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Abstract

Cancer testis antigens (CTA) represent attractive targets for targeted radiotherapy
and imaging as their expression is restricted to cancer and germ cells. NY-ESO-1,
a member of the CTA family, is highly immunogenic and expressed in multiple
tumor types including carcinoma of bladder, liver lung. The aim of this study was
to develop radioimmunoconjugates (RIC) to target NY-ESO-1 protein in cancer
cells. Anti-NY-ESO-1 antibodies were modified by addition of DTPA for **!In-
labelling or, in the presence of lodogen, were '**|-labelled. . Delivery of
radiolabeled immunoconjugates across the cell membrane was achieved using a
protein transfection (PT) reagent (SAINT-PhD) and by chemical linkage with the
cell-penetrating and nuclear-localizing peptide, TAT (YGRKKRRQRRR).
Cellular internalization, distribution and efflux of **In-DTPA-anti-NY-ESO-1-
TAT-PT and *®l-anti-NY-ESO-1-TAT-PT were investigated in cell fractionation
and retention assays. It was shown that protein transfection reagent has promoted
the cellular uptake of RICs into SK-MEL-37 and both of *In-DTPA-anti-NY-
ESO-1-TAT-PT and *Zl-anti-NY-ESO-1-TAT-PT was retained longer in SK-
MEL-37 cells in comparison to their isotope control RIC. In clonogenic assays,
UWn-DTPA-anti-NY-ESO-1-TAT-PT significantly reduced surviving fraction of

SK-MEL-37 cells. Cytotoxicity was inversely proportional to specific activity and
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the concentration of cells exposed to 'In-DTPA-anti-NY-ESO-1-TAT-PT.
siRNA knock down of NY-ESO-1 resulted in partial reversal of ***In-DTPA-anti-
NY-ESO-1-TAT-PT associated cytotoxicity. These promising results obtained
from the in vitro study has brought the probe further into in vivo study. In
preliminary biodistribution studies in SK-MEL-37 xenograft-bearing mice,
tumour:muscle ratio for **In-DTPA-anti-NY-ESO-1-TAT-PT was statistically
significant compared to the control RIC 48 h post injection. This clearly indicated
that the probe can be delivered into tumour in in vivo model and the successful
uptake of radioactivity increased the chance of causing cytotoxicity to tumour
cells through DNA damage. All of these findings have suggested that intracellular
cancer associated antigen NY-ESO-1 can be reached by protein transfection
reagent and cell penetrating peptide and initiates DNA damage through radio-
isotope mediated cytotoxicity. Therefore, it represents a novel approach not just to
the treatment of CTA-expressing cancers but also any of the possible intracellular

expressing oncoprotein.
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Chapter 1: Introduction

1.1. Cancer

1.1.1. Cancer Statistics,

The term cancer is used to describe diseases in which there is uncontrolled growth
of abnormal cells, which have the ability to invade other tissues. In a non-disease
state, cells are subject to mitogenic growth signals, which regulate transition from
a quiescent state into an active proliferative state. Hence cell division is tightly
regulated under normal conditions (Hanahan and Weinberg, 2000). However,
mutations in genes encoding critical cell regulatory proteins can cause changes in
cell behaviour, resulting in an expansion of abnormal cells that infiltrate

surrounding normal tissue and acquire the capacity to metastasize (Alison, 2001).

According to national statistics provided by Cancer Research UK, more than
324,500 people diagnosed with cancer in the UK in 2010, with cancer being the
second biggest Killer following heart disease (2010
http://www.cancerresearchuk.org/cancer-info/cancerstats/incidence/). The
European age standardised rate for cancer in the UK is significantly higher in
males than females (426 per 100,000 vs. 374 per 100,000, respectively) (2012
http://www.cancerresearchuk.org/cancer-info/cancerstats/incidence/all-cancers-

combined/#UK). The majority of cancers are non-hereditary, and are attributed to
environmental factors such as smoking, life style and infections (Hanahan and
Weinberg, 2000). Inherited genetic defects account for 5-10% cases of cancer.
Cancer incidence is increasing globally and hence cancer therapy is an active field

of scientific research.
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1.1.3. The phenotype of cancer cells

DNA damage occurs at a rate of 1x10° to 1x10° molecular lesions per cell per day,
in response to environmental factors and normal metabolic processes inside cells.
Unrepaired DNA lesions in critical genes could lead to defects in the regulatory
pathways that control normal cell proliferation and homeostasis. The behaviour of
cancer cells does not depend only on changes in gene expression but is also
influenced by external signals from surrounding cells in the tissue and
microenvironment. It has been proposed that in the majority of cases, cancer cell
phenotype is a manifestation of six common modifications in cell biology: self-
sufficiency in growth signals (e.g. activation of H-Ras or myc oncogene),
insensitivity to growth inhibitory signals (e.g. mutation in retinoblastoma protein),
evasion of programmed cell death (e.g. over-expression of survival signals such as
IGF-1), activation of telomerase, sustained angiogenesis (e.g. upregulation of
VEGF expression), and tissue invasion and metastasis (e.g. inactivation of E-
cadherin molecules) (Malumbres and Barbacid, 2003, Parrizas et al., 1997,
Hanahan and Weinberg, 2000). Most human cancers exhibit at least one of these

physiological alterations and evolve to acquire further abnormalities.

1.1.3. Current therapeutic approaches to cancer

There are more than 200 different types of cancer and there are over 60 different
organs in the body in which cancer can develop. The survival rates for most types
of cancer have improved in developed nations in recent years, as understanding of
the Dbiological mechanisms that underlie cancer has increased (2009
http://www.cancerresearchuk.org/cancer-

info/cancerstats/survival/latestrates/survival-statistics-for-the-most-common-

17
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cancers). Currently, primary tumours are treated using a combination of therapies,
such as surgery, local radiotherapy, chemotherapy and immunotherapy. It is
necessary to use the optimum combination of these therapies to reduce the chance
of cancer cell survival and the occurrence of micrometastases that frequently lead

to tumour relapse (Zitvogel et al., 2008).

1.1.7. Chemotherapy

The use of chemotherapy to treat cancer began in the 1940s with the use of
nitrogen mustards and antifolate drugs. The complete regression of a tumour
through the use of chemotherapy in humans was first documented in 1958 when
Roy Hertz et al. observed that choriocarinoma, a germ cell malignancy derived
from trophoblastic cells of the placenta, was successfully treated using
methotrexate, which acts via inhibition of DNA synthesis (Chabner and Roberts,
2005, Li et al., 1958). Since that time, advances in laboratory techniques and
innovations in biotechnology have led to the identification of new signalling
pathways that regulate cellular activities such as proliferation and programmed
cell death. The wealth of research into the mechanisms underlying tumour
development has led to the design of novel chemotherapeutic agents to treat

cancer.

There are several cytotoxic compounds that are widely used in chemotherapy for
treating cancers, which act via inhibition of DNA synthesis or interference of the
signalling pathways. For example, 5-fluorouracil and gemcitabine, termed
antimetabolites, are analogues of pyrimidine nucleoside that disrupt DNA and

RNA synthesis. Another potent cytotoxic compound, oxaliplatin, a platinum agent,

18
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has a synergic effect with 5-fluorouracil against colon cancer (Bleiberg and de
Gramont, 1998). Oxaliplatin forms both inter-and intra-strand platinum DNA
crosslinks leading to inhibition of DNA replication. The DNA methyltransferase
inhibitor 5-aza-2’-deoxycitidine (DAC), which is used in the treatment of
leukemias and myelodysplastic syndrome, is thought to exert an anti-tumour
effect via reactivation of tumour suppressor genes that had been silenced by
methylation in cancer cells (Zitvogel et al., 2008, Lubbert, 2000). The
development of imatinib mesylate was one of the breakthroughs in chemotherapy
as it was the first cytotoxic compound that could be described as a targeted
therapy. This molecule is widely used in the treatment of chronic myelogenous
leukemia and exerts its anti-cancer effect by preventing the tyrosine kinase BCR-
ABL, which is solely expressed in tumour cells, from phosphorylating
downstream signalling molecules, thus inhibiting cancer growth and leading to

apoptosis (Chabner and Roberts, 2005, Stegmeier et al.).

1.1.5. Radiotherapy

Radiation, in the form of alpha () particles, beta (B) particles or gamma (y) rays,
is released by unstable atomic nuclei to achieve an energetically stable state.
Instability of nuclei generally increases with atomic size, with the largest stable
nucleus being that of Bismuth (atomic number 83). Alpha particles, which are
comprised of two protons and two neutrons, are generally released by larger
radioactive atomic nuclei. Beta particles are high-energy electrons or positrons
released from nuclei with an excess of neutrons or protons respectively. Gamma
rays, high-energy electromagnetic radiation, can be produced following alpha or

beta decay. When a nucleus emits an alpha or beta particle, the daughter nucleus

19
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is usually left in an excited state. It can then move to a lower energy state by

emitting a gamma ray.

Exposure to ionising radiation has a variety of cellular consequences, including
changes in protein expression, activation of signalling pathways such as DNA
repair mechanisms, and apoptosis (Hall, 1997). Exposure of cells to ionising
radiation leads to DNA damage, which activates the ataxia telangiectasia mutated
(ATM) protein kinase, and triggers different downstream signal transduction
pathways responsible for regulating cell survival (Valerie et al., 2007). Exposure
to ionising radiation can induce different forms of DNA damage, including single-
strand breaks, double-strand breaks, and DNA-DNA and DNA-protein crosslinks.
Double-strand DNA breaks are thought to be the most important for inducing cell
death, and their incidence increases with absorbed radiation dose (Prise et al.,

2005).

lonising radiation has played an important role in the treatment of cancers for over
100 years. Nearly 50% of all cancer patients are treated with radiotherapy, either
alone or in combination with other cancer therapies (Delaney et al., 2005). There
are three main methods used in the clinic to administer radiotherapy. External
beam radiotherapy uses an external source of radiation directed at the tumour, and
is the most common form of radiotherapy used in clinical practise. Internal
radiotherapy (brachytherapy) involves the placement of a sealed radioactive
source in proximity to the tumour site. This type of radiotherapy is commonly
used in the treatment of carcinoma of cervix, prostate, and skin (Baskar et al.,
2012). The third method, molecular targeted radiotherapy, is discussed in detail in

a subsequent section of the introduction.

20
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In addition to its use in cancer therapy, gamma radiation is also used in medical
imaging to determine the location of tumours within the body. The patient is
dosed with a tracer amount of gamma emitting radionuclide, and a gamma camera
Is then used to take 2D images from multiple angles by rotation around the patient.
In a single-photon emission computerised tomography (SPECT) scan, a
computerised tomographic algorithm is then applied to the 2D image projections,
to generate a 3D data set. SPECT scans are commonly co-registered with x-ray
computerised tomography (CT) scans, to combine the 3D imaging capabilities of

SPECT with the precise anatomical information provided by CT.

1.1.6. Immunotherapy

The aim of cancer immunotherapy is to induce an immune response against
tumour cells. The ‘magic bullet’ concept proposed by Paul Ehrlich over a century
ago was realised in part by the discovery of monoclonal antibodies, which bind
tumour antigens selectively and with high affinity. Initially, monoclonal
antibodies were produced in mice, but these failed to produce effective cancer
remission for several reasons, including ustimulation of a human immune
response, short circulating half-life, poor ability to induce human effector
responses and limited penetration into tumour sites (Stern and Herrmann, 2005).
Advances in antibody engineering in the 1990s provided flexible platforms for
generating chimeric, humanised and fully human monoclonal antibodies to
overcome some of the problems associated with murine antibodies. Monoclonal
antibodies (mADb) exert anti-tumour effects via a variety of mechanisms, such as
interrupting signalling pathways involved in cell proliferation, tumour progression
and survival (Slamon et al., 1989). Trastuzumab (Herceptin), a humanised mAb

against the Human Epidermal Growth Factor-2 (HER2) receptor, was approved
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by the Food and Drug Administration (FDA) in 1998 for use in patients with
HER2 overexpressing breast cancer (Stern and Herrmann, 2005, Valabrega et al.,
2007). Trastuzumab binds the extracellular domain of the HER2 protein, leading
to disruption of receptor dimerisation and thus inhibiting the downstream

phosphatidylinositol 3-kinase (PI13K) signalling pathway (Nahta et al., 2006).

