4.9), using a prestained protein ladder
(PageRuler™  Thermo Scientific) as a molecular weight marker. After the elec-
trophoresis, detection of fluorescent bands was performed with the Odyssey® Fc
imaging system (LI-COR, USA) with the 600 nm channel (excitation/emission max-
ima of 520/600 nm). Thereafter, the gel was stained with coomassie stain (SimplyBlue™
safe stain, Thermo Scientific) at room temperature for 45 min and destained overnight
in dH,O, achieving detection of both the protein ladder and the separated antibody

bands.

4.2.3 In vitro evaluation of TAT internalisation

B84848 and P2FIR cells were seeded onto sterile cover glass slips with a density at
2 x 10° per well in 6-well plates and left to adhere overnight at 37 °C, in a 5%
COs humidified chamber. Cells were then incubated with the fluorophore-labelled
conjugates (0.125 pug/mL) for a time period up to 4 h. Medium was then removed
and cells were washed twice with PBS prior to fixation with cold 4% PFA for 10 min
at room temperature. After fixation, cells were directly mounted onto a microscope
slide, using Vectashield mounting media with DAPI. Images were then taken using a
confocal laser scanning platform (TCS, SP8; Leica microsystems, UK) equipped with
63 x oil-immersion objective lenses and an excitation wavelength of 548 nm for the

Cy3 dye and 358 nm for DAPI.
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4.2.4 Immunoreactivity of TAT-conjugated anti-p53 (1C12)

antibody

B8484 and P2FIR whole cell protein extracts were prepared, as described in Sec-
tion 2.4.6, with 20 pg loaded onto a 4-12% Bis-Tris protein gels. Membranes were
then blotted in parallel with anti-p53 (1C12) and the modified anti-p53 (1C12)-TAT
at the same dilution as seen previously (1 : 1,000 in 2.5% (w/v) milk powder in

PBS-T) (Section 2.4.11).

4.2.5 Synthesis of radioconjugates

HMnCls was chosen for the labelling of monoclonal antibodies due to its preferable
half life (t1/, = 67.32 h) for antibody plasma half-life of several days (Unverdorben
et al., 2016). Prior to labelling with the radioisotope, the anti-p53 (1C12)-TAT was
first reacted with S-2-(4-isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid
(p-SCN-Bn-DTPA) chelator prior to labelling with 1InCls, which reacts with the
free amine group, leading to its conjugation at the lysine residue sites. The chelator
facilitates strong coordination complexes with metals such as '1InCls, the chemical

structure of the chelator is shown in Figure 4.4.

4.2.5.1 Conjugation to p-SCN-Bn-DTPA

TAT-conjugated antibodies, in 0.1 M sodium bicarbonate buffer (pH 9) (Section 4.2.1),
were reacted with a 20-molar excess of p-SCN-Bn-DTPA at 2 mg/mL, in DMSO (3
mM) (Macrocyclics, USA), for 1 h at 37 °C. The unreacted p-SCN-Bn-DTPA was

removed using Sephadex® G50 gel filtration medium as described previously, using

88



4. Synthesis and in vitro validation of radioconjugates

0.5 M MES (pH 5.4) as the elution buffer. The resulting BnDTPA-TAT conjugated
antibodies were then transferred to a 30 kDa Amicon ultra centrifugal filters and

concentrated (1 mg/mL) in 0.5 M MES (pH 5.4) prior to radioisotope labelling.
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Figure 4.4: Chemical structure of S-2-(4-Isothiocyanatobenzyl)-
diethylenetriamine pentaacetic acid (p-SCN-Bn-DTPA).

After modification with the p-SCN-Bn-DTPA, the binding affinity of the conjugate
was determined by enzyme linked immunosorbent assay (ELISA), as described in

Section 3.2.4 and compared to the unmodified anti-p53 (1C12) antibody.

4.2.5.2 Radiolabelling with ''InCl3

For in wvitro experiments, 0.1 MBq/pg of indium-111 chloride (*'InCl;) was added
to 20-100 pg of the BnDTPA-TAT conjugated antibodies in 0.5 M MES (pH 5.4)
(< 100 pL reaction volume) and the solution was incubated at room temperature
for 1 h. The reaction schematic is depicted in Figure 4.5. The radiolabelling yields
were determined by instant thin layer chromatography (iTLC). In cases were the
radiolabelling yield was below 95%, free 11 InCl; was removed using Sephadex® G50
gel filtration medium. Finally, the buffer was exchanged to PBS by centrifugation

prior to in wvitro or in vivo experiments.
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Figure 4.5: Radiolabelling with "'InCl;3. TAT-conjugated antibodies were first
reacted with p-SCN-Bn-DTPA followed by labelling with *'InClz in 0.5 M MES (pH
5.4) buffer.

For in vivo experiments, a minimum of 500 pg of the the BnDTPA-TAT conjugated

antibodies was used, depending on the scale of experiment. ''InCls (1 MBq/ug) was

added to antibodies and the procedure was followed as described above.

4.2.5.3 Quality control by iTLC

The radiochemical purity was determined using iTLC. iTLC strips (8-10 mm wide)
impregnated with salicylic acid (Agilent Technologies, USA) were used as a stationary
phase and freshly prepared 50 mM EDTA buffer (pH 7) was applied as the mobile
phase. For each iTLC, 2 uLL of analytes under investigation were spotted onto the
strip (baseline of ~ 10 mm), placed in the mobile phase for approximately 5 min (run
for » 9 cm), and the radioactivity was measured using a radio-TLC AR-2000 imaging

scanner (Eckert & Ziegler, Germany).

4.2.5.4 Isotopic dilution assay

The average number of chelators per antibody were determined by radiometric iso-
topic dilution assay based on previously described methods (Holland et al., 2010;
Price et al., 2014). The following modifications to the methods were made for the

utilisation of "In: aliquots of 60 KBq of ''InCl; were added to 14 solutions con-
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taining serial dilutions (from 250-0 pmol) of cold InCls (5 puL fractions in 0.5 MES
buffer pH 5.4). The mixtures were then vortexed for 30 s prior to the addition of 5
ug anti-p53 (1C12) antibody conjugated to TAT peptide and p-SCN-Bn-DTPA; after
incubation for 2 h at room temperature, the reaction was terminated by quenching
with 50 mM DTPA in 0.5 MES buffer pH 7 (CheMatech, France). The degree of
complexation was determined by iTLC, using the DTPA buffer (50 mM) as a mobile
phase, counting the activity at the baseline and solvent front. Radiolabelling yield
(in percentage) was plotted against the log|M] concentration (M = molar concentra-
tion) of InCly in GraphPad Prism 5 (GraphPad Software,USA). Using a non-linear
fitting algorithm, the point of 50% reduction of the antibody labelling efficiency was
used and the number of chelators was estimated from the gradient by the following
equation where n(C) is the number of chelators, n(InCls) is the number of total InClj

added, and n(Ab) is the concentration of antibody:

n(InCls)

n(C) = AbW

4.2.5.5 In vitro stability in serum

HiIn-BnDTPA-p53 (1C12)-TAT (1 MBq/10 pL) was diluted in 500 pL of mouse
serum (Sigma-Aldrich) and incubated at 37 °C for 24 h, 48 h, and 72 h in a ther-
momixer (at 300 rpm, Eppendorf, UK). At each time point, 20 uL of the radioconju-
gate, diluted in PBS, was loaded onto a 4-12% Bis-Tris protein gel (200 V, 35 min).
The gel was then exposed to Super Resolution Phosphor screens (12.5 x 25.2 cm,

Type SR, PerkinElmer) and developed on the Cyclone Plus Storage Phosphor system
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(PerkinElmer). For reference, the gel was stained with coomassie stain (SimplyBlue™)

to correlate each radioactive band to specific protein weights.

4.2.5.6 Retention of ''In-labelled radioconjugates in vitro

After evaluating the internalisation properties of fluorophore-labelled TAT-conjugates
in vitro (detailed in Section 4.2.3), cellular retention of the radiolabelled compounds
was also assessed. B8484 and P2FIR cells (2 x 10° cells per well) were seeded in
24-well plates and incubated overnight at 37 °C, in a 5% CO, humidified chamber.
The '"In labelled compounds were then added into each well (containing 500 pL
media) at 0.125 pg/mL (equivalent to amounts used in wvivo) and incubated for 2
h. Subsequently, the media was removed, and cells were washed with 500 uL. PBS,
replenished with fresh media, and further incubated for 1 h, 2 h, 4 h, 24 h, 48 h, and
72 h. For the initial time point, after PBS wash, cells were immediately lysed with
0.1 M NaOH in dH,0O for 8 min at 4 °C. The lysate was transferred into counting
tubes and each well was washed three times with ice-cold PBS, combining each wash
with the previously collected lysate. After the collection of samples, radioactivities

were measured and expressed as percent counts per minute (cpm) retained over time.

4.2.6 Resazurin cell viability assay

Cell viability of cells after addition of BnDTPA-TAT conjugated anti-p53 (1C12)
antibody was determined by resazurin assay. The assay applied relies on the non-
fluorescent resazurin being converted to the highly fluorescent resorufin upon entering

viable cells (Figure 4.6). The amount of resorufin produced is correlated to the number
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of viable cells present in the sample (Riss et al., 2016).

B8484 and P2FIR cells (1 x 10* cells per well) were seeded in 96-well plates at a final
volume of 100 uL per well and incubated overnight at 37 °C, in a 5% CO, humid-
ified chamber to adhere. The BnDTPA-TAT conjugated anti-p53 (1C12) antibody
was then added at a concentration of 0.125 pug/mL and cells were incubated for a
further 2 h at 37 °C. Negative and positive controls were included in the forms of
no-treatment and 20 uM staurosporine (100 uM stock in DMSO, Cayman Chemical,
USA), respectively. Following incubation, media was removed, cells were thoroughly
washed, fresh media (50 pL) was added and cells were incubated for 0 min, 1 h, 2 h,
24 h and 48 h. At each time point, 20 uL of 0.025% resazurin solution (0.1% stock in
PBS, Sigma-Aldrich) was added to each well and incubated until colour change was
detected (» 2 h). Fluorescence was then measured (530-570 nm for excitation and
580620 nm emission) using an Infinite® 200 Pro microplate reader (Tecan Group

Ltd, Switzerland).
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Figure 4.6: Resazurin cell viability assay principle. Resazurin is reduced to the
fluorescent resorufin in viable cells. Figure adapted from Riss et al. (2016).
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4.2.7 Statistical analysis

Data were reported as mean + standard error of mean (SEM) and statistical analysis
were performed using GraphPad Prism 5 (GraphPad Software,USA). A p-value of
less than 0.05 was considered significant. A Student’s t-test (2-tailed, unpaired) was
used to compare individual datasets. To compare nested models in ELISA assays,

the extra of sum-of-squares F-test was employed.

4.3 Results

4.3.1 Evaluation of the TAT internalisation properties

The ability of the anti-p53 (1C12)-TAT conjugate to penetrate the cell membrane
and enter the nucleus was first validated by confocal microscopy on fixed cells. The
direct visualisation of the antibody entry into the cell and the nucleus was achieved
using a Cy3-NHS fluorophore-labelled antibody conjugates (Section 4.2.2). The con-
centration of the anti-p53 (1C12)-TAT and the Cy3 : antibody ratio was measured
from the absorbance at 280 and 550 nm using a spectrophotometer.

The resultant Cy3-labelled anti-p53 (1C12)-TAT (anti-p53 (1C12)-TAT-Cy3) gave a
dye to antibody ratio of approximately 40, suggesting efficient labelling. Conjugation
of antibody to dye was also tested using SDS-PAGE with an unmodified IgG; mouse
monoclonal antibody as control for the TAT-conjugated anti-p53 (1C12), assessing

the molecular weight by both fluorescent imaging and coomassie staining (Figure 4.7).
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Figure 4.7: Conjugation of Cy3 dye to anti-p53 (1C12)-TAT. The anti-p53 (1C12)-
TAT-Cy3 was run on 4-12% Bis-Tris gel together with an unmodifiedIgG; and sub-
sequently scanned to determine the presence of Cy3 fluorescence at the molecular
weight of the antibody (right panel). The gel was then stained with coomassie blue
staining (left panel) to determine the molecular weight of the fluorescent band. M =
marker, 1 = unmodified IgGy, 2 = anti-p53 (1C12)-TAT-Cy3. 1’ and 2’ represents
same samples but for the fluorescent image.

As shown in Figure 4.7, the Cy3 dye was efficiently attached to the anti-p53 (1C12)-
TAT (2’), evident by the single band observed when compared to IgG; (1’), where
no signal was detected. The molecular weight of anti-p53 (1C12)-TAT-Cy3 (2) was
then determined by coomassie blue staining, which showed that the fluorescent band
corresponded to the 150 kDa band same as the unmodified IgG; (1), confirming
migration behaviour typical for IgG antibodies.

Following the synthesis and characterisation of the fluorescently-labelled conjugates,
their internalisation properties were evaluated in B8484 and P2FIR cells. The IgG;-
TAT-Cy3 control was used to perform the first set of studies due to its wide avail-
ability and low cost relative to anti-p53 (1C12) antibodies. After 1 h, 2 h, and 4

h of incubation period at 37 °C, at a concentration of 0.125 ug/mL, similar to the
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previously reported method (Cornelissen et al., 2011), cells were imaged as described
in Section 4.2.3. In B8484 cells, minimum accumulation of the antibody into the
cell was observed within an hour with the maximum uptake at 2 h post-incubation
(Figure 4.8) where most cells exhibited intracellular, most notably cytoplasmic and

nuclear, fluorescence when compared to the earlier (1 h) or later (4 h) time points.
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Figure 4.8: Cellular localisation of IgG;-TAT-Cy3 over time in B8484 cells. Flu-
orescence microscopy images of IgG;-TAT-Cy3 conjugate (green) internalisation in
B8484 cells after 1 h, 2 h, and 4 h incubation. Cells were then washed and fixed.
Nuclei were visualised using DAPI (blue). Scale bars are 50 pm.

The uptake pattern of the IgG;-TAT-Cy3 in P2FIR cells was different from that of
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B8484 cells, showing a very low Cy3 fluorescence at all time points, with maximum
signal observed at 4 h which appeared to localise outside the nucleus and mostly in
vesicles (Figure 4.9). Therefore, to avoid vesicular entrapment in P2FIR cells, a 2
h incubation period was chosen for the subsequent set of validation experiments to
evaluate internalisation of the TAT-conjugated anti-p53 (1C12) antibody in both cell

lines.
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Figure 4.9: Cellular localisation of IgG;-TAT-Cy3 over time in P2FIR cells. Flu-
orescence microscopy images of IgG;-TAT-Cy3 conjugate (green) internalisation in
P2FIR cells after 1 h, 2 h, and 4 h incubation. Cells were then washed and fixed.
Nuclei were visualised using DAPI (blue). Scale bars are 50 pm.
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Following the evaluation of the time of entry of the IgG;-TAT-Cy3 into the cell and
nucleus, both B8484 and P2FIR cells were incubated with anti-p53 (1C12)-TAT-Cy3
conjugate for 2 h and the internalisation efficiency of the conjugates was compared
to that of the antibody alone (without TAT) conjugated to the Cy3 dye (anti-p53
(1C12)-Cy3).

As shown in Figure 4.10, B8484 cells demonstrated an intracellular punctate Cy3
cytoplasmic staining with a low amount of vesicular fluorescence, and showed a high
degree of internalisation of the anti-p53 (1C12)-TAT-Cy3 conjugate (Figure 4.10a,
top); while the anti-p53 (1C12)-Cy3 was distributed almost exclusively in vesicles
mainly presenting perinuclear staining (Figure 4.10a, bottom). In contrast, P2FIR
cells showed a low and uniquely vesicular staining for both the anti-p53 (1C12)-TAT-
Cy3 (Figure 4.10b, top) and anti-p53 (1C12)-Cy3 (Figure 4.10b, bottom) conjugates

similar to that observed in the IgG;-TAT-Cy3 (Figure 4.9).

4.3.2 Immunoreactivity of TAT-conjugated antibody

Since the conjugation of antibody to the TAT peptide may alter its targeting proper-
ties, the immunoreactivity of anti-p53 (1C12)-TAT was investigated by western blot
analysis. B8484 and P2FIR whole cell protein extracts were loaded onto a 4-12% Bis-
Tris protein gels and membranes were then blotted with anti-p53 (1C12) and anti-p53
(1C12)-TAT. As shown in Figure 4.11a, the anti-p53 (1C12)-TAT antibody presented
similar immunoreactivity to p53 protein in lysates from both B8484 and P2FIR cells
(Figure 4.11a, left) when compared to the unmodified antibody (Figure 4.11a, right),

evident by the similar band density. The observations were further validated by the
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Figure 4.10: Cellular localisation of anti-p53 (1C12)-TAT-Cy3 and anti-p53 (1C12)-
Cy3 (green) in B8484 (a) and P2FIR (b) cells. Cells were incubated with the respec-
tive conjugates for 2 h, washed and fixed. Nuclei were visualised using DAPT (blue).
Scale bars are 50 pm.

analysis of the band density of each blot using Image studio ™ Lite (LI-COR), which

showed no significant difference in the protein fold change, representing the ratio of
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ph3 to f-Actin, (Student’s t-test, p = 0.8097) when probed with either the anti-p53

(1C12)-TAT or anti-p53 (1C12) (Figure 4.11b).
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Figure 4.11: Immunoreactivity of anti-p53 (1C12)-TAT by western blot analysis.
(a) Whole cell protein extracts were prepared form B8484 and P2FIR cells and probed
with anti-p53 (1C12)-TAT or anti-p53 (1C12) antibodies. [-Actin was blotted as the
loading control. (b) Graph of the quantification of the p53 protein amount from the
western blots probed with each of the antibodies (error bars represent mean + SEM,
n = 3 independent biological experiments).

4.3.3 Binding affinity of BnDTPA-p53 (1C12)-TAT

Following the conjugation of the chelator to the anti-p53 (1C12)-TAT, the bind-
ing affinity of BnDTPA-p53 (1C12)-TAT to the p53 target antigen was tested in
B8484 cells and was compared to that of the unmodified antibody (determined in

Section 3.3.3). The affinity of BuDTPA-p53 (1C12)-TAT was determined using a
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non-linear regression model, giving a Kp = 13 + 5.8 nM, comparable to that of
the unmodified anti-p53 (1C12) (Kp = 9 + 2.2 nM, see Section 3.3.3). A repre-
sentative graph is shown in Figure 4.12, combining the saturation binding curves of
both unconjugated anti-p53 (1C12) and the conjugated BnDTPA-p53 (1C12)-TAT,

demonstrating the close to identical characteristics between the two samples.
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Figure 4.12: Determination of the BnDTPA-p53 (1C12)-TAT binding affinity. Sat-
uration binding curves representing the binding of the unconjugated anti-p53 (1C12)
and the conjugated BnDTPA-anti-p53 (1C12)-TAT antibody to the p53 antigen in
fixed and permeabilised cells (n = 3 biological replicates).

The equilibrium dissociation constants were then compared using the sum-of-squares
F-test, showing no significant difference (p > 0.05) between the two Kp values ob-

tained.
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4.3.3.1 Radiochemical purity of ''In-labelled antibodies

Radiolabelling was conducted as described in Section 4.2.5.2, and radiolabelling effi-

ciency was routinely above 80% with the results presented in Figure 4.13.
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Figure 4.13: iTLC chromatograms of 11In-BnDTPA-p53 (1C12)-TAT. Radiochem-
ical purity of "'In-BnDTPA-p53 (1C12)-TAT were determined before (a) and after
(b) purification determined as 81% and 100%, respectively. Chromatogram of '1InCl;
(c) and "In-BnDTPA (d) were also performed in 50 mM EDTA buffer (pH 7) as a
mobile phase.

As shown in Figure 4.13, the initial reaction of the BnDTPA-p53 (1C12)-TAT with
HInCly (Figure 4.13a) showed two species: the intact 1'In-BnDTPA-p53 (1C12)-
TAT that remained at the origin (» 81%), and a small portion of unbound *In-

BnDTPA (< 20%) that migrated with the solvent front (Figure 4.13a). "InCl3 as
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well as 111 In-BnDTPA were run in parallel as controls (Figure 4.13c and Figure 4.13d,
respectively) to ensure that the peak observed earlier corresponded to 1'In-BnDTPA
as 'MInClz moves further with the front. Purification using a G50 size-exclusion
column chromatography resulted in a radiochemical purity of 100% for the 1In-
BnDTPA-p53 (1C12)-TAT radioconjugate (Figure 4.13b), ensuring the lack of any
free "' In-BnDTPA present in the eluted sample.

Isotopic dilution experiments of the conjugate, using methods described in Sec-
tion 4.2.5.4, revealed that the number of accessible chelators per antibody was between

1.2-2 chelating groups.

4.3.3.2 In vitro stability of '''In-labelled antibodies

Radiolabelled compounds may not only be subjected to degradation or modification
by various enzymes in plasma (Chung et al., 2015) but also transchelation processes
that may occur, thus affecting the stability of such conjugates. Therefore, to establish
the integrity and stability of the antibody after conjugation and radiolabelling, 'In-
BnDTPA-p53 (1C12)-TAT conjugates were incubated in mouse serum at 37 °C, as well
as in PBS buffer, which mimicked the in vivo and storage conditions, respectively. At
24 h, 48 h, and 72 h, samples in mouse serum were analysed in triplicate on 4-12% Bis-
Tris gels using non-reducing conditions and an autoradiograph (Figure 4.14a, right)
was produced to determine the degree of labelling, while for the samples incubated in

PBS (Figure 4.14b), iTLCs were performed at all times, as described in Section 4.2.5.5.
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Figure 4.14: Stability of !'In-BnDTPA-p53 (1C12)-TAT. '1In-BnDTPA-p53
(1C12)-TAT was incubated in mouse serum (a) and in PBS (b) for 24 h, 48 h, and
72 h. Samples in serum were run on SDS-PAGE (left) in triplicate for each condition
and autoradiogram (right) was performed on the same gel after coomassie staining
while samples in PBS were run on iTLC and percent stability was determined (Error
bars represent mean + SEM).

As shown in Figure 4.14a, no marked degradation of the antibody was observed
throughout the incubation period with negligible radioactivity in bands around 25—
50 kDa at all time points, suggesting a good stability of the radioconjugate in plasma.
In PBS, the radioconjugate was shown to be stable with minimal reduction of protein-

bound radioactivity, showing radiochemical purity of around 80% up to 72 h incuba-

tion (Figure 4.14b).
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4.3.3.3 Retention of 'In-labelled antibodies

To determine the percentage of ''In-labelled antibodies retained in the cells, B8484
and P2FIR cells were incubated with 1''In-BnDTPA-p53 (1C12)-TAT at 37 °C for
2 h. After incubation, cell medium was replaced with fresh medium and the amount
of radioactivity was assessed for up to 72 h (detailed in Section 4.2.5.6), with !In-
BnDTPA-IgG;-TAT as the non-specific control.

Figure 4.15a illustrates the cellular radioactivity retention of the two radioconju-
gates over time in B8484 cells, expressed as the percentage left in the cell from the
total amount internalised. Both '1In-BnDTPA-p53 (1C12)-TAT and !In-BnDTPA-
IgG-TAT compounds displayed a gradual decrease in the radioactivity retained with
noticeable differences between the two. In particular, there was a significant differ-
ence in the amount of 11In-BnDTPA-p53 (1C12)-TAT retained in the B8484 cells at
time points over 1 h of externalisation over the "1 In-BnDTPA-IgG,-TAT non-specific
control, stabilising at 72 h (p values of 0.6941, 0.0005, 0.0349, 0.0017, 0.0012, 0.2862
from 1-72 h, respectively. Student’s t-test).

In contrast, the retention of 1'In-BnDTPA-p53 (1C12)-TAT in P2FIR cells only
showed significant differences to the levels of ' In-BnDTPA-IgG;-TAT at time points
2 h and 48 h (p values of 0.0270 and 0.0034, respectively. Student’s t-test), which
reached background levels at 72 h (Figure 4.15b). Therefore, after 2 h of internalisa-
tion, followed by a 72 h externalisation process, only 3% and 2% of the 11 In-BnDTPA-

p53 (1C12)-TAT radioconjugates were retained in B8484 and P2FIR, respectively.
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Figure 4.15: Cellular retention of '"In-BnDTPA-p53 (1C12)-TAT and !'In-
BnDTPA-IgG;-TAT in B8484 (a) and P2FIR (b) cells. Cells were incubated with
the radioconjugates for 2 h and the remaining cell-associated radioactivity was mea-
sured at various time points. p values were obtained by Student’s t-test at each time
point and marked above the bars (* p < 0.05; ** p < 0.01; **x p < 0.001) . Error
bars represent mean + SEM (n = 6 independent biological experiments).
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4.3.3.4 Effect of BnDTPA-p53 (1C12)-TAT on cell viability

To evaluate the influence of the retained BnDTPA-p53 (1C12)-TAT on cell survival,
the resazurin cell viability assay was performed as described in Section 4.2.6 in both
B8484 and P2FIR cells. The effect of the radioisotope on cell survival has been
previously described with 'In-BnDTPA-yH2AX-TAT, both in wvitro and in wivo,
and was shown not to cause a significant decrease in cell survival when compared to
untreated controls (Cornelissen et al., 2012), and was therefore not determined.
Cells were exposed to the conjugate for 2 h at 37 °C. After incubation, cells were
washed with PBS and fresh medium was added, followed by further incubation for up
to 24 h and 48 h. Resazurin dye was then added and fluorescence was recorded after
2 h further incubation. As observed in Figure 4.16, upon addition of the conjugate,
B8484 (Figure 4.16a) and P2FIR (Figure 4.16b) cells showed a similar reduction rate
of resazurin throughout the 48 h period when compared to their respective untreated
controls, presenting no statistically significant difference at any time points (p < 0.05,
Student’s t-test).

As a positive control, both cell lines were also treated with staurosporine (20 pM),
known to induce apoptosis, as a validation of assay reliability. This treatment with
staurosporine showed a marked inhibition of proliferation in both cell lines with flat
growth curves, indicating growth arrest of the cells when compared to antibody-

treated and untreated samples.
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Figure 4.16: Resazurin cell viability assay upon treatment with BnDTPA-p53
(1C12)-TAT. B8484 (a) and P2FIR (b) cells were incubated with the antibody conju-
gate for 2 h and resazurin reduction was measured at 0 h, 24 h, and 48 h. Untreated
controls and staurosporine (20 M) positive controls were included for both cell lines.
Error bars represent mean + SEM (** p < 0.01; *** p < 0.001, n = 3 independent
biological experiments).

4.4 Discussion

This chapter focused on the in wvitro characterisation of the conjugated anti-pb3
(1C12) monoclonal antibody. In particular, the antibody was conjugated to the TAT

peptide, which facilitated the delivery into the cell, and thus reaching the intracellular
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target. This was followed by conjugation to p-SCN-Bn-DTPA chelator subsequently
labelled with 'In. Validation in vitro was performed after each conjugation step in

BR484 and P2FIR cell lines.

4.4.1 Conjugation of cell penetrating peptide facilitates in-

tracellular delivery

The TAT protein of HIV-1 has been described as a cell penetrating peptide, which
facilitates intracellular and intranuclear delivery of biomolecules (Frankel and Pabo,
1988; Heitz et al., 2009). In Section 4.3.1 it was demonstrated that in fixed cells, the
TAT peptide conjugated to anti-p53 (1C12), was able to promote the delivery of the
antibody into the cell. In particular, the anti-p53 (1C12)-TAT was efficiently labelled
with Cy3 dye (Figure 4.7) to visualise its intracellular distribution. The conjugate was
shown to localise in the cytoplasm and nucleus of B8484 cells (Figure 4.10a), achieving
the maximum internalisation after 2 h incubation in a similar manner to IgG;-TAT-
Cy3 (Figure 4.8). In contrast, anti-p53 (1C12)-Cy3 was largely trapped in vesicles
(Figure 4.10a), which is typical for molecules of such size, as they enter the cells
by active uptake and remain in the endosomes where they will potentially undergo
degradation by lysosomes (Marschall et al., 2011). This intracellular translocation
of the TAT-conjugated antibodies was similar to that previously demonstrated by
Niesner et al. where they showed that only a TAT-conjugated antibody fragment,
specific for a marker of angiogenesis, was taken up by HEK 293 cells when compared
to unmodified antibodies (Niesner et al., 2002).

The fluorescence distribution of anti-p53 (1C12)-TAT-Cy3 in P2FIR cells was only

109



4. Synthesis and in vitro validation of radioconjugates

observed in the vesicles, showing no cytoplasmic staining, similar to the anti-p53
(1C12)-Cy3 (Figure 4.10b) and the non-specific control IgG,-TAT-Cy3 (Figure 4.9).
These observations could be due to the variable internalisation pattern of TAT in
different cell types (Suzuki et al., 2002) as well as to the specificity of the conjugated
antibody for the ph3 target since cytoplasmic or nuclear localisation was only present
in B8484 cells, harbouring mutant p53. The internalisation mechanisms of TAT
peptide are not fully understood to date. Multiple pathways have been suggested
and several studies support the presence of more than one uptake route which can be
cell type dependent (Thorén et al., 2003), possibly explaining the difference observed
in staining pattern between the B8484 and P2FIR cells. In addition, it has been
suggested that the TAT peptide carrying a cargo that binds to a specific target may
enter the cells through a different internalisation route than that of a non-binding
version, as may be in the case of B8484 due to the presence of mutant p53 (Richard
et al., 2005; Joliot and Prochiantz, 2004).

The chemistry applied to facilitate TAT conjugation utilised primary amine groups
present in the antibody, including its active site, hence leading to a random distribu-
tion of TAT peptides across antibody domains. Therefore, this may result in alter-
ations to the binding capacity of the antibody to its target antigen or even complete
inactivation (Acchione et al., 2012). Nonetheless, in Section 4.3.2, it was shown by
western blot analysis that the immunoreactivity of anti-p53 (1C12) was not affected
after TAT conjugation (Figure 4.11a) as suggested by the identical band density ob-
served in the two blots probed with the anti-p53 (1C12)-TAT and the unmodified

anti-p53 (1C12). Quantification of p53 to B-Actin ratios showed no significant dif-
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ference between the two antibodies (Figure 4.11b), thus demonstrating the preserved
functionality of the anti-p53 (1C12)-TAT active site. These data are consistent with
previous findings reported by Hu et al. (Hu et al., 2007) where, using different an-
tibodies against p21WAF-1/Cir-1 “the authors showed that the conjugation of the TAT
peptide did not have a significant effect on the immunoreactivity of antibody towards

its target.

4.4.2 Evaluation of radiolabelling with 1In

Following TAT conjugation, the antibody was conjugated to p-SCN-Bn-DTPA, cho-
sen for the presence of a stable thiourea linkage between the chelator and the antibody
(Cooper et al., 2012), and in vitro evaluation was performed. The binding affinity was
assessed once more, to confirm that the chelator did not interfere with the binding
domain, by ELISA, and the Kp value was directly compared to that obtained for the
unconjugated antibody (Figure 4.12). The binding of the BnDTPA-p53 (1C12)-TAT
antibody was found to be comparable to that of unconjugated anti-p53 (1C12), with
Kp values of 13 £ 5.8 nM and 9 + 2.2 nM, respectively, suggesting that the conjuga-
tion process does not affect the antigen binding site, especially with the number of
accessible chelators per antibody being estimated between 1.2 and 2. Similar results
were obtained by Torres et al., in a study in which the authors tested the binding affin-
ity of anti-claudin 4 antibody after p-SCN-Bn-DTPA conjugation by flow cytometry
reporting no difference between the conjugated and unconjugated antibodies (Torres
et al., 2017). These results, in addition to the unaffected immunoreactivity of anti-p53

(1C12)-TAT shown by western blot (Section 4.3.2), suggested that the BuDTPA-p53
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(1C12)-TAT maintained its target binding capacity despite the conjugation to the
TAT peptide and p-SCN-Bn-DTPA chelator.

The BnDTPA-p53 (1C12)-TAT antibody was then labelled with *!In to enable visu-
alisation of the probe in vivo by SPECT imaging. ''In was chosen as the radioisotope
for labelling for its two key attributes: i. its physical half-life of t;, = 67.32 h, making
it suitable for studies duration (Abdel-Nabi and Doerr, 1993); and ii., its lower en-
ergy gamma and the lack of beta emission, making it a better choice for localisation
imaging studies (Esteban et al., 1987). Radiolabelling yields, assessed by iTLC at
all times (Section 4.3.3.1), showed good labelling efficiency of > 80% (Figure 4.13a)
with the unbound "'In-BnDTPA species completely removed after G50 size-exclusion
chromatography (Figure 4.13b) giving a radiochemical purity of greater than 95%.
This was reproducible amongst several experiments, suggesting the robustness of the
labelling method.

The stability of *1In-BnDTPA-p53 (1C12)-TAT was then tested at 37°C in mouse
serum and PBS for up to 72 h, to determine the integrity of the radioconjugate fol-
lowing the labelling process as transchelation of the radioisotope from the chelator to
intracellular proteins may occur (Reilly et al., 1992). 111In-BnDTPA-p53 (1C12)-TAT
was equally stable in mouse serum (Figure 4.14a) and PBS (Figure 4.14b) at all time
points as determined by SDS-PAGE and iTLC, respectively, with minimal sites of
transchelation and radiolabelling yields of 80%. Good stability of In-BnDTPA-
labelled antibodies was also observed previously by Dijkers et al., who reported
even smaller loss of protein-bound radioactivity (approximately 0.5%/day) for 1!In-
trastuzumab, a monoclonal antibody against human epidermal growth factor receptor
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2 (HER2/neu) (Dijkers et al., 2009), the use of which was also demonstrated in the
clinic (Perik et al., 2006).