Antibody targeted immunotherapy also has the ability to elicit an immune
response against tumours via interaction with the antibody-dependent cellular
cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC) pathways
(illustrated in Figure 1.1). ADCC is a mechanism of cell-mediated immune
response in which effector cells, including granulocytes and macrophages,
actively lyse target cells through interaction of their Fcy receptors with the Fc
portion of the antibody bound on the surface of the antigen. Rituximab, an anti-
CD20 chimeric mAb approved by the FDA in 1997 for treatment of B cell non-
Hodgkin Lymphoma, has been demonstrated to mediate ADCC. In a B16 mouse
melanoma model, mice lacking activating Fcy receptor, or dosed with antibodies
engineered to disrupt Fc binding to Fcy receptors, showed a lack of response to

rituximab therapy (Clynes et al., 2000).

There is the potential to further improve the efficacy of antibody-based therapies
using the strategies illustrated in Figure 1.2, one of which is attaching a

radionuclide to the antibody, the basis for radioummunotherapy (RIT).
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Figure 1.1. Mechanisms of antibody mediated tumour cell Killing (adapted by
permission from Nature Publishing Group) (Scott et al., 2012).
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Figure 1.2. Strategies for monoclonal antibody antitumour targeting (adapted by
permission from Nature Publishing Group). (Carter, 2001)
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1.1.7. Radioimmunotherapy

Radioimmunotherapy is based on the use of monoclonal antibodies (mADb) to
deliver radioisotopes to cancer cells. The concept of labelling an antibody with a
radionuclide was first introduced by Pressman et al. in 1948, who developed a
technique for radioiodinating a polyclonal antibody with *¥'I (Pressman et al.,
1949, Pressman, 1949). In 1953, Pressman et al. successfully localised tumours
using a radiolabelled polyclonal antibody against osteogenic sarcoma (Pressman
and Korngold, 1953). This was the first published literature demonstrating in vivo
tumour imaging using a radiolabelled antibody. The development of hybridoma
techniques enabled the large-scale production of mAb, which led, in turn, to an

expansion in research into radioimmunotherapy.

To date two radioimmunotherapy treatments for cancer have been approved for
use in patients. Y-ibritumomab tiuxetan (zevalin®) and *!I-tositumomab
(Bexxar®) were approved by the FDA in 2002 and 2003 for the treatment of
relapsed or refractory low grade, follicular or transformed B-cell lymphoma
(Goldsmith, 2010). These radionuclide-conjugated antibodies act primarily by
killing malignant cells via B-particle emission. It was demonstrated that the
overall survival (OS) and progression free survival (PFS) times were improved in
patients treated with **Y-ibritumomab tiuxetan or **'I-tositumomab after first line
induction treatments in comparison to patients treated with first line treatments
only (Witzig et al., 2007, Buchegger et al., 2006a, Morschhauser et al., 2008). A
comparison between Y-ibritumomab tiuxetan and the anti-CD20 antibody
rituximab was carried out in a Phase Il trial involving patients with relapsed or
refractory low-grade follicular or transformed B-cell non-Hodgkin lymphoma. It

was shown that both the overall response rate and complete response rate were
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higher for *°Y-ibritumomab tiuxetan than rituximab (80% v 56% and 30% v
16%,respectively) (Witzig et al., 2002). Radioimmunotherapy represents a
promising treatment option for cancer patients and is the focus of the experiments

described in this thesis.

1.1.8. Auger electron therapy
Auger electron-emitters represent a class of radionuclides with potential for use in

RIT. Auger electrons are emitted from the electronic shells of radionuclides that
decay by electron capture, which is characteristic of atoms with an excess of
protons versus neutrons. Electron capture is initiated when an inner shell electron
transfers to the nucleus, and results in transformation of a proton into a neutron.
The inner shell vacancy is then filled by electron transitions from a shell of higher
energy. The energy released as electrons move from outer to inner shells may be
sufficient to allow other electrons to be ejected from the atom. These have low
energy and are know as Auger electrons . Auger electrons have a short range
compared to other particles (Figure 1.3). The release of Auger electrons results in
highly localised energy deposition in the immediate vicinity of the decaying
radionuclide. The ionising effect of Auger electrons on DNA molecules is
illustrated in Figure 1.4, in comparison to alpha and beta particles. High-energy
alpha particles produce high density ionisations in the DNA molecule along a
linear path. In comparison, ionisation events are less frequent along the track of
energetic beta particles. Low energy Auger electrons, localised in close proximity
to DNA molecules, frequently ionise along an irregular (zigzag) path leading to a
cluster of high ionisation density, thereby generating dsDNA which may

ultimately cause apoptosis (Buchegger et al., 2006b, Karagiannis, 2007). The
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rationale for the use of Auger electron-emitting isotopes for radioimmunotherapy
is that their short range allows ionising radiation to be delivered to tumour cells
with minimal damage to surrounding tissue. In this study, the Auger electron-
emitters, "Indium (**!In) and *®lodine (***1), with decay half-lives of 2.8 days
and 13.2 hours respectively, were utilised in a radioimmunotherapy strategy. **I

IS more suitable for imaging purpose due to its relatively short half life whereas

n is appropriate for Auger electron emitters type therapy.

0.05-2.3 MeV _
Y SR L s f o

Figure 1.3. Schematic diagram illustrating the path length of alpha (&) particles, beta (B)
particles and Auger electrons relative to the scale of mammalian cells (adapted by
permission from Nature Publishing Group). (Pouget et al., 2011)
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Beta Particles

Auger Electron

Alpha Particles

Figure 1.4. Schematic illustration of the ionising effect of different types of radioactive
particles.

1.2.  Cancer testis antigens

Cancer testis (CT) antigens can be defined as a class of proteins with normal
expression restricted to germ cells in the testis, ovary and trophoblast, but which
are also aberrantly activated and expressed in a range of human cancers. Although
several CT antigens have been detected in somatic tissues including pancreas,
liver and spleen, quantitative polymerase chain reaction (QPCR) showed that
MRNA levels of CT antigens in these tissues are less than 1 % of their expression
in testis (Caballero and Chen, 2009, Scanlan et al., 2004). Boon et al.
successfully cloned the first human cancer testis antigen from a melanoma patient

in in 1991 using the technique of autologous typing, in which cultured tumour and
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normal cells from a patient are used as targets for specific immune recognition by
the patient's own antibodies and T cells. This antigen was designated melanoma
antigen-1 (MAGE-1, later renamed MAGE-A1) (van der Bruggen et al., 1991,
Chen et al., 1994). The autologous typing approach led to the discovery of other
CT antigens including B melanoma antigen (BAGE) and G antigen 1 (GAGE-1)
which share no structural similarities with the MAGE gene (Scanlan et al., 2002).
The discovery of other CT antigens was extended by the development of the
techniqgue known as SEREX (serological identification of antigens by
recombinant cDNA expression libraries), in which cDNA expression libraries are
screened using antibodies instead of T cells (Chen et al., 1997). Several CT
antigens, including SSX2, NY-ESO-1, SCP-1 and CT-7, were identified by this
strategy (Caballero and Chen, 2009). The technique of massive parallel signature
sequencing (MPSS) was utilised to compare the mRNA expression profiles
between testis, melanoma cell lines and other somatic tissues, which led to the
discovery of more than 20 CT antigen-like genes including CT45 (Caballero and

Chen, 2009).

CT antigens can be classified into two different groups: those that are encoded on
the X-chromosome, termed CT-X antigens (Figure 1.5), and those that are located
on other chromosomes, designated non-X CT antigens. More than 150 CT genes
have been identified so far, and just over half of them are located on the X-
chromosome, clustering between Xg24 and Xq28. Analysis of the DNA sequence
of the X-chromosome suggests that approximately 10% of the genes are of CT
antigen type, and they tend to form expanded families associated with inverted

DNA repeats (Ross et al., 2005, Dobrynin et al.). In contrast, the genes for non-X
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CT antigens are spread throughout the genome and do not generally form gene

families or reside within genomic repeats (Simpson et al., 2005).
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Figure 1.5. The distribution of CT antigens on the X-chromosome (Caballero and
Chen. 2009).

The biological function of CT antigens remains poorly understood. In normal
testis, CT-X antigens, such as MAGE and NY-ESO-1, are expressed in
spermatogonia, whereas non-X CT antigens including SCP-1 and BORIS, are
dominantly expressed in later stages of spermatogenesis, such as in spermatocytes
(Figure 1.6) (Simpson et al., 2005). It is possible that CT antigens affect some key
cellular processes involving cell-cycle, signalling pathway, and chromosomal
recombination (Chiriva-Internati et al., 2012, Park et al., 2003, Simpson et al.,
2005, Hayama et al., 2006). The extensive MAGE family of CT antigens, some of
the most widely studied of the CT-X antigens, possesses a large central region,
known as the MAGE homology domain (MHD) which is an important site of
protein-protein interaction (Taniura et al., 2005). Moreover, MAGE-Al was

found to be involved in the NOTCH1 signalling pathway by interacting with SKIP
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and recruiting histone deacetylase, thereby acting as a transcriptional repressor
(Laduron et al., 2004). It is therefore possible that MAGE-Al1 might have a
regulatory role in early stages of spermatogenesis. Another member of MAGE
family, MAGE-A11, was found to inhibit prolyl 4-hydroxylases 2 (PHD2) which
results in maintenance of the stability of hypoxia-inducble factor (HIF) a subunit,
thereby upregulating VEGF expression by increasing levels of HIF (Aprelikova et
al., 2009). Retinoblastoma tumour suppressor protein can be destabilised by an
oncoprotein gankyrin, contributing to the escape from cell cycle arrest. It was
shown that MAGE-A4 is the binding partner of gankyrin and can suppress the
activity of gankyrin by inducing p-53 dependent and p-53 independent apoptosis
(Nagao et al., 2003). Other experiments have also indicated that overexpression of

MAGE-A3 was associated with drug resistance (Simpson et al., 2005).

Non-X CT antigens are thought to be associated with meiosis, gametogensis, and
fertilisation. For instance, it was shown in yeast that SPO11 causes double-
stranded DNA breaks, initiating recombination events during meiosis (Keeney et
al.,, 1997). Research into CT antigens continues, with the aim of further

elucidating their structure and role in cell signalling pathways.
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Figure 1.6. Summary of stages of spermatogenesis in humans (adapted by permission
from Nature Publishing Group). (Simpson et al., 2005)

1.3. NY-ESO-1
NY-ESO-1 is a CT antigen that was first identified by applying SEREX to an

oesophageal squamous cell carcinoma from a 58-year old female patient (Chen et
al., 1997). The protein was termed NY-ESO-1 because it was identified in New
York (NY) from an oesophageal cancer patient (ESO), and was the first member
of a new gene family. The NY-ESO-1 gene is located on chromosome Xq28
(Figure 1.5) and encodes a protein of 180 amino acids with a molecular weight of

17,995 Da. Glycine is abundant at the N-terminal portion of the protein,
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contributing hydrophilicity, whereas a long hydrophobic region is present near the
C-terminal (amino acids 152-172) followed by a short hydrophilic region at the
end of the C-terminal, suggesting the possibility of a transmembrane domain
(Chen et al., 1997). LAGE-1, also located on chromosome Xq28, shares
approximately 84%-89% homology with NY-ESO-1 at the protein level (Lethéet

al., 1998).

A recent genome-wide analysis of the gene expression of 153 CT antigens led the
authors to conclude that although these genes are generally highly expressed in
testis, they exhibit heterogeneous gene expression profiles, allowing their
classification into testis-restricted (39 genes), testis/brain-restricted (14 genes),
and a testis-selective group of genes (85 genes) that show additional expression in
somatic tissues. The majority of genes in the testis-restricted category are CT-X
genes, including NY-ESO-1 (Hofmann et al., 2008). Similar to other CT-X
antigens, the function of NY-ESO-1 has remained poorly understood. No gene
knockout or transgenic studies have as yet been reported in the published
literature and there are no known species homologues. Recently it has been shown
that transcriptional regulation of NY-ESO-1 in lung cancer cells can be modulated
by a non-X CT antigen termed Brother Of the Regulator of Imprinted Sites
(BORIS). Upregulation of BORIS expression was shown to result in the nuclear
translocation of the transcription factor SP-1 which led to an increase in NY-ESO-

1 promoter activity (Kang et al., 2007).

NY-ESO-1 is a promising candidate for targeted immunotherapy due to its
restricted expression in normal tissue but frequent occurrence in various types of
cancers, which indicates that off-target effects of antibody-based therapy should

be minimal. High levels of NY-ESO-1 mRNA, detected by reverse-transcriptase
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polymerase chain reaction (RT-PCR), have been reported for cancers of the
prostate, ovary, oesophagus, stomach, bladder and breast as well as in multiple
myeloma, hepatocellular and non-small cell lung carcinoma. At the protein level,
immunohistochemical staining (IHC) analysis indicates that the protein is
expressed frequently in neuroblastoma, synovial sarcoma, melanoma, and
epithelial ovarian cancer (Gnjatic et al., 2006, Nicholaou et al., 2006). NY-ESO-1
protein expression was demonstrated in the cytoplasm and nucleus of malignant
melanoma tumour cells, and the median overall survival time for patients whose
tumour cells were positive for NY-ESO-1 expression was 2 years shorter than
those who were negative for NY-ESO-1 expression. The frequency of expression
of NY-ESO-1 at the mRNA and protein level in various cancers has been
summarised in Table 1.1. The expression of NY-ESO-1 in cancers affecting
several different organs suggests the possibility that NY-ESO-1-targeted therapies

would have efficacy in multiple tumour types.

NY-ESO-1 is reported to be highly immunogenic, although the immunological
response varies by individual, type and stage of cancer. For instance, consistent
with the frequency of NY-ESO-1 protein detection by IHC, autoantibodies against
NY-ESO-1 were detected at higher levels in advanced neuroblastoma and
melanoma, indicating immunogenicity of NY-ESO-1 is associated with the
advanced stage of disease (Rodolfo et al., 2003, J&yer et al., 1999). For lung
cancer patients, it has been reported that levels of autoantibody against NY-ESO-1
antigen were significantly higher in patients suffering from non-small cell lung
cancer (23%) in comparison to small cell lung cancer (9%), and were found more
frequently in undifferentiated tumours (40%) than in more differentiated

adenocarcinoma or squamous cell carcinoma (15% and 29%) (T Ureci et al., 2006).
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However, the clinical significance of anti-NY-ESO-1 autoantibody remains
unclear, as circulating autoantibodies would not be expected to gain access to the

intracellular NY-ESO-1 protein.

Further evidence of the immunogenicity of NY-ESO-1 was obtained in a study
involving a metastatic melanoma patient with a high titre antibody against NY -
ESO-1. A cytotoxic T (CD8") cell line from the patient was established and
reacted with autologous melanoma cells and with the allogeneic human
histocompatibility leukocyte antigen (HLA-A2) molecule. The CTL cell line was
found to recognise peptides 157-165, 157-167, and 155-163 of NY-ESO-1
presented by HLA-A2 of T2 cells (J&yer et al., 1998). Furthermore, a NY-ESO-1
specific T helper (CD4") cell response was observed and recognised 157-170 of

NY-ESO-1 presented by HLA-DP4 molecules (Zeng et al., 2001).

Types of cancer % of MRNA expression % of protein expression References

Bladder 33 25 (Sharma et al., 2003,
Kurashige et al., 2001,
Bolli et al., 2005)
Breast 23 (Sugita et al., 2004,

Mashino et al., 2001)

Colorectal 6 (Mashino et al., 2001,
Li et al., 2005)
Oesophagus 22 32 (Fujita et al., 2004,

Mashino et al., 2001,
Akcakanat et al., 2004)

Gastric 10 (Wang et al., 2004a,
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Mashino et al., 2001)
HCC 34 19 (Zhang et al., 2005,
Xing et al., 2004,
Korangy et al., 2004,

Chen et al., 2003, Peng

et al., 2005)
Head and neck 24 (Prasad et al., 2004)
Melanoma 44 (Gnjatic et al., 2006,

Nicholaou et al., 2006)

Multiple myeloma 37 (van Rhee et al., 2005)
Myeloma and 27 (Dhodapkar et al.,
plasmoctoma 2003)

NSCLC 21 15 (Konishi et al., 2004,

Wang et al., 2004b,
Jungbluth et al., 2001b,
Tajima et al., 2003,

Bolli et al., 2005)

Ovarian 30 43 (Odunsi et al., 2003)

Pancreas 0 (Kubuschok et al.,
2004)

Prostate 38 15 (Nakada et al., 2003,

Fossa et al., 2004)

Sarcoma 36 (Ayyoub et al., 2004)
Synovial sarcoma 80 (Jungbluth et al.,
2001a)

Table 1.1. Percentage of cancers expressing NY-ESO-1 at the molecular and protein level.
(HCC - heptacarcinoma; NSCLC - non-small cell lung cancer).
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1.3.1. Clinical trials with NY-ESO-1

Due to its immunogenicity, researchers are trying to develop therapeutic NY-
ESO-1 vaccines. The first clinical trial of NY-ESO-1 vaccine was initiated by
intradermal injection of three HLA-A2-binding NY-ESO-1 peptides in 12 patients
with NY-ESO-1 positive tumours. A CD8" T cell and delayed-type
hypersensitivity response was triggered in four of seven NY-ESO-1 auto-antibody
negative patients and was associated with regression and disease stabilisation. In
contrast, no significant change in CD8" T cell response was detected in the five
patients with anti-NY-ESO-1 serum antibody, suggesting that patients with pre-
existing NY-ESO-1 autoantibodies may not be suitable candidates for a vaccine
approach (J&ger et al., 2000). Although disease stabilisation was initially observed
in five of the NY-ESO-1 seronegative patients, three of these patients did
demonstrate disease progression later in the study. The authors postulate that this
could be due to the emergence of NY-ESO-1 antigen loss or MHC-loss variants.
To date, there have been over 30 clinical trials involving NY-ESO-1, with more

than 300 patients recruited to them (Gnjatic et al., 2006).

1.3.2. Rationale for NY-ESO-1 as a target for radioimmunotherapy

There are several criteria that a target antigen should fulfil in order for a
monoclonal antibody to exert an efficient anti-tumour response. Ideally, the target
antigen should be accessible, stably expressed, highly immunogenic, and
consistently and exclusively found in cancer cells. Moreover, antigen secretion
should be minimal, to avoid the antibody being depleted through binding to

circulating antigens in the blood (Scott et al., 2012). NY-ESO-1 appears to fulfil
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several of these criteria, and therefore represents a promising target for

radioimmunotherapy.

1.4. Challenges involved in use of NY-ESO-1 for radioimmunotherapy

The targets for immunotherapy are commonly cell surface antigens; for example
trastuzumab is directed against the cell-surface receptor, HER2. Alternatively,
therapeutic antibodies can be directed against tumour antigens in the circulation
which promote angiogenesis. An example is bevacizumab which binds vascular
endothelial growth factor (VEGF). In contrast, NY-ESO-1 protein has an
intracellular location, in the cytoplasm and nucleus. The inability of large
antibody molecules to cross the cell membrane presents a challenge for the
development of therapeutic antibodies against intracellular targets. However this
problem may be overcome through the use of cell-penetrating peptides to deliver

antibodies across the cell membrane.

1.5. Cell-penetrating peptides

The cell membrane is the barrier that separates the interior of the cell from the
external environment. It possesses the property of selective permeability, which
allows the controlled movement of substances, including ions and organic
molecules, in and out of cells. A significant challenge for achieving therapeutic
efficacy with antibody-based compounds is their delivery and passage across the

cell membrane.
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Cell-penetrating peptides (CPPs), also sometimes referred to as protein
transduction domains (PTD), Trojan peptides, or membrane-translocating
sequences, can be defined as short sequences of amino acids (usually less than 30
amino acid residues) capable of passing across the cell membrane in an apparently
energy independent manner without the necessity of recognition by surface
receptors. The use of CPPs to deliver a range of bioactive materials - including
proteins, peptides, oligonucleotides, and nanoparticles - across the membranes of
various different cell types, as well as into different cellular compartments, has
been reported in in vitro and in vivo experiments (J&ver and Langel, 2006). CPPs
can be classified according to their peptide origin or physicochemical properties.
Using the former classification scheme, CPPs can be categorised as short
sequences of peptides derived from proteins, chimeric peptides derived from the
fusion of two natural peptides, or synthetic CPPs which are designed based on
information from structure-activity studies. (Bechara and Sagan). Alternatively,
the latter scheme categorises CPPs as cationic, amphipathic or hydrophobic

(Milletti, 2012).

1.6. Mechanisms of cell penetration by CPPs

Despite the successful use of CPPs in a range of cell lines, the cellular uptake

mechanisms of CPPs have not been fully elucidated. Initially, many reports

suggested that internalisation of CPPs was not significantly inhibited by

incubation at low temperature (4 <C), or by depletion of the ATP cellular pool,

suggesting that uptake of CPPs across the cell membrane was a endocytosis-

independent process (Vives et al., 1997, Suzuki et al., 2002). Furthermore,
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Wender et al. demonstrated that the charge of CPPs was sufficient to enhance

their cellular uptake, implying that binding to surface receptors was not required

for internalisation of CPPs (Wender et al., 2000). However, most of these

experiments were performed using fluorescence-activated cell sorter (FACS)

analysis. The use of methanol in the fixation step of FACS was shown to be

associated with artifactual redistribution of CPP, thus raising concerns about the

validity of the data obtained by FACS (Richard et al., 2003). Since then, many

studies have reported that internalisation of CPPs is mediated by endocytosis. The

first contact of CPPs with the cell surface appears to be via electrostatic

interactions with proteoglycans in the extracellular matrix. This triggers actin

remodelling and activation of the small GTPases RhoA or Racl (Couchman, 2003,

Heitz et al., 2009). Thereafter, the cellular uptake pathway is influenced by

several parameters, including the physicochemical properties of the CPP. The

majority of the cationic CPPs were primarily found to be associated with

macropinocytosis. However, one of the well-studied cationic CPPs, known as the

Trans-Activator of Transcription (TAT) protein of the Human Immunodeficiency

Virus, was reported to be taken up into the cells by both clathrin-and caveolin-

dependent endocytosis (Richard et al., 2005, Jones et al., 2005). Other factors

which influence the uptake of CPPs include their ability to interact with cell

surface and membrane lipid components, the nature of the cargo, and the cell type
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and membrane composition. Moreover, different mechanisms of membrane
translocation and endocytosis may occur simultaneously for most CPPs. This is
especially true for amphipathic peptides, which can interact with lipids and adopt
secondary structures within the membrane that modify membrane integrity
(Deshayes et al., 2008, Heitz et al., 2009). The potential mechanisms of cellular

uptake and intracellular trafficking of CPPs are summarised in Figure 1.7.

I - CPP-CS

A
CPP-NCS@ @ @

Nucleus

Figure 1.7. Schematic diagram of different uptake and intracellular trafficking
mechanisms of cell penetrating peptides (adapted by permission from John Wiley and
Sons Publishing Group). (Heitz et al., 2009)
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1.7. TAT peptide

The cell-penetrating peptide TAT is an a-helical domain derived from the
transcription activating factor of human immunodeficiency virus (HIV-1) that is
readily taken up by cells (Cornelissen et al., 2007, Brooks et al., 2005). It is a
small basic peptide which is able to deliver a variety of cargoes including,
peptides, proteins, oligonucleotides, plasmid DNA and liposome into cells without
affecting their function (Dietz and Boéhr, 2004). TAT peptide

(GRKKRRQRRRPPQGYGC) possesses a nuclear localization sequence (NLS,

underlined), which was shown to facilitate the internalisation and nuclear uptake
of radiolabeled antibody in human breast cancer cells in vitro, and in xenograft
and normal tissues in vivo in athymic mice (Hu et al., 2006). TAT was chosen for
use in the experiments described in this thesis to deliver radiolabelled anti-NY-

ESO-1 antibody to the nucleus of tumour cells.

1.8. Protein transfection reagent

Experiments revealed that conjugation to TAT did not adequately improve
internalisation of radiolabelled anti-NY-ESO-1 antibody in the tumour cells used
in this study (see Section 4.4). Hence, the radioimmunoconjugates were
transfected into the cells using a protein transfection reagent SAINT-PhD. This
reagent consists of a cationic amphiphile and helper lipid. Cationic liposomes can
enter cells via different pathways. It was demonstrated in Raji cells, which do not
express proteoglycans, that DNA material could not be successfully transfected
without the expression of the proteoglycan, syndecan-1 (Mounkes et al., 1998). In
the same publication, the researchers showed both in cultured cells and mice that
the transfection efficiency depends on the net positive charge of the liposomal

complex. In addition, a reduction in transfection efficiency has been shown to
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result after treatment of cells with an inhibitor of caveolae-mediated endocytosis
termed filipin 111. Localisation of liposomal complexes with the Tf receptor, a
marker of clathrin-coated endosomes, has been shown in the literature. Inhibition
of the internalisation of liposomal complexes has also been demonstrated in cells
with a dominant negative mutation of Epsl5 (epidermal growth factor receptor
pathway substrate clone 15) or following potassium depletion, which both arrest
coated pit formation. Thus the published evidence suggests that both caveolae-
mediated and clathrin-mediated endocytosis contribute to liposome entry into

cells (Castanho et al., 1999, Zuhorn et al., 2002).