After evaluating cellular internalisation and localisation in fixed cells (Section 4.3.1),
retention of the 1!'In-BnDTPA-p53 (1C12)-TAT radioconjugate was determined, as
the amount of compound retained in the targeted cells may affect their applicability
in vivo. This was performed in B8484 and P2FIR cells and was compared to the
non-specific control "'In-BnDTPA-IgG{-TAT for up to 72 h post-incubation. The
percentage of retained "'In-BnDTPA-p53 (1C12)-TAT in B8484 cells was signifi-
cantly higher than that of ''In-BnDTPA-IgG;-TAT throughout the majority of the
time course (Figure 4.15a). Slight differences between the two radioconjugates were
also observed in P2FIR cells at 2 h and 48 h (Figure 4.15b). However, the externali-
sation process was rapid in both cell lines, with a small amount of ' In-BnDTPA-p53
(1C12)-TAT retained in the cells by 72 h (3 and 2%, respectively). The fast external-
isation of the radioconjugates from the cells may be due to the acidic environment of
several subcellular compartments, such as the endosomes, leading to the entrapment
and rapid degradation of the molecule, resulting in relatively small portion of the
targeting cargo to reach the site of interest, implying the limitations of using TAT as
a delivery agent (Richard et al., 2005). However, no efflux studies on compartmen-
talised fractions of the cell were performed to estimate the exact mechanism of the
TAT internalisation.

Finally, the impact of the retained ''In-BnDTPA-p53 (1C12)-TAT on cell survival
was investigated over a 48 h time period to estimate the potential cytotoxicity of the

conjugate and whether it could be used solely as an imaging agent. As shown in
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Figure 4.16, addition of the radioconjugate did not cause any growth rate inhibition
in both B8484 and P2FIR cell lines (Figure 4.16a, Figure 4.16b, respectively) when
compared to the untreated controls. This data was in accordance with previous
studies reporting no change in cell survival and tumour growth upon administration
of similar compounds (Cornelissen et al., 2014; Knight et al., 2015). In particular,
Cornelissen et al. (Cornelissen et al., 2014) showed that repeated administration of
Tn-BnDTPA-yH2AX-TAT had no effect on tumour-free survival of BALB-neuT
mice. Therefore, it can be hypothesised that such radioconjugates could be used as

imaging agents without causing adverse effects to the host.

4.5 Conclusions

In summary, this chapter demonstrated the potential feasibility but also challenges of
applying "' In-BnDTPA-p53 (1C12)-TAT in in vivo studies. In witro internalisation
assays with fluorophore-labelled TAT-antibody conjugates showed the ability of the
CPP to direct its cargo into the cell when compared to no-TAT fluorophore-labelled
molecules. The distribution of this peptide, showed differences between B8484 and
P2FIR cells, with the former presenting a cytoplasmic and nuclear pattern, likely
attributable to the presence of accumulated mutant pb3, while exclusive vesicular
localisation was observed in the latter, lacking p53. The immunoreactivity of anti-
p53 (1C12)-TAT was not affected in either cell line, and even upon the conjugation to
p-SCN-Bn-DTPA, the binding affinity was comparable to the unmodified antibody.

Upon labelling with 'In; the radiochemical purity of '''In-BnDTPA-p53 (1C12)-
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TAT was determined as > 95% after purification, indicating the reproducibility of
the labelling procedure, and was stable for 72 h in mouse serum with transchela-
tion observed and < 20% degradation in PBS. Unfortunately, the retention of In-
BnDTPA-p53 (1C12)-TAT in B8484 cells was as low as 3% and, although statistically
significant, was not hugely ditferent than the similarly labelled IgG; non-specific
control, thus challenging the suitability of the conjugate in vivo.

These variabilities in internalisation and uptake of the same peptide in different cell
lines have been previously observed by other groups. In their review paper, Joliot and
Prochiantz (Joliot and Prochiantz, 2004) described the variable components affecting
localisation of various cell penetrating peptides, including TAT. Amongst these com-
ponents, the authors suggested the binding affinity of the cargo to its target. In a
different study, Jiao et al. (Jiao et al., 2009) compared the binding of cell penetrating
peptides in positive and negative cells (CHO) for cell membrane heparan sulfate pro-
teoglycans, which act as receptors for extracellular TAT uptake, and demonstrated
internalisation of peptides to a different extent in the two cell lines.

Taken together, the present study may suggest that the good affinity of BnhDTPA-p53
(1C12)-TAT observed (Figure 4.12) in B8484 cells may contribute to the intracellular
distribution of 1 In-BnDTPA-p53 (1C12)-TAT in these cells. In the absence of the
ph3 target (in P2FIR cells) TAT may follow a different route of internalisation being
first trapped in endosomes but was unable to bind to the cytoplasm upon release.
No information was provided for B8484 and P2FIR cell lines regarding the presence
of heparan sulfate receptors, and further research needs to be performed to under-

stand whether this membrane component might be responsible for the uptake pattern
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observed in P2FIR cells.
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Chapter 5

In vivo imaging of p53
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5.1 Introduction

The purpose of this chapter was to evaluate the imaging capability of 111 In-BnDTPA-
p53 (1C12)-TAT radioconjugate in vivo, in two main animal models: subcutaneous
allografts of the KPC-derived cell lines (B8484, P2FIR), and the genetically engi-
neered KPC mouse model of PDAC, by SPECT imaging.

The incidence rate of PDAC is constantly growing with a median survival rate of 3-5
months (Hariharan et al., 2008). A study by Keane et al., showed that the frequency
of disease increased by 3% between 2000-2010 in the UK and is expected to increase
even more by 2020 (Keane et al., 2014). Unfortunately, effective ways to provide early
detection do not exist until today, and most of the patients have a fully developed
PDAC at the time of clinical presentation. Surgical resection of the head of the pan-
creas is the only curative option but is only applicable to the early stages, when the
disease is mainly asymptomatic (Becker et al., 2014). Despite the eligibility of some
patients, their prognosis after surgery remains poor with local recurrence appearing
at approximately 40% and metastases observed in 50% of the cases (Bittoni et al.,
2014). Chemotherapy continues to be the standard treatment option for locally ad-
vanced or metastatic disease with minimal improvement in survival rates and patients
developing acquired resistance over the treatment course (Long et al., 2011b).

Few biomarkers have been identified to either predict therapy response or monitor
tumour progression and recurrence (Cid-Arregui and Juarez, 2015). One such ex-
ample is the well-characterised serum carbohydrate antigen 19-9 (CA19-9), the only

diagnostic and prognostic biomarker routinely used in the clinic to date. Elevated
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levels of the antigen however, have been observed in patients with benign lesions
and inflammatory diseases, which frequently leads to false positive results (Kannagi,
2007).

Ultrasound, CT, MRI, and endoscopy imaging methods are currently used as the main
sources for diagnosis of pancreatic tumours, providing anatomical, and physiological
information about the tissue of interest. These modalities however, are not able to
characterise molecular features of the tissue of interest in the micromolar or even
nanomolar scale. Molecular imaging approaches, using radiolabelled probes, enable
the sensitive, non-invasive, and real-time detection of molecular pathways involved in
carcinogenesis (England et al., 2015). Several targets have been investigated so far
for imaging pancreatic cancer by PET or SPECT), including the endothelial growth
factor receptor 2 (VEGFR2) (Korpanty et al., 2007), plectin-1 (Konkalmatt et al.,
2013) or claudin-4 (Foss et al., 2007; Torres et al., 2017).

Mutations of TP53 are found in 50-75% cases of human PDAC, often adapting a
gain-of-function (GOF) behaviour with dominant negative characteristics and a po-
tential role in the pathogenesis of the disease, first depicted by the presence of p53-
immunoreactive cells in the intraductal component of pancreatic cancer (Scarpa et al.,
1993). Because TP53 is mutated rather than deleted, the mutant p53 provides an
advantage for tumour cell growth, as was depicted by mice, carrying mutant p53 al-
lele, that presented more aggressive and metastatic tumours when compared to those
originating from their p53 null counterparts (Morton et al., 2010).

Considering the significance of TP53 in cancer, imaging of pb3 mutations may pro-
vide valuable information for detection and diagnosis of the disease and has been
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an attractive concept throughout the years. Doubrovin et al., initially attempted to
image pb3 using a reporter gene-based assay in tumours with potential application
in drug assessment and novel therapeutic approaches (Doubrovin et al., 2001). The
authors used PET imaging (['**I]FIAU) in two xenograft tumour models from p53
wild-type and pb3 deleted cell lines transduced with a retrovirus carrying the reporter
system. Upon DNA damage they managed to image in vivo the upregulation of p53
transcriptional activity and correlate it with other p53-related targets, suggesting
the feasibility of imaging endogenous gene expression. This gene reporter system,
however, does not provide a direct imaging of the protein itself.

Direct antibody imaging of important biological targets, including p53, may be a
beneficial approach for identifying patients at the earlier stages of the tumour pro-
gression or those more likely to respond to certain therapy regimes, improving the
current survival rate. The many advantages of antibodies over previous targeting
methods, including the inherent specificity towards the target of interest, the ability
to attach any type of imaging probe (e.g. radioisotope, nanoparticles, fluorophores
etc.) without affecting the binding affinity, the low toxicity, and known biodistribu-
tion, make these biomolecules an attractive tool for cancer imaging (Warram et al.,
2014).

In wvitro validation of newly developed radiolabelled conjugates can provide basic
information but it does not answer questions regarding behaviour in a dynamic en-
vironment (O’farrell et al., 2013). High resolution imaging systems have encouraged
the use of animal models in cancer research with the primary goal to mimic the hu-

man condition as close as possible. The athymic nude mouse has greatly contributed
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to pre-clinical studies as the absence of functional T-cells can prevent rejection of
allografts or xenografts (De Jong et al., 2014). These mouse models are based on
the subcutaneous injection of tumour cell lines into the flank of the mouse, providing
several advantages such as ease of implementation and tumour growth monitoring,
large availability of hosts, and reproducibility of tumour histology (De Jong and
Maina, 2010). Although low cost, these mouse models develop tumours of limited
complexity and cellular diversity (Gopinathan et al., 2015). Recent advances in ge-
netics have allowed the development of genetically manipulated mice that mimic the
pathophysiology and molecular features of human diseases in a similar manner (Frese
and Tuveson, 2007). One such model is the KPC mouse, first described by Hingorani
et al. (Hingorani et al., 2005). It was generated by the complementary expression
of KrasG?P and Trp53%172H hoth controlled by a pancreas-specific cre-recombinase
(pdz1-cre). While born with a normal pancreas, this mouse model presents the com-
plete spectra of PanINs precursor lesions to the fully developed PDAC, similar to
the human pathology and therefore constitute the most widely used genetically en-
gineered mouse in pre-clinical research of pancreatic cancer (Westphalen and Olive,

2012).

5.2 Materials and methods

5.2.1 Animal models

Two different mouse models of PDAC were used throughout the study; on one hand,

B8484 and P2FIR murine allografts and on the other hand KPC mice bearing LSL-
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KrasG12b/+  [SL-Trp53R172H/+ mutations, governed by Pdz-1-Cre. All animal experi-
ments were performed in accordance with the UK Animal Act (Scientific Procedures)
1986 and approved by the local ethics committee. All animals were housed under a
12 h light/dark cycle with food and water supplied ad libitum, except when imag-
ing with 8F-FDG. Animals were checked daily for health and behavioural changes

throughout the experiments.

5.2.1.1 Cell preparation for inoculations

Culture media was aspirated, cells were washed with sterile PBS and trypsinised as
described in Section 2.1.1. Trypsin was neutralised by addition of DMEM media sup-
plemented with FBS. The desired cell number was determined with an automated cell
counter (Section 2.1.1). Cells were centrifuged (100 x g, 5 min), using a Heraeus™
Megafuge™ 40 centrifuge (Thermo Fisher Scientific), media was removed and the
resulting pellet was re-suspended in PBS at the appropriate concentration (1 x 106

cells per mouse).

5.2.1.2 KPC tumour allograft models

Athymic nude mice (20-25 g) (Charles River, UK) were anaesthetised using 2-3%
(v/v) isoflurane in oxygen. Previously prepared cell suspensions (Section 5.2.1.1)
were agitated and 100 pL (1 x 106 cells) of B8484 or P2FIR cells were inoculated
subcutaneously (s.c.), using a 21 G needle, into the right lower flank of the mouse.
To prevent hypothermia, animals were placed on a heated pad during inoculations.

The animal was then observed for 10-15 min to ensure full recovery from anaesthesia.
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Tumour measurements were collected, using a manual caliper every three days, along
the longest two dimensions of the tumour (z/y) (Ayers et al., 2010). The width of
the tumour was defined to be the same as the shortest dimension (characterised as
y). Tumour volumes were then calculated according to the equation described below:

3 ry?
Tumour Volume (mm”) = R

Animals were used for imaging and biodistribution studies when the subcutaneous

tumours reached a volume of at least 125 mm3.

5.2.2 The KPC genetically engineered mouse model

The KPC mouse model, developed by the Tuveson group (Hingorani et al., 2005),
consists of animals carrying a conditional mutation in Kras and Trp53 genes which
were interbred with Pdz-1-Cre transgenic animals, where expression of both Kras
and Trp53 is directed by a stop element (Lox-STOP-Lox). Hence, KPC: LSL-
Kras@12P/+: LSL-Trp538172H/+; Pdz-1-Cre (Section 2.1).

Mice were bred at the central biomedical services building (BSB) at the University of
Oxford, genotyped by real-time PCR (Transnetyx, USA) to confirm mutational sta-
tus, and kept under the same housing conditions as described earlier (Section 5.2.1).
Mice were used within the first 150-250 days, as the median survival is approximately

5 months for this model.
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5.2.2.1 KPC mice screening

The identification of spontaneous pancreatic tumours developed in the KPC mouse
model was achieved by regular screening with a combined T1- and T2-weighted con-
trast enhanced MRI using a 7T MRI scanner (VNMRS, Varian Inc., USA) equipped
with a 32 mm ID quadrature birdcage coil (Rapid Biomedical GmbH, Germany), as
described in Torres et al. (2017). Images were acquired using a respiratory gated 3D
balanced steady-state free precession (bSSFP) sequence with time interval (TR) 3.268
ms, echo time (TE) 1.134 ms, field of view (FOV) 64 x 32 x 32 mm?3, matrix 256 x 128
x 128 and a 15° degree flip with a 16 ps hard pulse. To assist tumour identification,
a respiratory gated 2D spin echo pulse sequence, CPMG sequence using SPLICER
with TR 4.38 s, 8 echoes with first TE and echo spacing 6.856 ms, FOV 64x32 mm?,
72 contiguous 0.33 mm thick slices, was also used. If animals were found positive for
the presence of pancreatic tumours, they would undergo SPECT/PET/CT imaging

the following week, as described in Section 5.2.4.

5.2.3 SPECT imaging—NanoSPECT /CTFPLUS

Following i.v. injection in the tail vein of "'In-BnDTPA-p53 (1C12)-TAT or ''In-
BnDTPA-IgG,-TAT (5 MBq (5 pg)), SPECT imaging was performed (24, 48, and
72 h post injection), unless otherwise stated, using a 4-head NanoSPECT/CT ~-
camera (Bioscan, USA) with an incorporated cone beam CT imaging system and
a custom-built animal bed. Animals were anaesthetised using 4% isoflurane gas

(0.5 L/min in oxygen) and placed on the bed in a prone position. Anaesthesia was
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maintained at 2% isoflurane and body temperature was kept at 37 °C throughout
the imaging session. Image acquisition was performed approximately over 1 h in 24
projections, approximately 100,000 counts per projection, using four multi-pinhole
aperture plates each with 9 pinholes of 1.5 mm. Whole-body CT acquisition was per-
formed before each SPECT acquisition, at standard frame resolution, tube voltage
of 45 kV, 177 pA, 500 ms of exposure time, for anatomical reference. Reconstruc-
tion of both CT and SPECT images was performed in a 256 x 256 matrix using
the HiISPECT algorithm in the InVivoScope software (Version 1.42, Bioscan). No

corrections for scatter or attenuation were included.