Fusion of liposome and endosomal membrane, a process known as endosomolysis,
is thought to be the mechanism by which liposomal complexes evade lysosomal
degradation, and is summarised in Figure 1.8. In brief, the endosomal membrane
becomes destabilised when contact is made with the cationic liposome (step 1),
thus triggering the anionic lipids facing the cytoplasmic side of the membrane to
transfer to the endosomal side (step 2). The mixture of these anionic lipids and the
cationic lipids of the liposome forms charge-neutral ion pairs (step 3) which
displace the material incorporated by the liposome and release it into cytoplasm
(step 4) (Zelphati and Szoka, 1996, Medina-Kauwe et al., 2005). The transfection
reagent used in this study is a cationic liposome, which suggests it releases its

attached material into the cytoplasm via this method.
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Figure 1.8. Mechanisms of liposomal transfer of DNA across the cell
membrane.

1.9. Conclusion

The CT antigen NY-ESO-1 represents a viable target for radioimmunotherapy,
given its immunogenicity and expression in a wide range of tumours. The
challenge of delivering a radiolabelled antibody across the cell membrane to reach
the intracellular NY-ESO-1 molecule can be overcome via a strategy involving
the use of a cell-penetrating peptide and protein transfection reagent. The presence
of the nuclear localisation sequence in TAT should ensure nuclear delivery of the

radiolabelled antibody. Use of Auger electron-emitting radioisotopes, which
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generate high linear energy transfer (LET) radiation within a very short distance

of the decay site, should ensure DNA damage is localised to tumour cells.

1.10. The aim and objectives of the study

The aims of the study were to develop radiopharmaceuticals that target the CT

antigen, NY-ESO-1. The objectives were therefore:

1. To synthesise a radiolabeled antibody to NY-ESO-1 capable of cellular
internalisation and confirm preserved binding affinity after conjugation to
TAT.

2. To evaluate the cellular uptake and cytotoxicty of the
radioimmunoconjugate in vitro.

3. To evaluate the biodistribution of radioimmunoconjugate using SPECT in

vivo.
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Chapter 2

Materials and Methods
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Chapter 2: Materials and methods

2.1. Cell Culture

The human bladder cancer cell lines, T24, J82 and 5637 (gift from Dr. Anne
Kiltie); the human melanoma cancer cell lines, Trombelli (gift from Prof.
Vincenzo Cerundolo), SK-MEL-37, SK-MEL-23 (gift from Ms Anna Pagotto)
and the human breast cancer cell line, MDA-MB-468 (obtained from American
Type Culture Collection) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma) supplemented with 10% fetal bovine serum (FBS; Invitrogen,
Paisley, UK), 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 <T in an

atmosphere of 5 % CO,.

2.2. Western blot analysis
Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer. The

protein concentration of the lysates was measured by BCA assay (Pierce, Thermo
Scientific, IL). Lysates were incubated for 10 min at 70 <C to denature the
proteins. Cell lysate (20 pg) was added to 4-12.5% gradient gels for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions (160V, 70 min). After electrophoresis, proteins were transferred from
the gel to a nitrocellulose membrane (Amersham Bioscience, UK) using a wet
transfer technique (100V, 60 min). The membrane was then blocked using
blocking buffer (skimmed milk [5%, Marvel] in PBS containing 0.1% Tween-20).
Subsequently, anti-NY-ESO-1 mouse monoclonal antibody (mAb) (Sigma, E978
clone, 1:1000) in blocking buffer was added to the membrane and was incubated
with shaking overnight at 4<C. Following 3x15 min washes with PBS Tween-20

(0.1%), membranes were incubated with Horse Radish Peroxidase-conjugated
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anti-mouse IgG secondary antibody (Promega, UK; 1:5000) for 1 h at room
temperature (RT). Following 3x15 min with PBS Tween-20 (0.1%), proteins were
detected using an enhanced chemiluminescence detection system (Pierce, Thermo

Scientific).

2.3. Immunocytochemistry (ICC)

Cells (10°) were cytospun (7 min, 800 rpm) or grown on glass slides and
subsequently fixed in 4% formaldehyde in PBS for 15 min. After 3 washes with
PBS, slides were treated with 1% Triton-100 in PBS (PBST). Slides were blocked
with 2% bovine serum albumin (BSA, Sigma) in 0.1% PBST for 1 h. Slides were
incubated overnight with mouse anti-human NY-ESO-1 antibody (Sigma, E978
clone, 1:200 dilution) in 2% BSA and 0.1% PBST. After 3 washes in PBS, slides
were incubated with goat anti-mouse 1gG antibody conjugated to Alexa Fluor 488
(1:500; Invitrogen) for 45 min at RT. After 3 washes in PBS, coverslips were
mounted using Vectashield mounting medium containing 2-(4-amidinophenyl)-
1H -indole-6-carboxamidine DAPI (Vector Laboratories, UK) and cells visualised
using a Zeiss confocal fluorescence microscope (Carl Zeiss Ltd., Welwyn Garden

City, UK).

2.4. Synthesis of radioimmunoconjugates (RIC)

The conjugation of TAT to anti-NY-ESO-1 (mouse monoclonal, Sigma E978
clone) or mouse 1gG (mlgG) antibody was accomplished by a series of chemical
reactions utilising several cross-linking reagents. Anti-NY-ESO-1 or mlgG

antibody (100 lg) was  first  buffer-exchanged into 2-(N-
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morpholino)ethanesulfonic acid (MES) buffer (0.1 M, pH 6.0) to give a
concentration of approximately 1pg/pL using a Microcon YM-30 ultrafiltration
column. 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC,
Pierce) (3 jg) and N-hydroxysulfosuccinimide (Sulfo-NHS, Pierce) (10 pg), both
dissolved in 0.1 M MES buffer (pH 6.0), were added to the antibody and
incubated for 15 min at RT to yield an amine-reactive NHS ester for the
sequential steps of the conjugation of TAT peptides. The antibody was then
buffer-exchanged into PBS (pH 7.0) and TAT (4 |g in PBS, pH 7.0) was added to
the antibody and incubated for 2 h at RT. Unbound free TAT was removed
through size-exclusion chromatography (SEC) using a Sephadex G-50 gel
filtration column (Sigma) and was eluted with sodium bicarbonate (0.1 M,
NaHCOg, pH 8.2). The TAT-conjugated antibody was then either labelled directly
with 21 using iodogen, or reacted with a metal chelator for subsequent labelling

with In.

For *#| labelling, 1,3,4,6-tetrachloro-30,6a-diphenylglucoluril (iodogen, 150 pg)
was dissolved in chloroform (400 L) and added to an Eppendorf tube. The tube
was placed in a fume hood overnight with the lid open to allow the complete
evaporation of the organic solvent, leaving a coating of iodogen on the tube. The
tube was briefly rinsed with iodogen buffer (0.1 M, Na;HPO,, pH 8.4) to remove
any unbound iodogen. The TAT conjugated antibody was incubated with 21 in
the iodogen coated tube for 15 min at room temperature. A G-50 gel filtration

column was used to separate radiolabelled antibody from unbound *?I.

For In-labelling, the TAT conjugated antibody was incubated with 2-(4-
isothiocyanatobenzyl)-diethylenetriaminepentaacetic acid (benzyl-DTPA) (5 D)

or cyclic diethylenetriaminepentaacetic acid (cDTPA) (8 |g) for 1 h at RT. The
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molar ratio of antibody to DTPA was 1 in 20 to achieve the optimal antibody
conjugation. The DTPA-conjugated TAT-modified antibody was separated from
any excess DTPA using a Sephadex G-50 gel filtration column and was eluted
with sodium citrate (0.1 M, NaH,CgHsO7, pH 5.0). The antibody was incubated
with "In for 1 h at RT. A G-50 gel filtration column was used to separate

radiolabelled antibody from unbound **!n.

1281 or ™n-labelling, the radiolabelled antibody was buffer-

Following
exchanged into PBS (pH 7.4) using a Sephadex G-50 gel filtration column or a
Microcon YM-30 ultrafiltration column. Finally, protein transfection reagent
(Synvolux Therapeutics, BV, Groningen, Netherlands) was added and mixed

gently and incubated for 20 min at RT. The ratio of protein (Jg) to protein

transfection reagent (L) was 1: 10. The radiochemical purity was =95%.

2.5. Validation of the conjugation of TAT to mouse 1gG

To confirm that TAT peptide was successfully conjugated to mouse 1gG, TAT
was radiolabelled with *#1 to allow the tracking of chemical reactions in each step
of the process. TAT peptide (20 pg) dissolved in sodium bicarbonate (0.1 M,
NaHCOs, pH 8.2) and **I (8 MBq) were added to an iodogen coated tube and
incubated for 15 min at RT. Radioiodinated TAT was separated from free,
unbound *#I using a P-2 gel filtration column. The fractions corresponding to
radioiodinated TAT were combined and incubated with mouse IgG (100 g) for 2
h. Radioiodinated TAT bound to mlgG was then separated from unbound
radioiodinated TAT using a Sephadex G-50 gel filtration column. Assuming a 30%

loss of TAT protein during the purification procedure (based on previous
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experience in the laboratory), the number of TAT molecules conjugated to one

mlgG antibody molecule was then calculated as follows:

(amount of TAT conjugated antibody)/ (total amount of radioiodinated TAT

peptide) x molar ratio of radioiodinated TAT to mlgG antibody.

The molar ratio of radioiodinated TAT to mlgG antibody=number of moles of
radioiodinated TAT/number of moles of mlgG antibody, that is, 14 jg/1780/100
g/150000=11.8. Next, the amount of TAT conjugated antibody and the total
amount of radioiodinated TAT peptide times could be worked out by the area of
corresponding to mlgG-123I-TAT and the area of mlgG-123I-TAT plus free
unbound radioiodinated TAT. The number of TAT peptide= [608466/

(608466+2356656)]*11.8=2.42.

2.6. Clonogenic survival assays

Cells (1x10°) were harvested and aliquoted into Eppendorf tubes containing RIC
or appropriate controls. After 24 h incubation at 37 °C, fresh medium was added
to a final volume of 1 mL. Cell suspension (10 uL) was transferred to 12-well
plates containing 1 mL of fresh medium. Following 10 days incubation at 37 °C,
cells were washed 2 x 10 min with PBS and 1 x 10 min with water. Cells were
then stained with methylene blue (1%) in water:methanol (1:1), and colonies were
counted. The surviving fraction (SF) was calculated by dividing the number of
colonies by the number of cells seeded multiplied by the plating efficiency

(Franken et al., 2006). Data were normalized to SFs of untreated controls.

2.7. Radioimmunoassay
NY-ESO-1 protein lysate (2 ng/mL, Pierce, Thermo Scientific) was coated onto a

high affinity radioimmunoassay plate (96-well, Costar) and incubated overnight at
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4<C. Wells were washed 3 x 100 ul PBST (0.1% Tween-20 in PBS) and blocked
with bovine serum albumin (2% BSA, 0.1% PBST) for 2 h at RT (Cornelissen et
al., 2011a). After 3 x 5 min washes with PBST, anti-NY-ESO-1 or anti-NY-ESO-
1-TAT conjugate (0.01 nM-1000 nM) was added and incubated for 2 h at RT in
the presence of radiolabelled *#l-anti-NY-ESO-1 (5 nM). Supernatant was
removed and wells washed twice with PBS (100 pL) to remove any unbound *2I-
anti-NY-ESO-1. Glycine (100 uL, 0.1 M, pH 2.5) was added to dissociate bound

123|_anti-NY-ESO-1 from the cell lysates, and radioactivity was measured in a

Gamma counter (PerkinElmer Wizard 1470, Waltham, MA).

2.8.Inhibition of protein expression by siRNA knockdown

Three small inhibitory RNAs (27mer siRNA duplexes, Origene, Rockville)
targeting NY-ESO-1 transcript were used for down-regulating the expression of
NY-ESO-1 protein. siRNA sequence 1 and sequence 2 spanned the NY-ESO-1
mRNA transcript at position 442 to 467, targeting sequence 5’-
gcaacatactgactatccgactgac-3’, and position 696 to 723, targeting sequence 5’-
ggaggaggacggcttacatgtttgtttc-3°. Sequence 3 was designed to bind to NY-ESO-1
mRNA transcript at position 343 to 367, targeting sequence 5’-
cgacacccatggaagcagagctgge-3°. siRNA duplexes (30 pmol) were incubated with
Lipofectamine 2000 (5 pL, Invitrogen) in 500 pl OptiMem medium for 20 min.
SK-MEL-37 melanoma cells (1x10°), in normal growth medium (DMEM, Sigma)
without serum or antibiotics, were incubated with the siRNA/Lipofectamine for 6
h. Medium was removed and replaced by fresh medium containing serum (10%

FBS) and antibiotics (100 units/mL penicillin, and 100 pg/mL streptomycin) and
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cells were incubated for 48 h or 72 h at 37 <C. A Western blot was performed to

confirm NY-ESO-1 protein knockdown.

2.9. Internalisation and nuclear localisation of radiopharmaceuticals

SK-MEL-37 cells (1x10°) were seeded in 24-well plates and incubated overnight
to allow cells to adhere. RICs (0.33 nM, 0.5 MBq/jg) or appropriate controls
were added and incubated for selected times. For internalisation assays, the
supernatant containing the unbound antibody was removed and cells were washed
twice with PBS (500 pL). To strip away the membrane-bound radiolabelled
antibody, glycine (0.1 M, pH 2.5) was added and incubated for 6 min at 4 <C. The
tubes were centrifuged at 1000xg for 3 min, supernatant containing the
membrane-bound antibody was removed, and cells were washed twice with PBS
(500 pL). Cells were then lysed with NaOH (0.1 M) followed by 2 washes with
PBS (500 uL) to obtain the internalised antibody fraction. Radioactivity in the
fractions containing unbound, membrane bound and internalised radiolabeled
antibody was counted using a Gamma counter (Wizard, PerkinElmer, Waltham,

MA, USA) (Hu et al., 2006, Cornelissen et al., 2011b).

To quantify the radioactivity in the cytoplasmic or nuclear fraction, cells were
exposed to RICs or controls as detailed above. At selected time points, cells were
removed from the plate using trypsin and transferred into Eppendorf tubes (9x10°
cells). The tubes were centrifuged at 500xg for 2 min, and supernatant containing
the unbound antibody fraction was removed. The cells were washed twice in PBS.
Glycine (0.1 M, pH 2.5) was added and incubated for 6 min at 4 <C. The tubes
were centrifuged at 1000xg for 3 min, supernatant containing the membrane-
bound antibody was removed, and cells were washed twice with PBS (500 uL).

Cell pellets were resuspended in cell membrane lysis buffer (500 pL, 25 mM KClI,
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5 mM MgCl,, 10 mM Tris—HCI and 0.5% NP-40) and incubated for 6 min at 4 <C.
The tubes were centrifuged at 1000xg for 3 min and supernatant containing the
cytoplasmic fraction was removed. After 2 x washes in PBS, the nuclear fraction
was obtained by incubation of the nuclear pellet with NaOH (500 pL, 0.1 M) for
20 min at RT. Radioactivity in the fractions containing unbound, membrane-
bound, cytoplasmic and nuclear radiolabelled antibody was counted using a

Gamma counter (Wizard, PerkinElmer, Waltham, MA, USA) (Hu et al., 2006).

2.10. Retention of radiopharmaceuticals

To evaluate the retention of RICs in SK-MEL-37 and SK-MEL-23 melanoma cell
lines, cells (1x10°) were seeded in 24-well plates and incubated overnight to allow
the cells to adhere. RICs (0.33 nM, 0.5 MBg/jg) were added and incubated at
37 <C for either 4 h (for **I-labelled agents) or 24 h (for **!In-labelled agents).
After incubation, medium was removed for counting in a Gamma counter. Cells
were washed twice with PBS (500 uL), and fresh growth medium (DMEM, 10%
fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL streptomycin) was
then added. Cells were incubated at 37 <C for selected times, ranging from 1 to 48
h. At these selected time points, medium was discarded and cells washed twice
with PBS (500 pL). Cells were incubated with glycine (0.1 M, pH 2.5) to remove
any membrane-bound radioactivity. NaOH (0.1 M) was added to the cells and
incubated for 20 min at RT, following by washing twice with PBS (500 uL), to
obtain the internalised fraction. All data was calculated as the percentage of

radioactivity retained in the cells at the zero time point.

2.11. Investigation of cell viability by WST-1 assay
SK-MEL-37 cells (1x10%) were seeded in 96-well plates and incubated overnight

to allow the cells to adhere. Cells were then washed twice with PBS (150 uL),
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followed by the addition of fresh growth medium. RICs or appropriate controls
(0.05 nM-500 nM) were added. After incubation for 24 h, supernatant was
removed, cells washed twice with PBS, and fresh medium added (90 pL). WST-
1/ECS solution (Millipore) was added to each well and the absorbance of the
samples at 450 nM was measured using a microplate reader. Blank wells were
treated with the WST-1/ECS solution but did not contain cells. The percentage of
cell viability was calculated by absorbance of (treated sample — blank) / (untreated

sample — blank) x 100%.

2.12. yH2AX assay

SK-MEL-37 cells (5x10°) were seeded into 96-well plates and incubated
overnight to allow cells to adhere. Cells were then washed twice with PBS (100
uL), followed by the addition of fresh growth medium. RICs or appropriate
controls were added (200 nM, 0 MBg/g - 3 MBq/g). After incubation for 4 h at
37<C, cells were washed twice with PBS (100 pL) and fixed in 4% formaldehyde
in PBS for 15 min. After washing the cells twice with PBS to remove residual
formaldehyde, cells were incubated in 1% Triton-100 in PBS for 15 min. Cells
were washed twice in PBS, followed by incubation in blocking buffer (5% bovine
serum albumin in 0.1% Triton-100 in PBS) overnight at 4<C. Cells were then
incubated with rabbit anti-human YH2AX antibody (1 in 800, Merck Millipore,
Watford, UK) at 4<C. After incubation and washing twice with PBS to remove
any unbound antibody, goat anti-rabbit 1gG antibody conjugated to Alexa Fluor
488 (AF488; Invitrogen, Paisley, UK) was added to the cells and incubated for 1 h
at RT. After 2 washes in PBS, fluorescence images were acquired using an INCell
analyser (GE Healthcare, Pittsburgh, PA, USA). Cells exposed to 4 Gy X-

irradiation using a Caesium irradiator were used as a positive control. The number
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of YH2AX foci per cell was counted using the INCell analyser software. The data
in each group was normalised by subtracting the number of YH2AX foci/cell in
control samples (treated with PBS instead of radiopharmaceuticals) from the

number of foci/cell in test samples.

2.13.  Mouse models and inoculations

Animal procedures were carried out in accordance with the UK Animals
(Scientific Procedures) Act 1986 and with local ethical committee approval. SK-
MEL-37 xenografts were established in male/female BALB/c nude mice (Harlan).
In brief, SK-MEL-37 melanoma cells were removed from flasks using trypsin,
and resuspended in serum free fresh growth medium (DMEM). SK-MEL-37 cells
(1.5x10°) were mixed with matrigel (1:1) and injected subcutaneously (s.c.) in the
right hind flank of mice under brief isoflurane anaesthesia (2.5%). Tumour growth

was measured using callipers twice a week.

2.14. Tumour harvest and immunohistochemistry

When the diameter of tumours reached approximately 6.5 mm, mice were
euthanized. Tumours were harvested and immersed in OCT (tissue tek. polyvinyl
alcohol, polyethylene glycol) in cryomoulds on dry ice. The tumours were sectioned

(10 um) using a cryostat, and sections were adhered to glass slides and stored at -

20 °C.

The sections on the glass slide were rehydrated in PBS for 5 min at RT. The
sections were then fixed in 4% formaldehyde in PBS for 30 min. Slides were
washed with PBS (3x 5 min), and incubated in 1% Triton in PBS for 15 min at RT.

After washing for 3 x 5 min with PBS, the slides were blocked with blocking

55



Intracellular delivery of radioimmunoconjugates that target the cancer testis antigen, NY-ESO-1

buffer (5% bovine serum albumin in 0.1% Triton-100 in PBS) for 2 h at RT. After
washing for 3 x 5 min with PBS, slides were incubated with rabbit anti-human
NY-ESO-1 polyclonal antibody (1 in 500, Abcam, Cambridge, UK) overnight at
4<C with gentle shaking. Rabbit 1gG was used as isotype control. After washing
for 3 x 5 min with PBS, slides were incubated with goat anti-rabbit 1gG
conjugated to AF488 (1 in 500) for 1 h at RT. Slides were washed for 3 x 5 min
with PBS, coverslips mounted using Vectashield mounting medium containing
DAPI (Vector Laboratories, UK), and sections visualised using a Zeiss confocal

fluorescence microscope (Carl Zeiss Ltd., Welwyn Garden City, UK).

2.15. Biodistribution of radioimmunoconjugates

SK-MEL-37 or SK-MEL-23 xenografts were established in BALB/c nude mice as
previously described. When tumours reached a diameter of approximately 10 mm
(measured by calliper), mice received an intravenous (i.v.) injection of *In-
labelled anti-NY-ESO-1 antibody (10 pg, 5 MBq). **!In-labelled mlgG was used
as a non-specific isotype control. SPECT/CT images were acquired at 24, 48 and
72 h post-injection (p.i.). During acquisition of images, mice were anesthetised
using isoflurane (2%, oxygen flow rate of 1 L/min). The respiratory rate of mice
was closely monitored. After the 72 h scan, animals were euthanized, and tissues
and organs (bladder, large intestine, small intestine, pancreas, spleen, stomach,
liver, lung, kidney, heart, skin, muscle, brain and testis) were removed. Blood was
aspirated from the heart (left ventricle) and retained for subsequent analysis. After
dissection, tissues were briefly rinsed with water to remove blood, and air dried
on tissue paper. Each tissue/organ was placed in a separate counting tube and
radioactivity was counted using a Gamma counter (Wizard, PerkinElmer,

Waltham, MA, USA).
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Chapter 3

Synthesis of NY-ESO-1 targeting

radiopharmaceuticals
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Chapter 3: Synthesis of NY-ESO-1 targeting

radiopharmaceuticals

The methods used in the synthesis of radiopharmaceuticals are detailed in Section
2.4. The current section illustrates and discusses data obtained during the
synthesis process, and provides details of the optimisation procedures that were

followed to arrive at the final methodology.

3.1. Conjugation of anti-NY-ESO-1 to TAT

Section 2.4 details the procedure used to calculate the number of molecules of
TAT that can be bound to one mouse IgG (mlgG) antibody molecule. These
experiments were carried out using the ?*| radioisotope, because of the ability to
conjugate the isotope directly to the antibody without the need for a metal chelator.
After incubation of TAT with %I, a P2 gel filtration column was carried out to
separate *®I-TAT from free *#| (Figure 3.1). In this separation technique, larger
molecules elute earlier, while smaller molecules are retained in the pores of the
gel and elute at a later stage. This indicates that the peak between fractions 9 and
14 corresponds to '?I-TAT, and the peak between fractions 16-21 to the free

unbound *2I.
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Figure 3.1. Separation of ZI-TAT from unbound '?I. TAT peptide in
NaHCO; was incubated with 8 MBq *?*I for 15 min. *?I-TAT was separated
from unbound *?*I using a P-2 column, and eluted fractions were counted in a
y-counter (CPM refers to counts per minute).

Fractions 9-14 corresponding to *’I-TAT were combined and incubated with
EDC/sNHS activated mlgG. EDC activates carboxyl groups for direct reaction
with primary amines via amide bond formation. The addition of N-
hydroxysulfosuccinimide (SNHS) improves coupling efficiency by creating dry-

stable amine-reactive intermediates.