5.2.3.1 FEz vivo biodistribution studies

After the last imaging session (at 72 h post-injection), animals were sacrificed by cervi-
cal dislocation and blood and tissues of interest were removed. Each tissue was trans-
ferred into a pre-weighed counting tube (Greiner Bio-One), weighed and radioactivity
was measured using a 2489 WIZARD? automatic y-counter (PerkinElmer). Tissue
counts and injected dose for each mouse were decay-corrected to the activity present
at time of injection, by measuring the counts in the syringe before and after every
injection. Counts per minute were converted to radioactivity units (MBq) using a
calibration curve generated from known standards. Radioactivity in tissues was then

expressed as percentage of the injected dose per gram of tissue (%ID/g).
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5.2.3.2 Image analysis

Reconstructed CT and SPECT data sets were quantified for tumour uptake using
the Inveon research workplace software package version 2.2 (Siemens, Germany). To
measure 1In uptake, a fixed-volume region of interest (ROI) of 9 mm? was drawn
around the hottest area within the subcutaneous tumour. The percentage of the
injected dose per mL of tissue (%ID/mL) was calculated by dividing the sum of
activity within the tumour ROI, expressed as MBq/mL, by the total injected activity,
decay-corrected to the activity present at the time of imaging, and normalised to the
ROI volume under the assumption that density of tumours was 1 g/mL. To determine
tumour-to-blood ratio, heart ROI also drawn around the hottest area, was used to

estimate blood concentration.

5.2.4 PET/SPECT imaging—VECTor*CT

Animals were injected with '!In-labelled antibodies as mentioned previously (Sec-
tion 5.2.3). In the case of the KPC mouse model, animals were fasted for approxi-
mately 6 h prior to scanning and injected (i.v.) with 5 MBq of ¥F-FDG. Image ac-
quisition was performed using the VECTorCT (MILabs, The Netherlands), enabling
simultaneous acquisition of images from radioisotopes emitting at different energy
windows. The scanner provides submillimetre-resolution SPECT imaging (down to
0.25 mm) and also contains an integrated CT. A whole-body scan was performed us-
ing list-mode acquisition, for 30 min using an ultra-high resolution rat/mouse 1.8 mm

collimator (HE-UHR-RM) in six time frames (30 s per bed position, 10 positions) fol-
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lowed by a cone-beam CT scan (55 kV, 0.19 mA) for anatomical reference. PET and
SPECT images were reconstructed using the U-SPECT-Rec3.22 software, applying a
pixel-based algorithm with voxel size 0.8 mm, 32 subsets, 10 iterations for *'In (two
energy windows of 161.1-196.9 keV and 227.7-278.3 keV) and 15 iterations for ¥F

(energy window of 477.9-584.1 keV).

5.2.4.1 Image analysis

Reconstructed images (Section 5.2.4) were transferred to Pmod version 3.7 (Pmod
Technologies, Switzerland) for further processing. A standard 3D Gaussian filter was
applied (1.0 mm full width at half maximum [FWHM]). Using the fusion tool, SPECT
images were registered to corresponding CT images and ROIs were defined manually
using a fixed-volume sphere around the most intense voxel (radius of 1.5 mm) for
quantification of activity in specific organs. Mean activity concentration (MBq/mL)
and standard deviation were measured within each ROI. As before (Section 5.2.3.2),
activity within each ROI was expressed as %ID/mL by dividing the sum of activity
within the ROI expressed as MBq/mL by the total injected activity and normalised
to the ROI volume under the assumption that density of tumours was 1 g/mL. For
tumour-to-blood ratio, an ROI drawn around the heart was used to estimate blood

concentration.

5.2.5 Staining of tissue sections

Subcutaneous tumours and pancreases were snap-frozen on liquid nitrogen or dry-

ice, and stored at —80 °C overnight. Frozen tissues (8 pum thick) were cut using
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a OTF5000 cryostat microtome (Bright Instruments Ltd, UK), mounted on slides
(25 x 75 x 1.0 mm, Thermo Fisher Scientific) and stored at —80 °C. Upon retrieval,
slides were air-dried at room temperature for 10 min and immediately processed for

applications described below.

5.2.5.1 Autoradiography and histology

For autoradiography, slides were exposed to a Super Resolution Phosphor screen
(12.5 x 25.2 cm, Type SR, PerkinElmer) in autoradiography cassettes (Fisher Biotech,
USA) for 48 h at 4 °C. The phosphor screen was then developed with the Cyclone
Plus Storage Phosphor system (PerkinElmer).

After autoradiography, tissue sections were stained for hematoxylin and eosin (H&E)
to characterise tissue morphology, staining for the nuclei and cytoplasm respectively.
Briefly, tissue sections were first washed under running water for 5 min and subse-
quently stained with filtered Mayer’s hematoxylin (Sigma-Aldrich) for 2 min. Slides
were rinsed in deionised Hgy (dH20) for 20 min prior to staining with 1% eosin
(v/v) for 10 s. Finally, sections were dehydrated in increasing concentrations of
ethanol (70%, 95%, and 100% (v/v) in dH,O; Fisher Scientific) and cleared in
xylene (Fisher Scientific). Slides were mounted using DPX (distyrene, plasticiser,
and xylene) mounting medium (Fisher Scientific) and scanned at 20 x magnification
with the ScanScope CS system (Aperio, USA). H&E staining micrographs were co-
registered with autoradiography images using MATLAB-based software developed

in-house (MathWorks, UK) with manually chosen landmarks.
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5.2.5.2 Immunofluorescence staining of frozen mouse sections

Tissue sections were fixed with 4% PFA for 10 min at 4 °C, followed by washing
with PBST (0.05% Tween-20) for 5 min at room temperature. To break protein
cross-links; slides were boiled twice for 5 min in 1 x sodium citrate buffer pH 6 (10 x
stock : 10 mM sodium citrate, 0.05% Tween-20), and allowed to cool for 20 min.
Thereafter, and to minimise non-specific staining caused by endogenous avidin and
biotin, sections were incubated with a streptavidin/biotin blocking kit (Vector Labo-
ratories) for 15 min with each reagent, according to manufacturers guidelines. After
washing slides twice with PBST for 5 min, samples were blocked with a TNB buffer
(Tris-NaCl blocking buffer; 0.1 M Tris-HCI pH 7.5, 0.15 NaCl, 0.5% (w/v) blocking
reagent; PerkinElmer, USA) for 45 min at room temperature. Primary antibodies,
diluted in TNB buffer, were then added and incubated overnight at 4 °C. To avoid
cross-reactivity with the already injected mouse monoclonal antibody radioconjugate
and endogenous immunoglobulins, a rabbit polyclonal primary antibody specific for
total pb3 was used (p53 (CM5), 1 : 2,000, Leica Biosystems). On the next day,
slides were washed with PBST and immediately probed with biotynilated secondary
antibodies (1 : 200 dilution in TNB buffer) for 30 min at room temperature followed
by incubation with a streptavidin conjugated to Cy3 fluorophore (1 : 200 in TNB,
Thermo Fisher Scientific) for 30 min at room temperature. Finally, slides were coun-
terstained with DAPI (1 : 1,000 in TNB) to visualise nuclei and mounted using

cover-slips and Vectashield mounting medium for fluorescence (Vector Laboratories).
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5.2.5.3 Lysis of tissue for western blot analysis

Biopsies of approximately 100 mg of tissue were lysed in 8 M urea buffer (Sigma-
Aldrich), supplemented with protease inhibitors, and homogenised with a LabGEN
7 homogeniser (Cole-Parmer, UK). Tissue samples were then placed onto a rotator
for 1 h at 4 °C prior to centrifugation at 49,304 x g (4 °C, 35 min). The supernatant

was collected and stored at —80 °C until loading on the gel (Section 2.4).

5.2.6 Statistical analysis

All data are reported as mean + standard error of mean (SEM). Statistical analy-
sis were performed using GraphPad Prism 5 (GraphPad Software,USA). Two-way
ANOVA test with Bonferroni multiple comparison correction post-test was used to
calculate significance of differences between groups. A Student’s t-test (2-tailed, un-
paired) was used to compare individual datasets. A paired t-test was used for repeated

measures of the same group.

5.3 Results

5.3.1 In vivo evaluation in the KPC-allograft mouse model

First, KPC allograft-bearing mouse models were used to evaluate the capacity of
U n-BnDTPA-p53 (1C12)-TAT to target p53 in vivo. Athymic nude mice were sub-
cutaneously inoculated, as described in Section 5.2.1.2, with B8484 (LSL-KrasG12P/+
LSL-Trp53R172H/+ - Pdy-1-Cre) and P2FIR (LSL-KrasG12P/+, LSL-Trp53M*, Pdz-1-

Cre) cells.
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5.3.1.1 Growth rate of the subcutaneous KPC-tumours

Following subcutaneous inoculations, longitudinal measurements of tumour volume
were performed over a period of approximately 14 days to assess the tumour growth
rate of the two cell lines. All animals developed palpable tumours at the site of
injection after approximately one week and measurements were obtained, as described
in Section 5.2.1.2. As shown in Figure 5.1, the tumour growth rate follows the same
trend for both B8484 and P2FIR cell lines, making them ideal for concurrent imaging

studies. No signs of distress or weight loss were observed during that period.
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Figure 5.1: Tumour growth curves of the B8484 and P2FIR allograft-bearing mice.
Athymic nude mice were subcutaneously inoculated with the B8484 and P2FIR cell
lines and tumour volume (mm?) measurements were acquired throughout a 14 day
period. Tumour volumes are represented as the mean + SEM (n = 5 animals per

group).

5.3.1.2 Ezx vivo biodistribution analysis

B8484 and P2FIR allograft-bearing mice were imaged using a NanoSPECT /CT gamma-

camera 24, 48, and 72 h after administration of 5 MBq (1 MBq/ug) 'In-BnDTPA-

131



5. In vivo imaging of p53

p53 (1C12)-TAT. M In-BnDTPA-IgG;-TAT was used as a non-specific control. FEz
viwo biodistribution analysis together with SPECT ROI analysis are presented in Fig-
ure 5.2. Ez vivo biodistribution analysis in B8484 allograft-bearing mice, performed
72 h post-injection of the radiolabelled antibodies, is shown in Figure 5.2a. A high
concentration of radioactivity was observed for both radioconjugates in blood (15 +
1.6 vs. 14.5 £ 0.7% ID /g, respectively, p > 0.05), kidneys (4.3 £ 0.4 vs. 5.9 £ 0.7%ID/g,
respectively, p > 0.05), spleen (4.4 + 0.5 vs. 4.7 + 1%ID/g, respectively, p > 0.05),
lungs (5 + 0.8 vs. 4.9 + 0.4%ID/g, respectively, p > 0.05), and liver (4.2 + 0.6 vs. 4.7
+ 0.3%ID/g, respectively, p > 0.05). No significant accumulation in other organs was
noted other than the increased skin uptake (in B8484) (3.8 + 8 ws. 4.3 = 3%ID/g, re-
spectively, p > 0.05), which could be a result of cross-contamination between tissues,
as suggested by the large standard error. Tumour uptake of the 'In-BnDTPA-p53
(1C12)-TAT (7 + 2.5%ID/g) showed a slight increase over its non-specific control,
Hin-BnDTPA-IgG,-TAT (4.8 + 1.4%ID/g) which however, demonstrated no statis-
tical significance. Quantification of the SPECT data from the B8484 allograft mice,
revealed a tumour uptake of 9.5 £ 4%ID/mL for the anti-p53 (1C12) radioconjugate
compared to 4.3 + 1.4%ID/mL observed in IgG; non-specific control (Figure 5.2c).
However, the ditference observed was again not statistically significant (p = 0.1072,
Student’s t-test, 2-tailed).

A similar biodistribution pattern was observed in the p53 null P2FIR allograft-bearing
mice (Figure 5.2b) with blood (12 + 1.9 wvs. 15.8%ID/g, respectively), kidneys
(4.6 £ 0.9 vs. 6.4%ID/g, respectively), spleen (5.6 + 0.6 vs. 4.7%ID/g, respectively),
and liver (5.5 + 1 vs. 6.3%ID/g, respectively) being the tissues with the highest
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Figure 5.2: Ez vivo biodistribution and ROI analysis of 1! In-BnDTPA-p53 (1C12)-
TAT. Analysis was performed 72 h post-injection of ''In-BnDTPA-p53 (1C12)-
TAT and the isotype control 1'In-BnDTPA-IgG,-TAT in B8484 (a) and P2FIR (b)
allograft-bearing mice. Blood and major tissues are shown (n = 3 mice/group, n = 1
in P2FIR "'In-BnDTPA-IgG;-TAT group). Data are expressed as %ID/g and error
bars represent mean + SEM. Quantification of tumour areas by image analysis was
also performed at 72 h post-injection in B8484 (c) and P2FIR (d). Student’s t-test
was used (unpaired, 2-tailed), showing no statistical significance between groups (p

>0.05).

133



5. In vivo imaging of p53

uptake of radioactivity. Surprisingly, tumour uptake of "' In-BnDTPA-p53 (1C12)-
TAT was comparable to that observed in B8484 allograft mice (7.1 £ 1.0%ID/g). A
comparison between 1In-BnDTPA-p53 (1C12)-TAT and '''In-BnDTPA-IgG;-TAT
in P2FIR allograft mice was not possible as there was only one animal in the control
group, due to failed 7.v. injections. It can be observed however, that tumour uptake
of MIn-BnDTPA-IgG;-TAT in that one case was approximately 9%ID/g, suggesting
high tumour penetration of the non-specific control antibody. Higher concentration
of the control antibody was also observed in the blood (15.7%ID/g). Tumour uptake
by ROI analysis displayed similar uptake values, as observed in the biodistribution
data, for both 1In-BnDTPA-p53 (1C12)-TAT and "'!In-BnDTPA-IgG;-TAT (8.6 +

1.5 vs. 8%ID/mL, respectively, Figure 5.2d).

5.3.1.3 SPECT imaging

Whole-body SPECT images were acquired at 24 h, 48 h, and 72 h and were used
to evaluate in vivo biodistribution of radioconjugates. The tumour-to-blood (T/B)
uptake ratios were determined and are shown in Figure 5.3.

As shown in Figure 5.3a, in B8484 allograft-bearing mice accumulation of 'In-
BnDTPA-p53 (1C12)-TAT in the tumour continued for up to 72 h and T/B value
increased over time from 0.57 + 0.1 (24 h) to 1.11 + 0.6 (72 h post-injection), pro-
viding the best contrast at 72 h. The ratios observed for the non-specific control
HIn-BnDTPA-IgG;-TAT were constant throughout (0.46 + 0.03 at 24 h and 0.50
+ 0.2 at 72 h). Similarly, the T/B ratio for the "In-BnDTPA-p53 (1C12)-TAT in

P2F1IR allograft-bearing mice (Figure 5.3b) was comparable to that observed in B8484
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Figure 5.3: ROI analysis of selected tissues of SPECT images. Tumour-to-blood
(T/B) uptake ratios for the ''In-BnDTPA-p53 (1C12)-TAT and ''In-BnDTPA-
IgG1-TAT in B8484 (a) and P2FIR (b) allograft-bearing mice were calculated at
24 h, 48 h, and 72 h post-injection of radioconjugates. Data represents mean + SEM
(n = 3 animals/group). No statistical significance was observed between individual
groups (p >0.05, Student’s t-test, 2-tailed, paired).

mice and increased from 0.70 + 0.1 (24 h) to 1.05 + 0.2 (72 h). There was an increase
in the T'/B ratio value for the ' In-BnDTPA-IgG;-TAT radioconjugate from 0.60 (24
h) to 1.06 (72 h), but more mice are needed to determine if this is a significant trend.

Representative SPECT maximum intensity projection (MIPs) images of mice in-

jected with 1In-BnDTPA-p53 (1C12)-TAT or 'In-BnDTPA-IgG;-TAT over time
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are shown in Figure 5.4 and Figure 5.5, depicting the distribution and blood clearance
of the radioconjugates throughout the whole body in B8484 and P2FIR allograft-
bearing mice, respectively. Blood, heart, liver, and tumour were noted as the main
organs of uptake after administration of 1'In-BnDTPA-p53 (1C12)-TAT in B8484
allograft-bearing mice (Figure 5.4), confirming the biodistribution pattern from ex vivo
tissue counting (Figure 5.2a) and consistent with the pharmacokinetics and catabolic
pathways observed for radiolabelled antibodies.