After reaction of the activated antibody with '2*|-TAT, a Sephadex G-50 gel
filtration column was used to separate **I-TAT bound to migG from unbound
I2Z|.TAT (Figure 3.2). The peak between fractions 10 and 14 in Figure 3.2
corresponds to the antibody bound *?I-TAT and the peak between fractions 20

and 27 corresponds to the free unbound **I-TAT.
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Figure 3.2. Separation of 2I-mlgG-TAT from ZI-TAT. 2I-TAT was
incubated with 100 pg sNHS/EDC-activated mlIgG for 2 h. *?I-mIgG-TAT
was separated from unconjugated ?*I-TAT using a G-50 column, and eluted
fractions were counted in a y-counter (cpm refers to counts per minute)

The calculations described in Section 2.5 were performed, and it was shown that
2.42 molecules of TAT could be conjugated to one mlgG antibody molecule. The
activation of the antibody by incubation of EDC and sNHS at pH 6.0 and the
optimum pH for the forming the amide bond is pH 7.0 thus eliminating the
possibility of cross-linking antibodies after the incubation of EDC and sNHS. The
pattern of the elution profile was also similar to those performed by other

colleagues in the lab.
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3.2. Radiolabelling of anti-NY-ESO-1 with 111In

Section 2.4 details the final optimised conditions used for the synthesis of the
"n-labelled RICs. However several challenges were faced during the method
development, which are discussed here. Most proteins, including antibodies, do
not possess metal binding functional groups, which prevents formation of a strong
stable bond between the antibody and metal isotopes such as ***In. To overcome
this, a metal chelator can be attached to the antibody to aid covalent conjugation
to metals, thereby generating a stable radionuclide-chelate-antibody molecule
(Yuanfang and Chuanchu, 1991). Two chelators were investigated for suitability
for use in this study; 2-(4-isothiocyanatobenzyl)-diethylenetriaminepentaacetic
acid (bnDTPA) or the cyclic diethylenetriaminepentaacetic acid (cDTPA)
anhydride. The organic solvent dimethyl sulfoxide (DMSQ) was used to dissolve
the metal chelators. There are several advantages of using DMSO compared to the
other widely used organic solvent chloroforms for this process. These include the
excellent solubility of anhydride in DMSO, improved coupling efficiency, and the
miscibility of DMSO with water to avoid evaporation of organic solvent
(Yuanfang and Chuanchu, 1991, Blend et al., 1988). cDTPA is commonly used as
a bifunctional chelating reagent for *In-labelling of antibody due to the

simplicity of its conjugation reaction with proteins (Arano et al., 1996). However,
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some studies have demonstrated that antibodies conjugated to radioisotopes with
cDTPA are less stable than those conjugated using benzyl-DTPA (BnDTPA). In
vivo, this instability could lead to the release of ***In from the chelate into blood,
followed by binding to transferrin and accumulation in the liver (Arano et al.,
1996, Brechbiel et al., 1986). Therefore, BnDTPA was initially selected for use in
this study. In initial optimisation studies, an attempt was made to calculate the
number of BnDTPA molecules conjugated to an antibody molecule, using a
method similar to that described in section 2.4. However, after incubation of **In-
BnDTPA with anti-NY-ESO-1 and purification using a G-50 filtration column, a
single peak was observed (Figure 3.3). This result indicates that conjugation of
BnDTPA with anti-NY-ESO-1 was not successful, as two distinct peaks should
have resulted; corresponding to **In-BnDTPA-anti-NY-ESO-1 antibody and
unbound **In-Bn-DTPA respectively. Attempts to optimise the experimental
conditions were made, such as varying the pH of sodium bicarbonate buffer
(ranging from 8.0 to 8.5), changing the incubation time of BnDTPA with antibody,
and using a different molar excess of BnDTPA,; but ultimately BnDTPA could not
be conjugated to the antibody.

Due to the lack of success using BnDTPA for conjugation, a decision was made to
investigate whether cyclic diethylenetriaminepentaacetic acid (cDTPA) anhydride
would be a suitable chelating agent in this study. The interaction between *In
and cDTPA is formed by coordination of the metal with the five deprotonated
carboxylate group and the three tertiary amino groups of the cDTPA molecule,
resulting in a very stable octadentate. The linkage of cDTPA to antibody involves
bond formation between lysine residue of the protein and one of the carboxylate

groups in DTPA. It has been shown that cDTPA is approximately ten-fold more
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reactive than BnDTPA for antibody conjugation (Reilly et al., 1992). After
incubation of *'In-cDTPA with anti-NY-ESO-1 and purification using a G-50
filtration column, 2 peaks were observed (Figure 3.4); corresponding to **In-
cDTPA-anti-NY-ESO-1 and excess unbound *In-cDTPA. The number of
cDTPA molecules bound to one antibody molecule was calculated as previously

described, and results summarised in Table 3.1. A decision was made to incubate

the antibody with 20-fold molar excess of cDTPA in subsequent experiments.

To determine the labelling efficiency of cDTPA-anti-NY-ESO-1-TAT with *!In,
the antibody conjugate was reacted with ***In (1 MBg/ pg) for 1 h at RT, and
radiolabelled antibody separated from free '!In using a G-50 column. The

labelling efficiency was calculated to be greater than 95% (Figure 3.5).
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Figure 3.3. Separation of **!In-BnDTPA-NY-ESO-1 antibody from free unbound ***In-

BnDTPA using a sephadex G-50 column. Anti-NY-ESO-1 antibody (10 pg) was
incubated with increasing amounts of BnDTPA dissolved in DMSO (0.2 pg, 0.4 pg and
0.8 pg) at RT for 1 h to achieve a 5-20 fold molar excess of BnDTPA. Antibody
conjugate was labelled with **In for 1 h at RT followed by G-50 column purification.
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Figure 3.4. Separation of **!In-DTPA-NY-ESO-1 antibody from free unbound ***In-
cDTPA using a sephadex G-50 filtration column. Anti-NY-ESO-1 antibody (10 pg)
was incubated with increasing amounts of cDTPA dissolved in DMSO (0.15 pg, 0.3
ng, 0.6 pg and 1.2 pg) at RT for 1 h to achieve a 5-20 fold molar excess of cDTPA.
Antibody conjugate was labelled with !In for 1 h at RT followed by G-50 column
purification.

5-fold 10-fold 20-fold

1n-DTPA-NY-ESO-1 (CPM) 4913102 13129374 17571213

Un-DTPA-NY-ESO-1+ In-DTPA
23300933 40127271 44189178
(CPM)

Number of DTPA per antibody 0.87 247 5.69

Table 3.1. Summary of number of cDTPA molecules conjugated to an antibody
molecule following incubation of antibody with increasing molar excess of cDTPA
(5-fold, 10-fold and 20-fold).
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Figure 3.5. Separation of "'In-cDTPA-anti-NY-ESO-1-TAT from unbound **In.

cDTPA-anti-NY-ESO-1-TAT (10 pg) was radiolabeled with 10 MBq of **In for
an hour at RT before purification using a G-50 column. Labelling efficiency
was >95%. A single peak was observed and represented *!In-DTPA-anti-NY-

ESO-1-TAT.
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Chapter 4

In Vitro Studies of NY-ESO-1 Targeting

Radiopharmaceuticals: Results and Discussion
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Chapter 4: In Vitro Studies of NY-ESO-1 Targeting
Radiopharmaceuticals: Results and Discussion

4.1.Introduction

This chapter presents and discusses the results of in vitro studies using the anti-
NY-ESO-1 RICs. Before characterising the RICs in in vitro systems, it was
necessary to confirm that conjugation to TAT did not affect the binding affinity of
the anti-NY-ESO-1 antibody to the NY-ESO-1 antigen. This was carried out using
a radioimmunoassay. Subsequently, studies were carried out to ensure the choice
of cell line was suitable to study the in vitro characteristics of the RICs. After the
identification of a suitable cell line, the internalisation and retention of the RICs in
these cells was determined. Cell viability following treatment with RICs was
investigated using WST-1 and clonogenic assays. Finally, a yH2AX assay was
carried out to confirm that the RICs induced of DNA damage, the likely

predominant determinant of their cytotoxicity.

4.2. Radioimmunoassay

The radioimmunoassay was conducted to determine whether the binding affinity
of the anti-NY-ESO-1 antibody to the NY-ESO-1 antigen was impaired following
conjugation of the antibody to TAT and DTPA. ®l-anti-NY-ESO-1 (5 nM)
antibody plus DTPA-anti-NY-ESO-1-TAT or unconjugated anti-NY-ESO-1
antibody were added to wells coated with NY-ESO-1 protein. The principle of the
assay involves competition between the non-radiolabelled constructs and the
radiolabelled antibody for the binding to the NY-ESO-1 receptor. DTPA-anti-NY-

ESO-1-TAT and the unconjugated anti-NY-ESO-1 antibody were shown to bind
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with similar affinity to the NY-ESO-1 receptor, with 1Csy values of 0.83 nM

I+

0.079 nM and 1.00 nM = 0.076 nM respectively (Figure 4.1). There was no
statistically significant difference between these I1Csy values (P = 0.151, extra sum
of F test). This result confirms that the binding affinity of the chemically modified
antibody, DTPA-anti-NY-ESO-1-TAT, has not been altered by conjugation to

TAT and the metal chelator cDTPA.

1.51
e DTPA-anti-NY-ESO-1-TAT
anti-NY-ESO-1

123|_anti-NY-ESO-1

0.0 T

-2 0 2 4
conc LOG (nM)

Figure 4.1. Radioimmunoassay showing the binding affinity of DTPA-anti-NY-
ESO-1-TAT compared to anti-NY-ESO-1. Data represent the mean and
standard deviation of triplicates from three separate experiments. Data were
fitted to a variable slope competition curve model in GraphPad Prism.
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4.3. ldentification of a suitable cell line for in vitro assessment of anti-NY-
ESO-1 RICs

A panel of different cancer cell lines including bladder, breast and melanoma lines

were screened by Western blot for the expression of NY-ESO-1 protein. There

was a distinct NY-ESO-1 band present in the melanoma cell lines Trombelli and

SK-MEL-37 (Figure 4.2), but no NY-ESO-1 band was observed in any of the

other cancer cell lines tested, including the melanoma cell line SK-MEL-23. This

is consistent with published data (Zelphati and Szoka, 1996, Zassler et al., 2005).

Immunohistochemistry experiments were carried out to investigate the cellular
localisation of NY-ESO-1 protein in Trombelli, SK-MEL-37 and SK-MEL-23
cells (Figure 4.3). Strong positive staining was observed in SK-MEL-37 and
Trombelli cells but not in SK-MEL-23 cells, which was concordant with the
results of the Western blot analyses. In SK-MEL-37 cells, the staining was evenly
distributed in both cytoplasm and nucleus, whereas NY-ESO-1 protein was found
predominantly in the cytoplasm of Trombelli cells. As the aim of this study was to
attach a short range Auger electron-emitting isotope to the anti-NY-ESO-1
antibody, use of a cell line with nuclear expression of NY-ESO-1 was considered
to be important, given that deposition of Auger electrons in the nucleus of tumour
cells causes maximum damage to the DNA. SK-MEL-37 was considered the most
suitable cell line for use in investigating the in vitro properties of the radiolabelled

antibodies produced in this study, with SK-MEL-23 used as a negative control.
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B-actin, 42 kDa

NY-ESO-1, 23 kDa

Figure 4.2. Western blot analyses analysis showing NY-ESO-1 expression in lysates (20
o) from (1) SK-MEL-23, (2) MDA-MB-468, (3) 5637, (4) J82, (5) Trombelli, (6) SK-
MEL-37 and (7) T24 cells (Lanes 1-7 respectively). p-actin was used as the control for
protein loading.
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DAPI anti-NY-ESO-1-AF488 Merge

SK-MEL-37

Trombelli

SK-MEL-23
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8 um

Figure 4.3. NY-ESO-1 expression in three melanoma cell lines. (a) SK-MEL-
37, (b) Trombelli and(c) SK-MEL-23 cells were stained with anti-NY-ESO-1
antibody followed by AF488 conjugated secondary antibody. (d) SK-MEL-37
cells were stained with mouse IgG isotype control followed by AF488-
conjugated secondary antibody or (e). AF488-conjugated secondary
antibody alone All images were obtained using a confocal microscope (Zeiss).
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4.4.Internalisation of RICs into SK-MEL-37 cells

The conjugation of the cell-penetrating peptide TAT to NY-ESO-1 was expected
to facilitate the uptake of antibody into SK-MEL-37 cells. Confirmation that TAT
conjugation was successful was demonstrated by the experiments detailed in

chapter 3.

However, the percentage of **l-anti-NY-ESO-TAT internalised in SK-MEL-37
cells peaked after 1 h incubation at approximately 0.15% (0.5 nM) of the total
radioimmunoconjugate administered (Figure 4.4). The percentage internalised
then steadily declined over the next 3 h. Statistical analysis showed no significant
difference in the percentage internalisation of the TAT-conjugated antibody
compared to the unconjugated antibody (P>0.05, 2 way ANOVA). An experiment
was conducted to investigate whether TAT alone could be taken up by SK-MEL-
37 cells. The results of this experiment showed that only 0.28 % of total added
12| TAT internalised into SK-MEL-37 cells (Figure 4.5). This figure compares
unfavourably with reports in the literature that internalisation of **I-mIgG-TAT
by breast cancer cells reached approximately 3.5%-4.5% (28 nM - 36 nM) (Hu et

al., 2006, Cornelissen et al., 2007).