In animals injected with "' In-BnDTPA-IgG,-TAT little radioactivity was detected in
the tumours, and uptake in the blood and liver was as high as for the anti-p53 (1C12)
radioconjugate. Similar tissue distribution was found in P2FIR p53-null allograft-
bearing mice, where high accumulation of both radioconjugates was observed in the

tumour (Figure 5.5), consistent with the biodistribution data (Figure 5.2b).
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Figure 5.4: Whole-body SPECT MIPs showing biodistribution of ''In-BnDTPA-
p53 (1C12)-TAT in B8484 allograft-bearing mice. Representative images of the same
mouse taken at 24 h, 48 h, and 72 h post-injection. "In-BnDTPA-IgG;-TAT was
used as a non-specific control. Arrows point to B8484 allograft tumours (T). Heart
(H) and liver (L) are also included as organs of high uptake.
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Figure 5.5: Whole-body SPECT MIPs showing biodistribution of 'In-BnDTPA-
ph3 (1C12)-TAT in P2FIR allograft-bearing mice at 24 h, 48 h, and 72 h post-
injection of the radioconjugate. 1" In-BnDTPA-IgG;-TAT was used as a non-specific
control. Arrows point to P2FIR allograft tumours (T). Heart (H) and liver (L) are
also included as organs of high uptake.
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5.3.2 In wvivo optimisation

As a result of the small sample size in the previously mentioned study (n = 1, for the
Hn-BnDTPA-IgG;-TAT group in P2FIR allograft-bearing mice) as well as the vari-
ability in tissue uptake across samples, an additional imaging session was performed.
Radioconjugates not attached to the TAT peptide were also included as controls of
TAT internalisation function (11In-BnDTPA-p53 (1C12) and 1!In-BnDTPA-IgG,).
Due to challenges during the radiolabelling process, a lower specific activity was used
(0.5 MBq/ug) and athymic nude mice (n = 3 animals/group) were injected with
a total activity of 5 MBq (10 pug of antibody). Animals were scanned at 72 h post-
injection due to higher T/B ratio value obtained at this time-point (Figure 5.3), using
the VECTor*CT scanner, as described in Section 5.2.4.

Ez vivo biodistribution of all four radioconjugates (1'!In-BnDTPA-p53 (1C12)-TAT,
Hin-BnDTPA-IgG;-TAT, 11In-BnDTPA-p53 (1C12), 11In-BnDTPA-IgG;) at 72 h
post-injection was similar in B8484 and P2FIR allograft-bearing mice and is shown
in Figure 5.6a and Figure 5.6b, respectively. Accumulation of radioactivity in normal
tissues followed a pattern that was observed in the previous study (Figure 5.2) but
with higher uptake values probably due to increased antibody dose (10 pg). After i.v.
injection of radioconjugates, high level of radioactivity was observed in blood, kidneys,
spleen, lungs, and liver in all groups. Tumour accumulation of "'In-BnDTPA-p53
(1C12)-TAT in B8484 allograft-bearing mice (Figure 5.6a) (13.4 + 0.7%ID/g) was
comparable to that of all the controls included (13.5 + 1.7%ID/g for 11 In-BnDTPA-

IgG1-TAT, 14.04 + 0.7%ID/g for '"'In-BnDTPA-p53 (1C12), and 13.6 + 4.3%ID/g
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Figure 5.6: Repetition of "In-BnDTPA-p53 (1C12)-TAT ex wvivo biodistribution
including 1 In-BnDTPA-p53 (1C12) and ''In-BnDTPA-IgG; controls in B8484 (a)
and P2FIR (b) allograft-bearing mice at 72 h post-injection. Data are expressed as
%ID/g and error bars represent mean + SEM (n = 3 mice/group). ROI analysis
on B8484 (c¢) and P2FIR (d) tumours is also included and presented as %ID/mL.
Two-way analysis of variance (ANOVA) was used for multiple comparisons with a
Bonferroni post-test, showing no statistical significance between groups (p > 0.05).
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for 11In-BnDTPA-IgG;). In P2FIR allograft-bearing mice, tumour uptake was also
similar between the four radioconjugates (10.2 + 2.6%ID/g for 'In-BnDTPA-p53
(1C12)-TAT, 14.7 + 0.8%ID/g for "'In-BnDTPA-IgG;-TAT, 12.9 + 0.5%ID/g for
HiIn-BnDTPA-p53 (1C12), and 13.8 + 3.0%ID/g for 11 In-BnDTPA-IgG4, p > 0.05).
No statistical significance was observed when comparing the tumour uptake of the
three control radioconjugates to that of 'In-BnDTPA-p53 (1C12)-TAT (p > 0.05,
two-way ANOVA) in both B8484 and P2FIR allograft-bearing mice. ROI quantifica-
tion of tumour uptake of all radioconjugates for both B8484 (Figure 5.6¢) and P2FIR
(Figure 5.6d) allograft tumours demonstrated lower values than those obtained from
the ex vivo biodistribution data (Figure 5.6a and Figure 5.6b, respectively), with sim-
ilar pattern observed, but no statistical significance. In particular, in B8484 allograft
tumours (Figure 5.6¢), uptake values were found to be as similar as 7 + 1.2%ID/mL
for 1In-BnDTPA-p53 (1C12)-TAT, 7.7 + 0.9%ID/mL for 1 In-BnDTPA-IgG,-TAT,
8.7 + 2%ID/mL for "In-BnDTPA-p53 (1C12), and 7.3 + 2.2%ID/mL for '!In-
BnDTPA-IgG; (p > 0.05, two-way ANOVA). Higher tumour %ID/mL values were
obtained in the P2FIR group for 1" In-BnDTPA-p53 (1C12)-TAT with high interindi-
vidual variability, as determined by the standard error, (13.6 + 3.7%ID/mL) when
compare to those corresponding to the control groups (11'In-BnDTPA-IgG;-TAT: 9.6
+ 3.4%ID/mL; In-BnDTPA-p53 (1C12): 8 + 1.5%ID/mL; 11 In-BnDTPA-IgG;:
8.2 = 1.7%ID/mL) (p > 0.05).

In line with the ex wvivo biodistribution data, visible tumour uptake of the '!'In-
BnDTPA-p53 (1C12)-TAT but also all control radioconjugates was demonstrated by
SPECT/CT imaging at 72 h post-injection (Figure 5.7). All image processing was
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Figure 5.7: Representative MIP SPECT images of B8484 and P2FIR allograft-
bearing mice 72 h post-injection with 1In-labelled conjugates: 1In-BnDTPA-
p53 (1C12)-TAT and '"In-BnDTPA-IgG;-TAT, '"'In-BnDTPA-p53 (1C12), 'n-
BnDTPA-IgG; controls. Arrows point to tissues showing marked uptake of the ra-
dioconjugates including heart (H), liver(L), carotid artery (A), and tumour (T).
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performed in Pmod image analysis software, as described in Section 5.2.4.1. T/B
ratios of 11In-BnDTPA-p53 (1C12)-TAT radioconjugate in both B8484 and P2FIR
allograft tumours at 72 h post-injection (0.9 + 0.2 and 1.4 + 0.7, respectively) were
also obtained and are shown in Figure 5.8, presenting values marginally higher than
the ratios found previously (Figure 5.3) but no different to the controls ( p > 0.05,
Hn-BnDTPA-IgG;-TAT: 0.87 + 0.03 and 1.4 + 0.20, respectively; '"'In-BnDTPA-
p53 (1C12): 0.9 + 0.30 and 1.3 + 0.06, respectively; 1 In-BnDTPA-IgG;: 0.83 + 0.07

and 1.06 + 0.30, respectively).

(a) B8484
o  20-
£
4]
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° 1.54
8 Bl 'in-BnDTPA-p53 (1C12)-TAT
) 3 **In-BnDTPA-IgG,-TAT
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é 30 *“in-BnDTPA-IgG,
o 0.5
é
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Tumour-to-blood ratio

Figure 5.8: Tumour-to-blood (T/B) uptake ratios 72 h after administration of 1*!In-
labelled conjugates in B8484 (a) and P2FIR (b) allograft-bearing mice. Data repre-
sents mean + SEM (n = 3 animals/group). No statistical significance was observed
between groups (p >0.05, two-way ANOVA with Bonferroni post-test).

In addition, the trend observed earlier in the B8484 allografts-bearing mice for the

T/B ratio of "In-BnDTPA-p53 (1C12)-TAT (Figure 5.3a) was not as pronounced
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in the present study when compared to the non-specific control (7 + 2.5 vs. 4.8
+ 1.4, respectively) (Figure 5.8a). In the P2FIR allograft tumours, however, the
same pattern in T/B ratio of the previous study was observed (Figure 5.3b) with
no difference between 11In-BnDTPA-p53 (1C12)-TAT and !In-BnDTPA-IgG,-TAT
but slightly increased values than those of the two non-TAT conjugated controls

(Figure 5.8Db).

5.3.2.1 pb53 expression in B8484 and P2FIR allograft tissue

To better determine whether the p53 expression profile of the KPC-derived cells
lines remained unaffected following subcutaneous inoculations in vivo, a western blot
analysis was performed on lysates derived from the tumours (Section 5.2.5.3 and
Section 2.4). To avoid cross-reactivity a rabbit polyclonal primary antibody specific
for total pb3 was used (p53 (CM5)). p53 expression levels were shown to be similar

between tissue (Figure 5.9) and cell (Figure 3.1) extracts.

Tissue extracts B8484 P2FIR

po3

B-Actin

Figure 5.9: Western blot analysis of tissue extracts from B8484 and P2FIR allograft
tumours. Total protein (20 pug) was loaded on SDS-PAGE, followed by immunoblot-
ting with rabbit polyclonal anti-p53 (CM5) antibody to avoid cross-reactivity. (-
Actin was used as a loading control.
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As expected, presence of p53 protein was observed only in the extracts from B8484
allograft tumours and no expression was detected in the P2FIR tumours.
Immunohistochemistry on tumour tissues was also performed to further validate the
p53 expression of the subcutaneous tumours (Figure 5.10). Tumour tissue sections
were prepared, as described in Section 5.2.5, and stained using the same primary
antibody used for western blot (anti-p53 (CM5)). Representative confocal images
of p53 staining of frozen B8484 and P2FIR allograft tumour sections are shown in
Figure 5.10a and Figure 5.10b, respectively.

As evident from Figure 5.10a, strong p53 staining was mainly seen in the nucleus of
the B8484 tumour allografts, even though not homogeneously distributed across the
selected region, agreeing with the localisation pattern observed in vitro in the B8484
cell line (Figure 3.5a). While there was no signal observed in the P2FIR tumour al-
lografts by western blot, p53 staining was detected by immunohistochemistry around
nucleus (extracellular localisation) (Figure 5.10b). When compared to the B8484
allograft tumours, there was a relatively lower overall p53 signal in the selected re-
gion of the P2FIR allograft tumours and a very different distribution pattern than
that observed for mutant p53. Controls omitting the primary antibody were included
to assess the level of background. As observed in both B8484 and P2FIR allograft
tumour sections, there was a negligible autofluorescence detected (Figure 5.10a and

Figure 5.10b lower panels, respectively).
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Figure 5.10: Immunohistochemical analysis of p53 expression levels in allograft
tumours. Frozen B8484 (a) and P2FIR (b) allograft tumour sections were stained with
the anti-p53 (CM5) rabbit polyclonal antibody (green) following antigen retrieval.
Nuclei were visualised using DAPI (blue). Scale bar is 20 pum for all images.

P2FIR
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5.3.2.2 Tissue distribution of '''In-activity in B8484 and P2FIR allograft

tumours

The distribution of "In-BnDTPA-p53 (1C12)-TAT in B8484 and P2FIR allograft
tumours was tested by ez vivo autoradiography and compared to that of the non-
specific control, " In-BnDTPA-IgG,-TAT. After SPECT image acquisition, tumour
tissue was excised, sectioned and prepared for autoradiography as well as H&E stain-
ing, as described in Section 5.2.5.1. Representative digital autoradiographs were
obtained by exposing tissue sections to a phosphor screen and histology staining was
used to assess the general morphology of the same sections. Shown in Figure 5.11a
and Figure 5.12a are representative tumour sections of each study group, revealing
the distribution patterns of radioactivity at 72 h post-injection of '''In-BnDTPA-p53
(1C12)-TAT.

The radioconjugate primarily accumulated in the outer rim of the tumour in both
B8484 and P2FIR allografts. Interestingly, while in B8484 allograft tumours radioac-
tivity distribution coincided with areas of enlarged nuclei and signs of vascularisation
(Figure 5.11a), in P2FIR allograft tumours tracer accumulation seemed to co-localise
with connective tissue, as evidenced by histology (Figure 5.12a).

Weak accumulation of 11 In-BnDTPA-IgG;-TAT was observed (Figure 5.11b) in the
surrounding areas of B8484 allograft tumour sections. Similar distribution of radioac-
tivity as 11In-BnDTPA-p53 (1C12)-TAT was detected for 1'In-BnDTPA-IgG,-TAT
in P2FIR allograft tumours, mainly accumulating in areas of connective tissue (Fig-

ure 5.12b).
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(a) Autoradiography H&E (x20)

1p-BnDTPA-p53 (1C12)-TAT

(b) Autoradiography H&E (x20)

Mn-BnDTPA-IgG:-TAT

Figure 5.11: Representative er vivo autoradiography and H&E images of 'In-
BnDTPA-p53 (1C12)-TAT (a) and '''In-BnDTPA-IgG;-TAT (b) distribution in
B8484 allograft-bearing tumours. Scale bars of the full histology and cropped im-
ages are 500 um and 200 pum, respectively.

The "In-BnDTPA-p53 (1C12)-TAT radioconjugate was also assessed in the KPC
genetically engineered mouse model for the first time, which presents an accurate
correlation to human PDAC as development of clinical features is similar to those ob-
served in patients (cachexia, bowel obstruction, ascites) as well as the histopatholog-
ical appearance (tumour microenvironment, metastatic potential) (Lee et al., 2016).
Unfortunately, no uptake was observed in the tumour (see Appendix A.4 for experi-

mental data collected).
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(a) Autoradiography H&E (x20)

111y BnDTPA-p53 (1C12)-TAT

(b)

Up-BnDTPA-IgG:-TAT

Figure 5.12: Representative er vivo autoradiography and H&E images of 'In-
BnDTPA-p53 (1C12)-TAT (a) and ''In-BnDTPA-IgG;-TAT (b) distribution in
P2FIR allograft-bearing tumours. Scale bars of the full histology and cropped images
are 500 pm and 200 pum, respectively.

5.4 Discussion

Although considerable research has been directed towards the development of diagnos-
tic markers for PDAC, there are still limitations regarding their clinical applicability
with CA19-9 the only FDA approved marker for clinical use (Le et al., 2016). The
advent of molecular imaging and its combination with monoclonal antibodies presents

an attractive method of diagnostic tumour characterisation. Hence, in this study the

149



5. In vivo imaging of p53

Hllp-labelled anti-p53 (1C12) monoclonal antibody, conferring internalisation and
binding specificity to p53 in wvitro, was evaluated in vivo in two mouse models of
PDAC: subcutaneous allografts of KPC-derived cell lines and genetically engineered

KPC mice.

5.4.1 Imaging p53 in KPC-derived cell line allografts

Athymic nude mice offer several advantages over KPC genetically engineered mice
including ease of validation in a short time period, accurate monitoring of tumour
growth, and cost (Vandamme, 2014). The KPC-derived cell lines B8484 and P2FIR
were evaluated for their ability to form subcutaneous tumours in vivo and showed no
difference in growth rate, allowing imaging and validation of the radioconjugate in
animals of the same age.

Biodistribution of 'In-labelled full length monoclonal antibodies has been well doc-
umented in vivo since the late 80s (Fawwaz et al., 1985; Hassan et al., 1999; McLarty
et al., 2009; Tolmachev et al., 2014; Yip et al., 2014), presenting strong retention
in healthy tissues and relatively slow circulation, which affects the contrast of the
imaging method at early time points after injection. Therefore, the in vivo distribu-
tion of 1 In-BnDTPA-p53 (1C12)-TAT in this particular model was evaluated and
compared to that of a non-specific control (1'In-BnDTPA-IgG;-TAT) at 72 h post-
injection. In agreement with the studies mentioned above, strong accumulation of
the radioconjugates was observed in blood, kidneys, and liver by SPECT imaging
and ez vivo biodistribution analysis in both B8484 and P2FIR allograft-bearing mice

(Figure 5.2), suggesting in particular the slow blood clearance of the radioconjugates.
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Even though ROI image and ex vivo counting analysis revealed slightly higher reten-
tion of MIn-BnDTPA-p53 (1C12)-TAT in B8484 allograft tumours when compared
to non-specific control, 1" In-BnDTPA-IgG,-TAT (Figure 5.3a), the %ID /g difference
between the groups was not statistically significant, suggesting the non-specificity of
the In-labelled anti-p53 (1C12) antibody in vivo (Figure 5.2a and Figure 5.3a).
In the P2FIR allograft tumours, uptake values of 1'In-BnDTPA-p53 (1C12)-TAT,
determined by ez vivo biodistribution and image analysis, were identical to those of
W In-BnDTPA-IgG:-TAT at all times (Figure 5.2b and Figure 5.3b) while showing
very similar %ID/g to the uptake values observed in B8484 allograft tumours at 72 h.
It should be noted that tail vein injections of the control radioconjugate were not suc-
cessful for every animal and therefore there was only one mouse for that particular
group, making any comparisons inconclusive considering the intratumoral variability
that may appear between animals. The similarity observed between the value of up-
take of '1In-BnDTPA-p53 (1C12)-TAT in P2FIR allograft tumours, bearing negative
pb3 status, and the uptake of the "' In-BnDTPA-IgG;-TAT control, may be sugges-
tive of non-specific tumour uptake due to the enhanced permeability and retention
(EPR) effect, a phenomenon attributed to abnormal tumour vasculature that causes
leakage of long circulating molecules into tumour tissue and retention due to limited
lymphatic drainage (Kobayashi et al., 2014). Since the EPR effect largely depends
on the physical characteristics (size, charge, polarity) of the injected molecules and
not on their binding properties, it was hard to discriminate between the specific bind-
ing and non-specific uptake of these antibodies (Ogawa et al., 2009; Heneweer et al.,
2011).
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To verify the biodistribution trend of 'In-BnDTPA-p53 (1C12)-TAT observed in
this study, an additional imaging session was performed including two no-TAT con-
trols (11 In-BnDTPA-p53 (1C12), 11 In-BnDTPA-IgG;). Ez vivo biodistribution and
ROI-based image analysis did not reveal any difference between In-BnDTPA-
p53 (1C12)-TAT and the control radioconjugates (1''In-BnDTPA-IgG;-TAT, "!In-
BnDTPA-p53 (1C12), 11In-BnDTPA-IgG;) in B8484 and P2FIR allograft tumours
(Figure 5.6), suggesting again the non-specificity of the p53 conjugate and poor tu-
mour penetration. Slightly more increased tumour uptake of radioconjugates was
observed, probably attributed to the availability of a higher dose in the bloodstream
(Misri et al., 2011). Tumour-to-blood ratios (Figure 5.8) were comparable to the
initial values obtained (Figure 5.3). Comparison of %ID/g values from biodistribu-
tion and ROI analysis revealed an underestimation of tumour uptake, as determined
by ROI, for all the radioconjugates. This may be due to quantitative biases associ-
ated with the partial volume effects (PVE) caused by the limited spatial resolution
of the emission devise (Ritt et al., 2011). In small structures with heterogeneously
distributed activity, tumour uptake quantification may lead to underestimation of
accumulated activity because of spill out effect into neighbouring voxels. Also, since
only a small region of the tumour was used as a representation of tumour uptake,
dead-space may have been included in the ROI delineation. Lastly, measurements ac-
quired by y-counting may have been affected by cross-contamination between tissues,
incomplete dissection, and weighing errors leading to discrepancies in the biodistri-
bution results as well.

Western blot analysis on the tumour tissues confirmed the sustained expression of p53
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protein only in B8484 allograft tumours while no signal was detected in the P2FIR
sections (Figure 5.9). Immunohistochemical analysis however, revealed p53 signal in
the P2FIR tumour sample that was not noted by western blot (Figure 5.10b) probably
because of differences in detection sensitivity between the two assays but also the fact
that one recognises proteins in their native form while in western blot the protein
is denatured and some antibodies may not be able to bind. The signal resembled
extracellular or even stromal expression of p53 compared to nuclear staining that
was observed in the B8484 allograft tumours (Figure 5.10a). It is generally accepted
that tumour microenvironment plays an important role in malignancy, consisting of
a complex cellular network with stroma as one of the major compartments (Kidd
et al., 2012; Chen et al., 2015; Hensel et al., 2017). In their study, Farmaki et al.
suggested that selective pressure from the tumour microenvironment may lead to
the selection of populations from stromal cells carrying altered properties such as
genetic instability, self-maintained replication, uncontrolled growth and extended cell
survival (Farmaki et al., 2012). Thus, it can be hypothesised that p53 expression
of the host may be responsible for the immunohistochemical signal observed in the
P2FIR allograft tumour sections.

Autoradiography images (Figure 5.11), overlaid with morphological staining, showed
a similar distribution pattern of 'In-BnDTPA-p53 (1C12)-TAT between the two
tumour models. Minimal signs of accumulation were observed in areas with enlarged
nuclei in B8484 tissue sections (Figure 5.11a) and the outer rim of the tumour was
the primary accumulation site in both allograft tumour models with some uptake ob-

served in the connective tissue of the P2FIR allograft tumours (Figure 5.12a). This
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uptake in P2FIR tumours can be correlated to the endosomal entrapment observed in
vitro with the fluorophore-based version of the anti-p53 (1C12)-TAT in P2FIR cells
(Chapter 4, Figure 4.10), suggesting a possible entrapment of the radioconjugate
in the tissue. A similar uptake pattern was also detected for '"In-BnDTPA-IgG,
(Figure 5.12b) in the B8484 and P2FIR tumours (Figure 5.11b) with accumulation
of radioactivity around the tumour and in areas characterised by cutting artefacts.
Uptake of control radioconjugates is expected in part due to the presence of the
TAT peptide but also their inherent tendency to internalise into the cells, and the
grade of this uptake and their excretion from the tumour area, may be dependant
on factors such as tumour size and blood flow (Hagan et al., 1986). In addition,
it has been previously suggested that the positive charge of the TAT peptide itself
may affect tumour permeability leading to poor tumour uptake of such conjugates
(Niesner et al., 2002). It is therefore challenging to discriminate between specific and
non-specific uptake of 1'In-BnDTPA-p53 (1C12)-TAT in this tumour model.

In addition to the allograft tumour model, imaging of p53 mutations in PDAC pro-
gression and development was performed in KPC genetically engineered mouse models
using the 11 In-BnDTPA-p53 (1C12)-TAT. CT is the most common diagnostic method
of PDAC lesions to date, although it can provide false positive findings for detection
of primary tumours (Delbeke and Pinson, 2004). Even pre-clinically, there are limi-
tations for identification of PDAC in the KPC mouse model as tumour development
is relatively slow and occurs with variable latency (Gopinathan et al., 2015).

In this study KPC mice were screened every two weeks using MRI due to its superior

soft tissue contrast for tumour growth monitoring. In Appendix A.4, imaging with
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Hin-BnDTPA-p53 (1C12)-TAT was performed upon a suspected tumour after MRI
screening (Figure A.4). This was followed by an 8F-FDG-PET scanning session as
an additional tumour confirmation method which offers superior sensitivity in sepa-
rating benign from tumourigenic lesions, as identification of biochemical changes may
occur even before any anatomical or structural differences (Laeseke et al., 2015). Ez
vivo biodistribution data (Figure A.5) showed low %ID /g values than those observed
before in the allograft studies, suggesting the possible effect of immunological profile
of the host on tracer biodistribution, as suggested before for ''In-labelled compounds
(Vilhelmsson-Timmermand et al., 2015). Together with the SPECT /PET/CT images
Figure A.7), both data showed marked uptake in the bladder, heart, facial papillomas,
and diffuse spots in the lower abdomen that were hard to discriminate for the presence
of a tumour. 8F-FDG-PET images showed uptake in bladder, heart, spinal cord, and
brain even though low. No uptake was observed in the area of a suspected tumour,
determined by MRI, which could be suggestive of several factors involved during the
scanning session. Fueger et al., hypothesised that uptake of '®F-FDG is dependant
upon parameters such as the surrounding temperature, diet, and anaesthesia caused
by the great variability in imaging protocols utilised for pre-clinical studies (Fueger
et al., 2006). They were able to demonstrate that warming and fasting of animals
can increase tumour accumulation by more than 3-fold. In the current study, and
even though all animals were fasted overnight, fluctuations in body temperature were
often unavoidable probably explaining absence of a greater signal at the tumour site.
Ez vivo pancreas and tumour (dissected from the pancreatic tissue) autoradiography

demonstrated minimal accumulation of 'In-BnDTPA-p53 (1C12)-TAT throughout
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the whole tissue section (Figure A.8, Figure A.9). Interestingly, examining the pan-
creatic tissue, uptake was also observed in areas characterised for the presence of
PanIN lesions. Whether these regions represent Panln-3 stage lesions, in which p53
is mutated in most of the cases, has yet to be elucidated, as an additional specialised
confirmation needs to be performed. The presence of papillary architecture however,
in combination with moderate nuclear atypia, is suggestive of a grade higher than
PanIN-1, characterised by a more flat and columnar cell phenotype (Scarlett et al.,
2011).

Immunohistochemical analysis of the tissue sections (pancreas and tumour) depicted
a more cytosolic staining pattern with no signal in the nucleus (Figure A.10), posing

more questions towards the suitability of this model for imaging p53 mutations.

5.5 Conclusions

Imaging of pb3 mutations in cancer has proven challenging, with some studies at-
tempting to image interaction of p53 with other targets (i.e., Mdm2) (Goh et al.,
2014) rather than direct endogenous protein levels. In the present study, the non-in-
vasive in vivo imaging pbH3 mutations was attempted using radiolabelled monoclonal
antibodies. There are however, certain limitations involved in this approach. The
Combination of both in vivo studies in subcutaneous allografts of KPC-derived cell
lines showed very little uptake of the 1'1In-BnDTPA-p53 (1C12)-TAT radioconjugate
in the B8484 allograft-bearing mice, characterised by the presence of p53 mutations

and the specificity of this uptake was hard to discriminate due to concomitant accumu-
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lation not only of the 'In-BnDTPA-IgG;-TAT non-specific control radioconjugates
but also accumulation of both in the P2FIR allograft-bearing tumours (p53 null).
Despite the increasing trend observed, the distribution of 1! In-BnDTPA-p53 (1C12)-
TAT in a pb3 mutant background, is suggestive of a inefficient or non-specific uptake.
In addition, this chapter provides the first attempt of imaging p53 in the KPC genet-
ically engineered mouse model, showing also no accumulation of ''In-BnDTPA-p53
(1C12)-TAT, as depicted by ez vivo biodistribution analysis. These results support
further challenges towardsa the use of 1'1In-BnDTPA-p53 (1C12)-TAT as an imaging

tool for pancreatic cancer.
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6.1 Introduction

The aim of this chapter was to evaluate the biodistribution and tumour uptake of
a novel antibody, T1-116C, which acts as a T-cell receptor mimic and recognises a
wild-type p53-derived peptide presented by human leukocyte antigen haplotype HLA-
A2 on the cell surface. The T1-116C antibody was developed by the Banham group
at Oxford university, who reported its ability to recognise the pdH3-derived peptide
in vitro in 15 cancer cell lines positive for both p53 and HLA-A2 (Li et al., 2017).
As part of the study, here, the targeting of the p53-derived peptide by the T1-116C
antibody was evaluated in vivo using T1-116C binding MDA-MB-231 and T1-116C
non-binding MDA-MB-468 breast cancer xenograft-bearing mouse models.

Most proteins are found within the cell, regulating cell growth, proliferation, apoptosis
and many are often mutated in a cancer cell, where traditional monoclonal antibody
therapies cannot reach (Chang et al., 2016). Intracellular proteins are constantly
being degraded by the proteasome machinery. Briefly, the polypeptide cofactor ubiq-
uitin is conjugated to the ¢ amino moiety of lysines. The protein is then digested
by the 26S proteasome into oligopeptides that are of the correct size for presentation
and if not are extended on their N-terminus. Various aminopeptidases in the cytosol
or endoplasmic reticulum (ER) cut these extended peptides into the right size and
the peptides are transported via a transporter associated with antigen presentation
(TAP) to the ER and loaded to the major histocompatibility complex (MHC) class-I
molecules, referred to as human leukocyte antigen (HLA) class-I in humans (Goldberg

et al., 2002; Neefjes et al., 2011). The MHC class-I molecules bind to the peptides
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produced, transferring them to the cell surface for display to the immune system
(Rock et al., 2004). The presentation of these peptides on the cell surface allows the
recognition of intracellular antigens by the immune system and more specifically, by
the CD8* T cells where the T cell receptors (TCRs) specifically bind to the MHC
class-I presented peptides, enabling T cell targeted killing of cells expressing foreign

or altered self antigens (Kloetzel, 2004).
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Figure 6.1: Schematic representation depicting the antigens presented by the MHC
class-I molecules. Proteins are degraded into small peptides by the proteasome and
subsequently transported via the TAP transporter to the ER. MHC class-I molecules,
waiting in the ER, bind to the peptides and transport them to the plasma membrane.
The presented peptide can then be recognised by immune system. ER: endoplasmic
reticulum, TCR: T cell receptors.

The specificity of TCRs in differentiating the peptides presented by MHC class-I, has
opened new possibilities to validate disease-specific targets (Weidanz et al., 2011).
The advance of new technologies has allowed the generation of antibodies carrying

TCR-like characteristics (TCRm) that specifically recognise tumour antigen derived
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peptide/MHC complexes on the cell surface, providing the selectivity of T cell-like
recognition (Dao et al., 2013). Even though challenging, several antibodies have been
generated by phage display or hybridoma fusion technology, using the MHC tetramers
as immunogenes. One potential hurdle in the use of such antibodies is the limited den-
sity of the epitope on the cell surface which is dependant on a number of factors such
as protein expression levels, protein half-life, HLA levels and presentation (Dubrovsky
et al., 2016). Therefore, the ideal targets for TCRm antibodies are those found in
abundance on the cell surface, most likely the result of overexpressed proteins with
short half-lives that are constantly being degraded into peptides with strong affinity
for patient’s HLA (Bassani-Sternberg et al., 2015). Such TCRm targets, following the
above criteria, can be classified into three categories. These are: 1. antigens presented
by the tumour itself (e.g. peptides produced from mutated proteins) (Worley et al.,
2001), 2. oncofetal proteins (e.g. CEA) (Tsang et al., 1995), 3. tumour microenviron-
ment cells (e.g. tumour associated macrophages) (Noy and Pollard, 2014). Targeting
commonly mutated proteins is of utmost interest as it may open a new window for
current cancer therapy approaches. Besides therapy, these targeting moieties could
be in principle also used as tumour-imaging agents for diagnostic purposes.

There are a number of advantages of TCRm antibodies over their TCR, counterparts.
In comparison to TCR, TCRm antibodies show higher binding affinity towards the
target, comprising them useful for targeting low abundance epitopes on the MHC-I
molecules. In addition, TCRm presents a variety of orientations in regards to their
binding to the peptide/ MHC-I complex, which may allow binding to the areas of MHC

that are inaccessible to TCR and T cell-based therapies. Even though production
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of antibodies is easily performed and on a large scale, one of the disadvantages of
TCRm is that they are restricted to a specific HLA haplotype. This issue can be
circumvented by developing TCRm against a few commonest HLA haplotypes in
humans and the combination of these TCRm will cover the majority of the whole
human population. The HLA-A2 (found in approximately 50% of Caucasians) and
HLA-A24 (common in Asian populations) haplotypes are the most favoured for such
applications (Dubrovsky et al., 2016).

Considering the prevalence of p53 mutations in human cancer, it is one of the most
extensively studied tumour-associated antigens. Some studies have reported the pres-
ence of high copy numbers of wild-type p53 peptide/MHC-I complex in tumour cells
in comparison to low expression in normal cells (Vierboom et al., 2000). Various im-
munotherapy strategies can be employed to target MHC class-I presented peptides,
such as those derived from pb3, including TCRm antibodies. Due to commonly ap-
pearing missense mutations of p53 that lead to accumulation or overexpression of the
protein in the cytosol, the protein is more readily available for antigenic processing
of both the mutant and wild-type peptides (DeLeo, 2006).

Li et al. (Li et al., 2017), developed a TCRm antibody (T1-116C) against the
HLA-A2 presented p53gs_73 epitope (RMPEAAPPV) and characterised its binding
specificity in a variety of cancers but also therapeutic potential by initiating immune
effector functions to kill tumour cells in wvitro. The antibody was shown to inhibit
tumour growth of breast cancer xenografts that express the p53g5_73 peptide in vivo
and thus representing a promising agent for future cancer therapy.

Although cell penetrating peptides (CPPs) have the ability to translocate various
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cargoes into the cell and into the nucleus, there are still a lot of challenges, as have
been addressed in the previous chapters, regarding cell specificity, internalisation
mechanism and endosomal escape. Those challenges are reflected by the development
of imaging and therapeutic markers for mainly extracellular targets, some of which
have been approved by FDA for clinical use (Hong and Zeng, 2014). Therefore,
this study aims to evaluate an alternative imaging agent targeting extracellular p53
peptides, providing a means of comparison to the detection efficiency of intracellular

endogenous pH3.

6.2 Materials and methods

6.2.1 Cell lines

Human breast cancer cell lines, MDA-MB-231 and MDA-MB-468, were purchased
from ATCC and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma
Aldrich, UK), supplemented with 10% (v/v) of foetal bovine serum (FBS) (Gibco,
USA), 100 units/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine
(Sigma Aldrich). Cells were maintained in a humidified chamber at 37°C and 5%

CO,, and handled in a class II microbial safety hood.