It was previously reported that heparan sulfate proteoglycans on the cell surface
play an important role in translocation of molecules across cell membrane by
interacting with CPPs. Syndecan-4 (SDC-4), a heparan sulfate proteoglycan
present on the cell surface, was shown to be associated with cationic CPPs such as
TAT, suggesting that TAT acts as a ligand for SDC-4 during the translocation
process [101]. In the literature, low levels of cellular uptake of TAT were
observed in the K562 myelogenous leukemia cell line, which does not express

heparin sulphate proteoglycans. Transfection of SDC-4 into K562 cells
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significantly enhanced the uptake of TAT, which further supports an important
role of heparan sulfate proteoglycans in mediating TAT internalisation [123]. It is
possible that there is low expression of SDC-4 in SK-MEL-37 cells and this may
explain why TAT failed to facilitate the uptake of RICs into these cells. Due to a
lack of literature detailing the expression of SDC-4 in SK-MEL-37 cells, more

experiments would need to be conducted to confirm this theory.

-- 1231 anti-NY-ESO-1-TAT
1231 anti-NY-ESO-1
13 mIgG-TAT

1B3im oG
123,

t

© o © © o ©
o o = = N N
S _F S 3 9 d

Radioactivity internalised (%)

Time (h)

Figure 4.4. Internalisation of ‘**I-labelled RICs in SK-MEL-37 cells. Data
represent the mean and standard deviation of triplicates from three separate
experiments. (P>0.05, 2 way ANOVA)
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Figure 4.5. Internalisation of *?I-TAT in SK-MEL-37 cells. Data represent the
mean and standard deviation of triplicates from three separate experiments.

Because conjugation to TAT alone did not promote internalisation of RICs, a
decision was made to transfect RICs into the cells. Transfection is a term
generally used to describe the process of deliberately introducing nucleic acids
into cells. For instance, delivery of small interference RNA (siRNA) to knock-
down the expression of a protein to study the biological functions of proteins of
interest. A common method of transfection is to mix the nucleic acids with
cationic lipids to produce liposomes. It has been found that a similar mechanism
can be used to deliver anti-NY-ESO-1 antibody into cells. Research revealed that
chemical-based reagents designed to introduce proteins into cells are
commercially available, though some of them are toxic, need to be used in serum-
free conditions, and become less efficient with longer incubation times, thus
limiting their use in experimental settings (Zelphati et al., 2001, Zassler et al.,
2005, Dalkara et al., 2006). SAINT-PhD is a protein transfection reagent
consisting of a cationic amphiphile and helper lipid, which has been shown to

achieve protein delivery in a non-toxic and serum-insensitive manner (van der
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Gun et al., 2007). Moreover, it has reported that a cationic lipid formulation was
more effective than TAT for protein delivery (Ye et al., 2002). Therefore, the
protein transfection reagent SAINT-PhD was evaluated for its ability to promote
the internalisation of anti-NY-ESO-1 RICs into SK-MEL-37 cells. As shown in
Figure 4.6, the internalisation of '?’I-labelled RICs into SK-MEL37 cells was
significantly enhanced in the presence of the protein transfection reagent (PT).
The percentage of '?*l-anti-NY-ESO-1-TAT-PT internalised into SK-MEL-37
cells after incubation for 4 h was 18.9% =0.8%, compared to approximately 0.15%
without transfection reagent. The difference in the internalisation of the **I-anti-
NY-ESO-1-TAT-PT compared to '?’| was statistically significant at all time

points except 0 min (2 way ANOVA, P <0.001).

To measure internalisation of *In-labelled RICs in SK-MEL-37 cells, the
incubation time was extended to 24 h, after initial experiments indicated that
internalisation of *!In-labelled RICs was slower than that of *?*I-labelled RICs.
The presence of the protein transfection reagent caused a significant increase in
the percentage of the ***In-labelled RICs taken up by SK-MEL-37 cells (Figure
4.7). However the percentage of the *!In-labelled RICs internalised into cells was
significantly lower than that of the **®I-labelled RICs. After 24 h incubation, 1.47%
+ 0.1% of the total amount of In-DTPA-anti-NY-ESO-1-TAT-PT was
internalised, compared to 18.9% for '?*|-DTPA-anti-NY-ESO-1-TAT-PT.

Possible reasons for this difference in internalisation are discussed below.

As shown in Fig 1.8, the penetration of liposomes into cells involves a

neutralisation reaction between the cationic lipids of the liposome and anionic
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lipids of the cell membrane which allows penetration of the lipid bilayer and
release of the liposomal contents into the cytoplasm. cDTPA, which was used to
conjugate *In to antibody constructs in this study, is a polyamino carboxylic acid
consisting of a diethylenetriamine backbone with five carboxymethyl groups, and
thus has a high affinity for metal cations. DTPA has the potential to form up to
eight coordination bonds due to the presence of three amine centres and five
carboxyl groups. However, it typically forms less than eight bonds with a
transition metal, so after chelating the indium, the remaining negatively charged
groups could neutralise the cationic lipids of the liposomes (Fomenko et al., 1973).
This would have a detrimental effect on the fusion of the liposome with the cell
membrane and subsequent release of the liposomal contents. This could explain
why the percentage of In-labelled RICs internalised in SK-MEL-37 cells is

substantially lower than that of the **I-labelled RICs.

- 1231 anti-NY-ESO-1-TAT-PT
204 T 123 anti-NY-ESO-1-TAT
1231 mIgG-TAT-PT

123|

*kk

Radioactivity internalised (%)

0+ i T —g= 1
0 1 2 3 4 5
Time (h)

Figure 4.6. Internalisation of '?I-labelled RICs in SK-MEL-37 cells. Data
represent the mean and standard deviation of triplicates from three separate
experiments.. Data were fitted to a single phase exponential association model.
*** indicates a statistically significant difference (P<0.001, 2 way ANOVA)
between the percentage of **I-anti-NY-ESO-1-TAT-PT internalised compared
[
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Figure 4.7. Internalisation of *!In-labelled RICs in SK-MEL-37 cells. Data
represent the mean and standard deviation of triplicates from three separate
experiments. Data were fitted to a single phase exponential association model.

* indicates a statistically significant difference (P<0.05, 2 way ANOVA)
between the percentage of In-DTPA-anti-NY-ESO-1-TAT-PT internalised
compared to *In .

4.5. Internalisation of RIC into subcellular compartments of SK-MEL-37
cells.

Auger electrons have a short range and it is therefore important that they are
localised in close proximity to DNA to exert maximum cytotoxic effect. Therefore,
the percentage of *?°|- and *In-labelled anti-NY-ESO-1-TAT-PT and anti-NY-
ESO-1-PT that internalised into the cytoplasmic and nuclear fractions of SK-
MEL-37 cells was determined. The percentage of RIC in the cytoplasmic and
nuclear fractions is expressed relative to the total amount of RIC added (Figures

4.8a, b and 4.9a, b). The percentage of RIC in the cytoplasmic and nuclear
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fractions was then calculated relative to the total amount of RIC internalised, and

these data are shown in Figures 4.8c, d and 4.9c, d.

When the cells were exposed to **I-labelled RICs, there was a higher percentage
of the non-TAT conjugated construct in the cytoplasm compared to the TAT-
conjugated construct (7.05% £1.8% v 2.96% =0.4%), as shown in Figure 4.8a.
However, the nuclear uptake of the TAT-conjugated construct was higher than
that of the non-TAT conjugated construct (9.08% +1.1% v 5.36% =+ 0.5%), as
shown in Figure 4.8b. Expressing the data as a percentage of total internalised
activity showed that 76% of internalised 'Zl-anti-NY-ESO-1-TAT-PT
accumulates in the nucleus compared to 42% of **I-anti-NY-ESO-1-PT (Figures
4.8c, d). The difference in nuclear uptake between the two RICs was statistically
significant (2 way ANOVA, P <0.001), and indicates that the presence of TAT

enhances nuclear localisation of the RICs.

When cells were treated with "I-labelled RICs, a similar pattern of RIC
distribution was observed. Again there was a higher percentage of the non-TAT
conjugated construct in the cytoplasm compared to the TAT-conjugated construct
(0.58% =+0.09% v 0.34% =+ 0.3%), as shown in Fig. 4.9a. Again, the nuclear
uptake of the TAT-conjugated construct was higher than that of the non-TAT
conjugated construct (0.77% =£0.05% v 0.30% *=0.01%), as shown in Fig. 4.9b.
Expressing the data as a percentage of total internalised activity showed that 69%
of internalised *!In-DTPA-anti-NY-ESO-1-TAT-PT accumulates in the nucleus
compared to 39% of In-DTPA-anti-NY-ESO-1-PT (Figure 4.9c, d). The
difference in nuclear uptake between the two RICs was statistically significant (2

way ANOVA, P <0.001).
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Figure 4.8. Internalisation of **I-labelled RICs into (a) the cytoplasm and(b)
nucleus of SK-MEL-37 cells. The proportion of the total internalised fraction of
12|_anti-NY-ESO-1-TAT-PT and *#l-anti-NY-ESO-1-PT present in the
cytoplasm and nucleus of SK-MEL-37 cells is shown in (c) and (d) respectively.
Data represent the mean and standard deviation of triplicates from two separate
experiments. (P <0.001, 2 way ANOVA).
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Figure 4.9. Internalisation of ***In-labelled RICs into (a) the cytoplasm and(b)
nucleus of SK-MEL-37 cells. The proportion of the total internalised fraction
of *In-DTPA-anti-NY-ESO-1-TAT-PT and "In-DTPA-anti-NY-ESO-1-PT
present in the cytoplasm and nucleus of SK-MEL-37 cells is illustrated in (c)
and (d) respectively. Data represent the mean and standard deviation of
triplicates from two separate experiments. (P <0.001, 2 way ANOVA).
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4.6. Internalisation of RICs demonstrated using immunocytochemistry

SK-MEL-37 cells were exposed to DTPA-anti-NY-ESO-1-TAT-PT and DTPA-
anti-NY-ESO-1-TAT for 24 h, and then fixed and stained as described in the
Methods section. To detect the DTPA-anti-NY-ESO-1-TAT-PT construct, an anti-
mouse IgG secondary antibody conjugated to AF488 was used. To demonstrate
co-localisation with endogenous NY-ESO-1 expression, treated cells were also
stained with rabbit anti-NY-ESO-1 polyclonal primary antibody followed by an

anti-rabbit secondary antibody conjugated to AF555.

SK-MEL-37 cells exposed to DTPA-anti-NY-ESO-1-TAT-PT showed
cytoplasmic and nuclear staining (Figure 4.10), indicating that the construct was
successfully internalised. This result is consistent with data from the
internalisation assay (Figures 4.6 and 4.7). The small areas of intense green
staining, indicated by arrows in Figure 4.10, could represent DTPA-anti-NY-
ESO-1-TAT-PT associated with liposomes that had not yet crossed the cell
membrane. However, it was difficult to determine whether staining for DTPA-
anti-NY-ESO-1-TAT-PT co-localised with staining for endogenous NY-ESO-1
since NY-ESO-1 staining was observed homogenously throughout the nucleus.
No fluorescence was observed in cells treated with DTPA-anti-NY-ESO-1-TAT,
indicating that this construct was not internalised without the protein transfection

reagent.
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Figure 4.10. Confocal microscopy demonstrating the uptake of DTPA-anti-
NY-ESO-1-TAT-PT in SK-MEL-37 cells. SK-MEL-37 cells were incubated
with DTPA-anti-NY-ESO-1-TAT-PT (top row), DTPA-anti-NY-ESO-1-TAT
(middle row), or no treatment (bottom row) for 24 h before fixing and
staining cells. Treated cells were stained with AF488-conjugated anti-mouse
secondary antibody (column 2) to detect internalised immunoconjugates.
Treated cells were also stained with rabbit anti-NY-ESO-1 followed by
AF555-conjugated anti-rabbit secondary antibody (column 3) to detect
endogenous NY-ESO-1. The bottom row represents untreated cells stained
with secondary antibodies alone.
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4.7.The retention of RIC in SK-MEL-23 and SK-MEL-37 melanoma cell lines
The retention of **!In- and *#I-labelled anti-NY-ESO-1-TAT-PT and anti-mIgG-
TAT-PT in SK-MEL-37 and SK-MEL-23 cells was investigated. It was predicted
that NY-ESO-1-specific RICs would be retained in the NY-ESO-1 expressing SK-

MEL-37 cell line.