6.2.2 Animal models

Female BALB/c nu/nu mice (20-25 g) (Charles River, UK), were inoculated subcu-
taneously (s.c.), using a 21 G needle, in the right lower flank with MDA-MB-231

or MDA-MB-468 breast cancer cell lines, prepared as described in Section 5.2.1.1
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(1 x 106 cells in 100 pL cell suspension). During inoculation all animals were anaes-
thetised using 2-3% (v/v) isoflurane in oxygen and kept on a heating bed to prevent
hypothermia. Animals were observed for 10-15 min to ensure full recovery from anaes-
thesia. Tumour volume measurements were collected every 3 days, as described in

Section 5.2.1.2.

6.2.3 Antibody conjugation and radiolabelling

The T1-116C mouse monoclonal antibody (mlIgGoa) (Li et al., 2017) or a non-specific
isotype-matched control (IgG2a) (500 pug each, 1 mg/mL stock) were reacted with a
20-molar excess of S-2-(4-isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid
(p-SCN-Bn-DTPA), as described in Section 4.2.5.1. DTPA-conjugated antibodies
were then labelled with "In, as described in Section 4.2.5.2. In-BnDTPA-T1-
116C or '"'In-BnDTPA-IgG2a (5 MBq (5 pg)) were administered intravenously in to

the tail vein, when subcutaneous tumours had reached a volume of at least 125 mm?3.

6.2.4 SPECT imaging

SPECT imaging was performed at 24 h, 48 h, and 72 h post injection, using a 4-
head NanoSPECT/CT ~-camera (Bioscan, USA) with an incorporated cone beam
CT imaging system, as described in Section 5.2.3. Tumour uptake was quantified
at each time point based on the reconstructed SPECT images, using the Inveon
research workplace software package version 2.2 (Siemens, Germany), as described in
Section 5.2.3.2. At 72 h, after the last scanning session, animals were sacrificed by

cervical dislocation and ex vivo biodistribution analysis was performed, as described
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in Section 5.2.3.1. Radioactivity in tumour and other selected tissues was expressed

as percentage of the injected dose per gram tissue (%ID/g).

6.2.5 Statistical analysis

All data are reported as mean + standard error of mean (SEM). Statistical analysis
was performed using GraphPad Prism 5 (GraphPad Software,USA). Two-way analysis
of variance ANOVA test with Bonferroni multiple comparison correction post-test was

used for comparison of more than two groups mean.

6.3 Results

6.3.1 Biodistribution of ' In-BnDTPA-T1-116C

Ex vivo biodistribution studies were performed in MDA-MB-468 and MDA-MB-231
breast cancer xenograft-bearing mouse models at 72 h post-injection of radiolabelled
T1-116C antibody and the non-specific control and are summarised in Figure 6.2.
Tumour models were selected according to their ability to bind T1-116C and hence,
acting as positive (MDA-MB-231) and negative (MDA-MB-468) controls.

After injection of ''In-BnDTPA-T1-116C, high levels of radioactivity, were observed
in blood with 21.1 + 2.5%ID/g and 14.4 + 7.0%ID/g for MDA-MB-468 and MDA-
MB-231, respectively. Uptake of the non-specific control, "In-BnDTPA-IgG2a, was
also high in the blood for both xenograft models (16.4 + 8.7%ID/g in MDA-MB-468
and 10.2 = 6.7%ID/g in MDA-MB-231 xenografts). Relatively high uptake of 1!In-

BnDTPA-T1-116C and '"In-BnDTPA-IgG2a was observed in the heart (8.2 + 2.7
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Figure 6.2: Biodistribution of 1" In-BnDTPA-T1-116C (n = 2) and *In-BnDTPA-
[gG2a (n = 3) in MDA-MB-468 and MDA-MB-231 breast cancer xenograft-bearing
mouse models at 72 h post-injection. Data is presented as %ID/g and error bars
represent mean + SEM. T'wo-way analysis of variance (ANOVA) was used for multiple
comparisons (**#*x* p < 0.0001).

and 5.3 + 3.9%ID /g, respectively), lungs (8.9 + 3.7 and 7.3 + 1.7%ID /g, respectively),
and spleen (7.2 + 1.7 and 7.9 = 3.4%ID/g, respectively) of MDA-MB-468 mice. The
same tissues did not present a significant accumulation of radioactivity in the MDA-
MB-231 mice, apart from the spleen (1! In-BnDTPA-T1-116C: 7.1 + 5.3%ID/g, !In-
BnDTPA-IgG2a: 5.2 + 2.5%ID/g). Significantly increased tumour uptake of 'In-
BnDTPA-T1-116C, and as high as 28.4 + 4.7%ID/g, was seen in the MDA-MB-231
mice and was greater than the uptake of "In-BnDTPA-IgG2a non-specific control
(1.7 + 0.5%ID/g) in the same mouse model (p < 0.0001), suggesting great specificity
of the T1-116C antibody towards the target of interest. Tumour accumulation in

the MDA-MB-468 mice reached 12.7 + 1.2%ID/g for 1'In-BnDTPA-T1-116C and
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6.7 + 2.8%ID/g for the non-specific control and was lower than uptake values in the

MDA-MB-231 mice.

6.3.2 SPECT imaging

In vivo SPECT maximum intensity projection images (MIPs) were acquired at 24
h, 48 h, and 72 h after administration of 5 MBq (5 pg) of !'In-BnDTPA-labelled
T1-116C and IgG2a. Figure 6.3 and Figure 6.4 show the distribution over time of
the labelled antibodies in MDA-MB-468 and MDA-MB-231 xenograft-bearing mice,
respectively. Considerably higher tumour accumulation of radioactivity was observed
in MDA-MB-231 mice (Figure 6.4) injected with "' In-BnDTPA-T1-116C, especially
when compared to its corresponding non-specific control with near non-detectable
uptake, but also to MDA-MB-468 xenograft animals (Figure 6.3). These results were
in agreement with the biodistribution data (Figure 6.2).

High uptake amongst healthy tissues was observed in the heart, liver, and carotid
arteries during the first 24 h in MDA-MB-468 and MDA-MB-231 xenograft-bearing
mice, suggesting a similar blood clearance profile for both. The background uptake
signal decreased over time, leading to better tumour contrast at 72 h. Region of
interest (ROI) analysis showed a significantly higher accumulation of ' In-BnDTPA-
T1-116C in MDA-MB-231 mice at all time points, but peaked at 48 h and 72 h (22.7
+ 5.8 and 22.4 + 1.7%ID/mL, respectively), while it only reached 9.3 + 0.5%ID/mL

in the MDA-MB-468 group (p < 0.001) (Figure 6.5a).
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Figure 6.3: Representative SPECT maximum intensity projections of !'In-
BnDTPA-T1-116C and '"'In-BnDTPA-IgG2a in MDA-MB-468 xenograft-bearing
mice. Images of the same mouse were taken at 24 h, 48 h, and 72 h post-injection.
W n-BnDTPA-IgG2a was used as control for evaluation of non-specific binding. Ar-
rows point to MDA-MB-468 xenograft tumours (T). Heart (H), liver (L), and carotid
arteries (A) are also included as organs of high uptake.
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Figure 6.4: Representative SPECT maximum intensity projections of In-
BnDTPA-T1-116C in MDA-MB-231 xenograft-bearing mice at 24 h, 48 h, and 72
h post-injection. "In-BnDTPA-IgG2a was used as control for evaluation of non-
specific binding. Arrows point to MDA-MB-468 xenograft tumours (T). Heart (H),
liver (L), and carotid arteries (A) are also included as organs of high uptake.
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Tumour-to-blood (T/B) ratios (heart was used for estimation of blood concentration)
also confirmed the gradual increase of 1''In-BnDTPA-T1-116C in MDA-MB-231 tu-
mours over time, with a value of 1.9 + 0.3 at 72 h. In comparison, uptake ratio
of 1 In-BnDTPA-IgG2a in the same model was as low as 0.5 + 0.3 at 72 h. T/B
ratio values in the MDA-MB-468 mice were also lower and similar between the ''!In-
BnDTPA-T1-116C and 'In-BnDTPA-IgG2a (1 + 0.4 vs. 0.9 £ 0.1, respectively)

(Figure 6.5b).
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Figure 6.5: Tumour uptake (a) and tumour-to-blood ratios (b) for 'In-BnDTPA-
T1-116C as determined by ROI analysis. ROIs were estimated for both lIn-
BnDTPA-T1-116C and the non-specific control "'In-BnDTPA-IgG2a at 24 h, 48
h, and 72 h post-injection. (*'In-BnDTPA-T1-116C: n = 2 animals/group, '!In-
BnDTPA-IgG2a: n = 3 animals/group). * p < 0.05; ** p < 0.01; *** p < 0.001.

Taken together, these data confirm the specificity of the T1-116C antibody for tar-
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geting the p53g5_73 epitope at the tumour site in vivo, in agreement with the n vitro
validation performed by the other authors of the same study. More specifically, it was
proved that binding of T1-116C antibody is not only dependant on the p53 expression
but is also restricted to HLA-A2, and since MDA-MB-468 are HLA-A2-negative, they

did not observe any binding of T1-116C in wvitro (Li et al., 2017).

6.4 Discussion

The majority of cellular proteins involved in tumourigenic processes, take place within
the cell and are, therefore, hard to reach by conventional molecular imaging method-
ologies, such as monoclonal antibodies. Previous sections of this thesis discussed a
proof-of-principle for targeting intracellular endogenous p53 protein using CPPs. De-
spite their great potential as delivering agents, CPPs still lack tumour specificity and
have good but limited cell penetrating ability, which remains a major challenge for
molecular imaging. Here, instead of directly visualising intracellular endogenous p53
protein, a T1-116C antibody, raised against the HLA-A2 presented p53¢5_73 epitope
on the cell surface, was evaluated in vivo. Two breast cancer tumour models were
used with presence (MDA-MB-231 xenograft-bearing mice) or absence (MDA-MB-
468 xenograft-bearing mice) of the antibody epitope, as was determined by in vitro
studies reported by Li et al. (Li et al., 2017).

Similar to common monoclonal antibodies, TCRm antibodies, such as T1-116C, have
the ability to target disease-related peptide/MHC-I complexes, binding both the pep-

tide and the MHC class-I molecule in a specific manner and therefore, expanding
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targetable antigens into intracellular proteins without compromising cell membrane.
In the present study, the T1-116C antibody was shown to bind p53 peptide/ MHC-I
expressing tumour tissue in vivo. Ez vivo biodistribution studies revealed that uptake
of M In-BnDTPA-T1-116C in the MDA-MB-231 xenograft tumours exceeded that in
all other tissues and was significantly higher than the uptake in the control groups.
In addition, "In-BnDTPA-T1-116C resulted in high tumour-to-blood contrast (ap-
proximately 2) in MDA-MB-231 xenograft tumours, at 72 h after administration.
Tumour accumulation of ''In-BnDTPA-T1-116C in the MDA-MB-231 xenograft an-
imals was high at all times and peaked at 48 h and 72 h post-injection, suggesting
specific targeting n vivo.

To our knowledge, this is the first study using a TCRm antibody for imaging of
antigen presentation in vivo. Even though use of TCRm antibodies is limited due to
low epitope densities, the T1-116C antibody presents a superior tumour uptake when
comparing to the traditional approaches against cellular proteins. However, the T1-
116C recognises only a very specific region of the p53 protein. Mutations of p53 can
occur within different regions of the protein with the majority appearing in the core
DNA-binding domain (DBD) (Olivier et al., 2010). The particular epitope (p53e5-73)
recognised by the T1-116C antibody is outside this highly mutated region and has
very few mutations reported. Therefore, when a cell presents with a p53 mutation,
there is a high possibility that the target peptide recognised by the T1-116C antibody
will contain the specific wild-type sequence. The mechanisms of epitope presentation
however, on the cell surface are poorly understood and are not entirely predictable.

Even though several reports have suggested the presence of high copy numbers of
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wild-type p53 peptide/MHC-I complexes in tumour cells (Theobald et al., 1998), p53
mutations are not always associated with enhanced processing of the wild-type p53
sequence, and may be a product of other genetic events or even viral integration
(DeLeo and Whiteside, 2008). Other challenges include cross-reactivity, as most
TCRm antibodies bind only a short linear sequence of their target peptide and thus
may recognise off-target epitopes that share the same sequences. Finally, the HLA

restriction makes these antibodies applicable for only a subset of patients with certain

HLA types (Chang et al., 2016).

6.5 Conclusions

The work presented in this chapter reported the successful targeting of an extracel-
lular ph3-derived epitope. Cell surface targets have been mainly explored for the
development of diagnostic imaging agents due to lack of plasma membrane barrier
and ease of detection. On the other hand, intracellular targets play a much more
important role in cellular biology and development of tumours and therefore, have
been the major focus for tumour diagnostics and therapy. Selecting the best target
may prove challenging and requires further research to better understand the biology

underlying these targets and their potential for clinical use.
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7.1 Summary

The work presented in the current thesis describes a novel method for the detection
of p53 in PDAC using a monoclonal antibody (mAb) approach, facilitated by the
conjugation to TAT, a cell penetrating peptide (CPP), and a metal ion chelator for
radiolabelling with In for SPECT imaging. To our knowledge, this is the first
“proof-of-concept” study on a non-invasive mean of imaging of p53, which could have
important diagnostic implications for various types of cancer.

The advance of hybridoma technologies and the resulting tumour-associated mAbs,
have significantly helped to exploit biomarkers that discriminate tumour cells from
normal cells. The discovery of antibodies, described as “magic bullets” by Paul
Ehrlich (Ehrlich, 1878), has led to mass production of thousands of different types of
these biomolecules by biotechnology companies. However, the information supplied
from commercial data sheets and academic publications is not always sufficient to
enable their use in diagnostic applications and therefore requires further validation of
the antibody’s performance.

The first aim of this study was to evaluate a commercially available antibody, anti-
p53 (1C12), against total p53, as discussed in Chapter 3. The anti-p53 (1C12) mouse
mAb showed good specificity for the target in cell lines derived from a PDAC mouse
model (KPC) with varying p53 status, B8484 and P2FIR (p53 mutant and p53 null,
respectively), by a number of assays. The mAb achieved good experimental repro-
ducibility between different antibody batches, and demonstrated high affinity (Kq =

9 + 2.2 nM) towards the antigen of interest. These validations supported the selection
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of this particular antibody for subsequent studies. However, the sub-cellular localisa-
tion of p53 in the model system of interest was confirmed in the nucleus, suggesting

the necessity for cell membrane penetration and nuclear translocation.

7.1.1 Unravelling TAT

The intracellular distribution of p53 required the use of CPPs in the design of the p53-
targeting imaging agent. In Chapter 4, the anti-p53 (1C12) antibody was conjugated
to the TAT CPP to facilitate entry into the cell and into the nucleus.

It was shown that the anti-p53 (1C12)-TAT-Cy3 was localised in the cytoplasmic
and nuclear compartment of fixed B8484 KPC-derived cells, carrying mutant p53.
Conversely, anti-p53 (1C12)-Cy3 alone was trapped in sub-cellular vesicles, most
likely endosomes, as cellular uptake of such molecules has been reported to occur
through endocytosis, leading to their encapsulation within the endosome and subse-
quent degradation (Erazo-Oliveras et al., 2012). A similar endosomal trapping profile
was observed in P2FIR cells (p53 null) for both anti-p53 (1C12)-TAT-Cy3 and anti-
p53 (1C12)-Cy3, demonstrating the specificity and internalisation capacity of the
TAT-conjugated anti-p53 (1C12) antibody in p53-positive cell line. Fixed cells, how-
ever, may not represent the true internalisation pattern of the TAT peptide, and may
be the cause of redistribution artefacts, as previously pointed out in the literature
(Lundberg and Johansson, 2002; Richard et al., 2003).

Prior to radiolabelling with 'In, the anti-p53 (1C12)-TAT conjugate was reacted
with the p-SCN-Bn-DTPA metal ion chelator, yielding approximately 1.2-2 accessible

ligands grafted per antibody. Interestingly, the number of conjugation found in the
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present study differs from previous studies. In particular, Cooper et al., suggested the
presence of 3.6 + 1 DTPA chelators per antibody (rituximab) (Cooper et al., 2012)
while Ackova et al. reported 8.8 groups for the same antibody (Ackova et al., 2016)
after addition of 40- or 20-molar excess, respectively. From this difference, it can be
hypothesised that the addition of the TAT peptide may affect the conformation of
the antibody itself, reducing the number of accessible conjugation sites. This may
be similar to the study reported by Tong et al., which showed reduced conjugation
efficiency upon initial conjugation of a peptide to a human IgG; antibody (Tong et al.,
2013).

Despite the relatively low, but sufficient number of chelators per anti-p53 (1C12)-TAT
molecule, high radiochemical purities (> 80% prior to purification), were achieved
following reaction with ''In radioisotope. Since all of these chemical modifications
could potentially affect the properties of monoclonal antibodies, binding affinity and
stability were also tested and proven unaffected after the addition of TAT, DTPA,
and Mn.

In the present study, targeted tumour cells, B8484 and P2FIR, were analysed for re-
tention of radioconjugates in vitro and presented similar uptake and excretion pattern
despite their difference in p53 status. The remaining cell-associated '!'In activity, re-
tained in both cell lines did not exceed 3% at 72 h post-incubation, suggesting rapid
degradation of the radiolabelled antibodies by intracellular compartments and possi-

ble excretion.
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7.1.2 Imaging p53 as a diagnostic tool

The concept of diagnostic imaging using antibodies that are directed against tumour-
associated antigens was introduced in the 80s, and since then has been of the highest
interest for clinical translation (Carrasquillo et al., 1984). Mutations of the TP53
gene occur in almost every type of cancer (38-50% of cases) and are often associated
with an aggressive phenotype (Olivier et al., 2010). This realisation led to hopes
that pb3 may entail a major diagnostic significance and become an important target
for the much anticipated “magic bullet” concept. This however, due to complicated
underlying biology of p53, has not been fully achieved (Boyd and Vlatkovic, 2008).

In Chapter 5, initial SPECT imaging suggested potential p53 detection via increased
accumulation of 11In-BnDTPA-p53 (1C12)-TAT in B8484 allograft tumours, carry-
ing p53 mutations, when compared to the non-specific IgG; controls. Equally evident
however, was the uptake of '!In-labelled anti-p53 (1C12) and IgG; antibodies ob-
served in the P2FIR allograft tumours (p53 null) as well. Although there was no
statistical significance between the '!!In-labelled anti-p53 (1C12) and its controls
(TAT and no-TAT) in the B8484 allograft tumours, overlayed autoradiography and
H&E images have shed some light on the distribution of these radioconjugates within
the tumour. The accumulation of radiolabelled antibodies was shown to be heteroge-
neous between all groups and interestingly, uptake in the inner areas of B8484 tumour
tissue was observed while mainly connective tissue was highlighted in the P2FIR and
control IgG; groups. This phenotype, combined with the extracellular presence of p53

in the P2FIR tumour tissue by immunohistochemistry, poses the question of whether
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accumulation in the P2FIR group occurs due to stromal expression of p53 or whether
it is a non-specific uptake caused by vesicular entrapment of the molecule.

The inconclusive uptake pattern of '!'In-BnDTPA-p53 (1C12)-TAT as well as the
limited clinical relevance of allograft models, led to subsequent studies on KPC ge-
netically engineered mice. SPECT images did not reveal any evident accumulation of
the tracer in the pancreas, with only a diffuse uptake pattern observed in the lower
abdomen and was hard to define anatomically. Nevertheless, promising results were
obtained using autoradiography and H&E, where the ex vivo characterisation revealed
accumulation of the !In-labelled anti-p53 (1C12)-TAT antibody in precursor Panln

lesions as well as fully developed PDAC tumours in the pancreas.

7.1.3 Extracellular versus intracellular targets

Most FDA approved radiolabelled imaging agents are directed against extracellular
receptors since access to intracellular markers is limited by membrane penetration
(Van Dongen et al., 2007). Following the attempt of imaging intracellular p53, a
SPECT imaging tracer detecting cell surface presented p53 peptide/MHC-I com-
plex was also tested, detailed in Chapter 6. ''In-labelled T1-116C antibody showed
prominent tumour uptake in T1-116C binding MDA-MB-231 xenograft-bearing mice
when compared to controls. A major factor that needs to be considered, however,
is the availability of expressed antigens recognised by this particular antibody which
may only benefit a small number of patients. Therefore, understanding of molecular
biology behind the disease of interest is essential for the successful development of

imaging probes and careful consideration is needed when choosing extracellular or
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intracellular targets that will provide relevant diagnostic significance.

7.2 Future work

While this thesis demonstrated a “proof-of-concept” for non-invasive imaging of in-
tracellular pb3 in wvivo, several points remain to be addressed that could extend the
scope of this project.

An ideal imaging agent should exhibit appropriate absorption and clearance rates
to produce high target-to-background ratio in vivo. When targeting tumour cell
markers in the body, the signal generated by contrast probes should be higher than
the background produced by non-specific uptake, and even when the imaging modality
is of great sensitivity and resolution towards the target of interest, it would still be
masked by high background levels. Hence, the development of a successful imaging
probe needs to overcome the challenges of slow blood clearance, non-specific uptake
(e.g. liver, spleen, bone marrow), and low levels of target expression (Frangioni, 2008).
In the present study, the basal abundance of p53 protein in the tumour model used
remains to be elucidated, and even though in vitro immunofluorescence studies were
performed in the KPC-derived cell lines, no quantification of the copy numbers was
conducted at that time. Lakatos et al., characterised the basal pb3 protein expression
with single cell resolution in human breast and colorectal cancer cell lines, showing
that the absolute p53 abundance may vary between 10*-10° p53 proteins per cell,
with the highest number present upon mutation (Lakatos et al., 2017). The question

now remains whether these antigen expression levels are too low to discriminate p53-
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mediated tracer uptake from antibody accumulation due to enhanced permeability
and retention (EPR) effects in the tumour site.

Looking carefully at the two studies performed on the KPC-bearing mouse allografts,
it can be noticed that different concentrations of radioconjugate (5 pug vs. 10 pug) were
used. It can be hypothesised that if the endogenous p53 copy numbers were low, and
in conjugation with the high concentration of the radioconjugate, the epitope sites
may be saturated resulting in a greater degree of non-specific binding. Therefore, a
titration study of antibody concentrations may help discriminate the specific uptake
of the anti-p53 (1C12) conjugate from the non-specific IgG; binding,.

Although the internalisation properties of TAT-conjugated antibodies were demon-
strated, quantitative analysis of the number of peptides per antibody was hard to
achieve. Evaluation of the conjugation efficiency combined with live-cell validation of
TAT internalisation, to exclude any fixation artefacts, could provide further insights
into the delivery properties and retention of the TAT-antibody conjugate into the
tumour site.

The tumour uptake observed in the P2FIR-p53 null group by SPECT, together with
the presence of extracellular p53 staining in the tumour tissue shown by immuno-
histochemistry, may imply the activation of p53 in the tumour microenvironment
(TME) of the host. Additional experiments that could evaluate the expression status
of p53 protein throughout the different cell types (e.g. cancer associated fibroblasts,
macrophages, immune cells) in the TME of P2FIR allograft tumours, could explain
the unexpected uptake of "In-BnDTPA-p53 (1C12)-TAT in the p53-null tumour
tissue and whether it is indeed a result of pb3 activation of the host, as implicated
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previously in cancer initiation (Wang et al., 2017). Therefore, a better understanding
on the ability of p53 radioconjugate to detect the very early changes in tumourigenesis
would likely aid cancer screening and diagnosis.

The possible endosomal entrapment of the TAT-conjugated antibodies and the in-
ability to exit these vesicles, may require a CPP with improved excretion mechanism
allowing its cargo to properly interact with the target molecule (El-Sayed et al., 2009).
Akishiba et al., suggested the use of cationic amphiphilic peptides carrying a strong
membrane-lytic activity, facilitating cytosolic release (Akishiba et al., 2017). There-
fore, and even though in early stages of evaluation, the use of such peptide in our
current model system may increase the accessibility of the anti-p53 (1C12) conjugate,
improving tumour uptake.

The high cost of the bulk monoclonal antibody used followed by the large amounts
required for in vivo studies, led to a collaboration with the Banham group at the
University of Oxford, to create a mouse monoclonal anti-p53 antibody against total
p53 and recognising a similar epitope as the commercially available one. The antibody
is being currently validated in-house using the same model system as it was described
in this thesis. The immunogenicity of murine mAbs to humans however, largely
limits their clinical application. Therefore, the in-house anti-p53 antibody should be
humanised to enable its use in PDAC patients.

Finally, targeting tumour cells remains difficult for most imaging agents due to the
limiting properties of solid tumours (e.g. irregular, vascularisation, high interstitial
pressure, and lack of functional lymphatics), and the size of mAbs severely affects

tissue penetration resulting in increased antibody plasma levels that may warrant
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FDA placing a clinical hold for their use (Wu, 2014). Current technological advances
have enable the generation of recombinant antibody fragments that show as high
specificity and affinity but have much shorter biodistribution kinetics (Aldeghaither
et al., 2015). These short antibody structures may be able to penetrate deeper the
largely heterogeneous PDAC tumours and could increase the potential of diagnostic
imaging.

Collectively, these additional experiments could address several aspects discussed
throughout this thesis and will likely provide insight into the dynamics of 1In-

BnDTPA-p53 (1C12)-TAT behaviour in the tumour models used.
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Appendix A

Appendix

A.1 Full developed gel

B8484 P2FIR
kDa

~250

~130
~100

~70 c—

~55 -

~35

~15 —

Figure A.1: Full developed film of p53 protein expression levels. The developed film
indicated a single band at approximately 53 KDa for p53 protein expression in B8484
and no band in P2FIR KPC-derived cells. Film was developed by ECL detection and

no other bands were observed.
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A.2 In wvitro reproducibility

KPC Cell Lines B8484 P2FIR

P53

B-Actin

Figure A.2: pb53 protein expression levels in B8484 and P2FIR KPC-derived cells.
Immunoblotting with mouse monoclonal 1C12 antibody, Lot No 10. #-Actin was
blotted as loading control.

A.3 Sub-cellular fractionation

Fraction C. M. N.
B1l-Integrin _ 140-150 KDa

Figure A.3: Sub-cellular fractionation in B8484 KPC-derived cell line. Im-
munoblotitng with mouse monoclonal anti-p53 (1C12) antibody was performed after
fractionation of B8484 whole cell lysate into cytoplasmic (C.), membrane (M.) and
nuclear (N.) fractions. Lamin-B1 was used as nuclear fraction control, 51-Integrin as
a membrane fraction control and a-Tubulin as a cytoplasmic fraction control.
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A.4 Imaging of KPC genetically engineered mouse

models

The "1In-BnDTPA-p53 (1C12)-TAT radioconjugate was also assessed in the KPC
genetically engineered mouse model, which presents an accurate histopathological
correlation to human PDAC. All animals were evaluated by MRI for spontaneous

PDAC development following initiation of the pre-invasive lesions.

Figure A.4: Identification of pancreatic tumours by MRI. Representative combined
T1- and T2-weighted 3D gradient-echo sequence coronal (left), sagittal (centre), and
axial (right) images of a KPC mouse model. Stomach (St), liver (L), and spleen
(S) are indicated to determine the position of pancreas. Suspected tumour (T) is
highlighted by dashed circle.

When a tumour was detected by MRI (Figure A.4), animals (» 20 week old) were

injected with "In-BnDTPA-p53 (1C12)-TAT and 72 h later injected again with 8F-
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FDG (5 MBq), which was used to delineate tumour tissue. Dual tracer imaging
sessions were carried out using the VECTor*CT following 1 h uptake after 18F-FDG
injection, as described in Section 5.2.4.

101

%ID /g

Figure A.5: Ezx vivo biodistribution analysis showing uptake of 1'In-BnDTPA-p53
(1C12)-TAT in KPC mice 72 h post-injection. Data are expressed as %ID/g and
error bars represent mean + SEM (n = 4 mice/group).

Figure A.5 shows the ez vivo biodistribution of "' In-BnDTPA-p53 (1C12)-TAT at 72
h post-injection. Accumulation of "' In-BnDTPA-p53 (1C12)-TAT was similar across
different organs, with blood, liver, and lungs ( 7.4 + 3.0, 5.8 £ 3.2, and 4.0 + 2.4%ID/g,
respectively) showing the highest uptake of radioactivity but markedly lower %ID/g
values than those observed in an allograft mouse models (Figure 5.2 and Figure 5.6).

Uptake of radioactivity in the tumour, dissected from the pancreatic tissue, was as

low as 2.4 + 1.4%ID/g with the T/B ratio reaching only 0.4 + 0.3 (as determined
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by ez vivo biodistribution). Accumulation of 1In-BnDTPA-p53 (1C12)-TAT in the
pancreas was no different to that of the tumour (3.1 + 1.9%ID /g, p = 0.5846, Student’s
t-test).

Surprisingly, uptake of 8F-FDG within the tumour and pancreas was low (1.5 + 1.2
and 1.7 + 1.3%ID/g, respectively) and similar to the homogeneous distribution in
normal tissues (excluding heart, Figure A.6).

These low uptake values of 18 F-FDG may have occurred due to environmental factors
during the scanning period (heating, anaesthesia and fasting) and therefore, could
have affected the uptake of the tracer, as described in (Fueger et al., 2006), and

therefore direct comparisons cannot be made.
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Figure A.6: Er vivo Biodistribution of ¥F-FDG in the KPC mouse model following
1 h uptake.Data are expressed as %ID/g and error bars represent mean + SEM (n =
4 mice/group).

Representative SPECT and PET MIP images demonstrate the uptake pattern of

239



A. Appendix

Hin-BnDTPA-p53 (1C12)-TAT (Figure A.7, left panel) and ¥F-FDG (Figure A.7,
right panel). Diffuse spots of 1 In-BnDTPA-p53 (1C12)-TAT accumulation were
present across the body, most evidently in the bladder, heart, and facial papillomas.
Some uptake was also observed in the upper surface of the abdomen. ¥F-FDG uptake
could be mostly noted in the bladder, heart, and brain. Minimum uptake was also
spotted below heart and on the spinal cord. No evident tumour uptake was identified,

making the correlation of ®¥F-FDG signal to the one from SPECT images, difficult.
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Figure A.7: In vivo imaging of the KPC mice by SPECT/PET/CT. Representative
maximum intensity projection images of a KPC mouse injected with "' In-BnDTPA-
p53 (1C12)-TAT (left) and 72 h later with 8F-FDG (right). Arrows point to tissues
showing marked uptake of 11In-BnDTPA-p53 (1C12)-TAT and '8F-FDG including
heart (H), bladder (B), facial papillomas (P) from SPECT/CT image, brain (Br)
from ¥F-FDG PET/CT image.
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A.4.1 Tissue distribution of ''In-BnDTPA-p53 (1C12)-TAT

in the KPC model

Co-localisation of '"In-BnDTPA-p53 (1C12)-TAT in the pancreatic tumour and the
remaining pancreatic tissue was tested by ez vivo autoradiography and H&E staining
(Section 5.2.5.1). Figure A.8 shows co-registered images of a representative KPC-
derived pancreas where distribution of the radioconjugate is observed throughout the
whole tissue surface and within the inner area of the pancreas. A closer look on the
histology images (Figure A.8, lower panel) revealed the presence of PanIN-like lesions,

corresponding to areas of "' In-BnDTPA-p53 (1C12)-TAT accumulation.

Autoradiography H&E (x20)

Figure A.8: Distribution of "'In-BnDTPA-p53 (1C12)-TAT in the pancreas of
a KPC mouse model. Cropped autoradiography and histology images follow the
assigned area from left to right on the whole tissue image. Arrows point to PanIN-like
lesions showing co-localisation to the accumulated ''In-BnDTPA-p53 (1C12)-TAT
radioconjugate. Scale bar on the full histology images is 500 um and for the cropped
image is 200 pm.
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These particular lesions present evident cytological and architectural atypia, noted
by nuclear clustering and papillary architecture, suggesting prob ably a higher grade
than PanIN-1 stage, even though accurate histopathological examination is neces-
sary. The dissected pancreatic tumour also showed high levels of " In-BnDTPA-p53
(1C12)-TAT accumulation through the majority of the section (Figure A.9), which

was characterised by complete architectural disorganisation and enlarged nuclei.

Autoradiography H&E (x20)

Figure A.9: Representative image of ''In-BnDTPA-p53 (1C12)-TAT distribution
in the dissected pancreatic tumour of a KPC mouse model as defined by ex wvivo
autoradiography referenced to a hematoxylin and eosin staining. Scale bar on the full
histology images is 500 um and for the cropped image is 200 pum.

To further validate whether the accumulation of radioactivity corresponds to a true
pH3 signal, immunohistochemistry was performed on frozen sections, as described
before (Section 5.2.5.2) using the anti-p53 (CM5) primary antibody. Both tissue
sections, pancreas and tumour, showed a more cytosolic signal (Figure A.10), that
did not correspond to the nuclear localisation pattern observed above, suggesting the

unsuitability of this model for imaging p53 (Figure 5.10).
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Pancreas

Tumour

Figure A.10: Endogenous p53 expression levels in KPC-derived tissues. KPC-
derived pancreas and tumour were were stained with the anti-p53 (CM5) antibody
(green), nuclei were counterstained using DAPI (blue) and tissues were examined by
fluorescence microscopy. Scale bar is 20 um for all images.
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