The percentage of *!In-DTPA-anti-NY-ESO-1-TAT-PT retained in SK-MEL-37
cells decreased gradually over 48 h compared to the **!In-DTPA-mIgG-TAT-PT,
which showed a significant decline during the first 10 h following incubation,
before reaching a plateau (Figure 4.11). The rate of efflux of **!In-DTPA-mIgG-
TAT-PT (Ty2: 4.8 h) was 8-fold faster than **In-DTPA-anti-NY-ESO-1-TAT-PT
(T12: 43.4 h), which was a statistically significant difference (P = 0.0008, sum of
square F test). In contrast, in the NY-ESO-1 negative cell line SK-MEL-23, there
was no statistically significant difference between the rate of efflux of both RICs
(Twz: 3.4 h v 3.2 h for "In-DTPA-anti-NY-ESO-1-TAT-PT and "In-DTPA-

mlgG-TAT-PT, respectively; P = 0.85, sum of square F test).

A similar result was also observed for ?*|-labelled RICs (Figure 4.12). The rate of
efflux of the *ZI-DTPA-mIgG-TAT-PT (Ty: 2.6 h) was 2.5-fold faster than *?|-
DTPA-anti-NY-ESO-1-TAT-PT (Ty/: 6.8 h), which was a statistically significant
difference (P = 0.04, sum of square F test). In contrast, in the NY-ESO-1 negative
cell line, SK-MEL-23, there was no statistically significant difference between
the rate of efflux of the RICs (Ty: 10.8 h v 18.0 h for *In-DTPA-anti-NY-ESO-
1-TAT-PT and *In-DTPA-mIgG-TAT-PT, respectivel; P = 0.06, sum of square

F test).
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In a separate experiment in SK-MEL-37 cells, there was no significant difference
in the rate of efflux of the non-TAT conjugated antigen specific probe, **I-anti-
NY-ESO-PT, compared to the non-TAT conjugated control probe, *?*I-mIgG-PT
(P = 0.18, sum of square F test), as shown in Figure 4.13. This suggests that the
presence of TAT influences the retention of the antigen specific probe. This is
supported by the finding from Rayne et al. that TAT could accumulate at the
plasma membrane through its specific interaction with phosphatidylinositol-4,5-
bisphosphate (P1(4,5)P;). This interaction was governed by specific motifs
(residue 49-51) of the TAT basic domain that recognised the P1(4,5)P, molecules,
and was stabilised by membrane insertion of the TAT tryptophan side chain
(Rayne et al., 2010). The TAT peptide sequence used in this study contained the
key residues for binding to PI(4,5)P, molecules (GRKKRRQRRRPPQGYG,
where bold letters indicate residue 49-51). PI(4,5)P, is a phospholipid that is
localised on the cytoplasmic side of the cell membrane, and acts as a mediator to
recruit signalling molecules which initiate many cell activities such as
phagocytosis, endocytosis, exocytosis, cell adhesion and cell migration (De
Matteis and Godi, 2004, Di Paolo and De Camilli, 2006). Therefore, it is possible
that TAT-conjugated non-antigen specific RICs could be excluded from the
melanoma cell lines via binding of TAT to P1(4,5)P, molecules, whereas the TAT-
conjugated antigen specific RICs would be retained via the binding of RICs to

NY-ESO-1 protein expressed in the SK-MEL-37 cells.
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Figure 4.11. The retention of *!In-labelled RICs in SK-MEL-37 and SK-
MEL-23 cells. Data represent the mean and standard deviation of triplicates
from two separate experiments. Data was fitted to a one phase exponential
dissociation model.

* represents a statistically significant difference (P<0.05, sum of square F
test) between retention half-life of antigen specific RIC compared to control
RIC
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Figure 4.12. The retention of *#I labelled RICs in SK-MEL-37 and SK-MEL-23 cells.
Data represent the mean and standard deviation of triplicates from two separate
experiments. Data was fitted to one phase exponential dissociation model.
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Figure 4.13. The retention of *?®I-labelled non-TAT conjugated RICs in SK-MEL-37
cells. Data represent the mean and standard deviation of triplicates from two separate
experiments.
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4.8.Cell viability following exposure to RIC

Cell viability was measured using a WST-1 (Water soluble Tetrazolium salts)
assay. This assay is a quicker alternative to the commonly used MTT assay, due to
the lack of a solubilisation step (Ngamwongsatit et al., 2008). The WST-1 reagent
is reduced by cellular dehydrogenases in the presence of an intermediate electron
acceptor, such as mPMS (1-methoxy-5-methyl-phenazinium methyl sulfate),
forming formazans, the measurement of which can be used as an indirect indicator
of the level of cell metabolism (Yin et al., 2013). Unlike the MTT assay, in which
formazans are precipitated inside cells, reduction of WST-1 occurs outside the
cells via cell membrane electron transport, thus reducing the cytotoxicity of the

dyes (Berridge et al., 2005).

The percentage viability of SK-MEL-37 cells after incubation with increasing
concentrations (0.005 nM to 500 nM) of *!In-labelled and *?*|-labelled RICs was
measured, and the results are illustrated in Figures 4.14 and 4.15. The percentage
cell viability showed a significant reduction after treatment with increasing
concentrations of the antigen specific probes, **In-DTPA-anti-NY-ESO-1-TAT-
PT and *®I-anti-NY-ESO-TAT-PT. At the highest RIC concentration (500 nM),
percentage cell viability was reduced to 9.9% and 8.9% after treatment with **!In-
DTPA-anti-NY-ESO-1-TAT-PT and '?|-anti-NY-ESO-TAT-PT, respectively (P
< 0.001, 2 way ANOVA, compared to untreated cells). In contrast, exposure to
non-radiolabelled immunoconjugates did not affect cell viability. The inhibitory
effect on cell viability was observed at lower concentrations of ***l-anti-NY-ESO-
TAT-PT (from 5 nM) and was of greater magnitude at the 50 nM concentration
when compared to **In-DTPA-anti-NY-ESO-1-TAT-PT (75% viability v 24.2%

viability at 50 nM for *In-DTPA-anti-NY-ESO-1-TAT-PT and '*’|-anti-NY-
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ESO-TAT-PT, respectively). A significant difference between these figures was
demonstrated using 2 way ANOVA, P < 0.001). Therefore, it appears that the *#I-
anti-NY-ESO-TAT-PT is more potent in terms of cytotoxic effect than *!In-
DTPA-anti-NY-ESO-1-TAT-PT. There was also a significant reduction in cell
viability following exposure to the highest concentration (500 nM) of the non-
specific isotype control probes, *'In-DTPA-mIgG-TAT-PT and **I-mIgG-TAT-

PT. This suggests that high amount of radioactivity causes some non-specific

cytotoxicity.
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Figure 4.14. Viability of SK-MEL-37 cells following exposure to *In-labelled RICs.
Data represent the mean and standard deviation of triplicates from three separate

experiments.
*** indicates a statistically significant (P < 0.001, 2 way ANOVA) difference in cell

viability compared to untreated control.
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Figure 4.15. Viability of SK-MEL-37 cells following exposure to ‘?I-labelled RICs.
Data represent the mean and standard deviation of triplicates from three separate
experiments.

** and *** indicate a statistically significant (P < 0.01 and P < 0.001, 2 way ANOVA)
difference in cell viability compared to untreated control.

4.9. The effect of RICs on clonogenic survival of SK-MEL-37 and SK-MEL-
23 cells
A clonogenic assay is an in vitro cell survival assay that measures the ability of

single cells to form colonies. This type of assay is frequently used in cancer
research to study the effect of cytotoxic agents, such as drugs or ionising radiation,

on the survival and proliferation of cells (Franken et al., 2006).

The clonogenic survival of SK-MEL-37 cells after exposure to **!In-labelled and
123|_1abelled RICs, as well as appropriate controls, is illustrated in Figures 4.16
and 4.17. Data is normalised to clonogenic survival in untreated cells, which have
a survival fraction (SF) of 1. A statistically significant reduction in clonogenic
survival of SK-MEL-37 cells was observed following treatment with a single
concentration of "!In-DTPA-anti-NY-ESO-1-TAT-PT and '#l-anti-NY-ESO-1-

TAT-PT. The SF was reduced to 0.17 and 0.1 respectively (statistical significance
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from untreated cells demonstrated for both agents using 1 way ANOVA, P
<n0.001). In contrast, there was no reduction in clonogenic survival following
treatment with the control probes; including the non-radiolabelled antigen specific
probes, the radiolabelled antigen-specific probes that were not conjugated to the

protein transfection reagent, and the radiolabelled non-specific mouse IgG probes.

These clonogenic assay results indicate that both antigen specific probes **In-

DTPA-anti-NY-ESO-1-TAT-PT and '’l-anti-NY-ESO-1-TAT-PT exert a
cytotoxic effect on SK-MEL-37 cells, which correlates with the WST-1 assay data.
No reduction in SF was observed in SK-MEL-37 cells treated with protein
transfection (PT) reagent alone, indicating that the concentration of PT reagent
used in this study was not cytotoxic to SK-MEL-37 cells. The lack of cytotoxicity
observed with the non-radiolabelled immunoconjugates DTPA-anti-NY-ESO-1-
TAT-PT and anti-NY-ESO-1-TAT-PT correlates with the WST-1 assay data, and
confirms that the cytotoxic effect of the RICs is exerted by the Auger electron
emitters, *!In and *%I. The lack of cytotoxicity observed with the RICs which
were not conjugated to PT confirms that the PT reagent was necessary for

internalisation of the RICs.

The clonogenic survival of SK-MEL-37 cells after exposure to increasing specific
activities (0.2 MBg/ug — 3 MBg/ug) and molar concentrations (16.8 — 500 nM) of
Wn-DTPA-anti-NY-ESO-1-TAT-PT is illustrated in Figures 4.18 and 4.19.
Figure 4.18 shows that an activity dependent reduction in clonogenic survival was
observed following treatment with **In-DTPA-anti-NY-ESO-1-TAT-PT. This
effect was statistically significant compared to untreated cells at specific activities

of 0.5 Mg/ug and above (P < 0.001, 1 way ANOVA). In contrast, equivalent
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specific activities of free indium did not significantly reduce clonogenic survival,

confirming that the indium must be internalised to exert a cytotoxic effect.

Figure 4.19 shows that a concentration dependent reduction in clonogenic survival
was observed following treatment with 'In-DTPA-anti-NY-ESO-1-TAT-PT.
This effect was statistically significant compared to untreated cells at
concentrations of 125 nM and above. The control probe !In-DTPA-mlgG-1-
TAT-PT caused a reduction in clonogenic survival at the highest concentration
tested i.e. 500 nM (P<0.05, 1 way ANOVA). This is consistent with the data from
the WST-1 cell viability assay (Figure 4.14), and suggests that in a clinical setting
the concentration of RIC would have to be adjusted so as to achieve cytotoxicity

of the tumour cells without damaging surrounding tissue.
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Figure 4.16. Clonogenic survival of SK-MEL-37 cells after exposure to ‘*In-labelled
RICs and appropriate controls. Data represent the mean and standard deviation of
triplicates from three separate experiments.

*** indicates a statistically significant reduction (P < 0.001, 1 way ANOVA) in survival
fraction compared to untreated cells.
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Figure 4.17. Clonogenic survival of SK-MEL-37 cells after exposure to *I-labelled
RICs and appropriate controls. Data represent the mean and standard deviation of
triplicates from three separate experiments.

*** indicates a statistically significant reduction (P < 0.001, 1 way ANOVA) in survival
fraction compared to untreated cells.
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Figure 4.18. Clonogenic survival of SK-MEL-37 cells after exposure to *!In-DTPA-
anti-NY-ESO-1-TAT-PT of increasing specific activity. Data represent the mean and
standard deviation of triplicates from two separate experiments. a) represents
treatment of cells with *In-DTPA-anti-NY-ESO-1-TAT-PT, and b) represents
treatment of cells with an equivalent amount of free **In.

*** indicates a statistically significant reduction (P < 0.001, 1 way ANOVA) in survival
fraction compared to untreated cells.
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Figure 4.19. Clonogenic survival of SK-MEL-37 cells after exposure to increasing
concentrations of In-DTPA-anti-NY-ESO-1-TAT-PT and *In-DTPA-mIgG-TAT-
PT (specific activity 1 MBg/|g). Data represent the mean and standard deviation of
triplicates from two separate experiments.

* and *** indicate a statistically significant reduction (P < 0.05 and P < 0.001, 1 way
ANOVA) in survival fraction compared to untreated cells.

The clonogenic survival of the NY-ESO-1 negative cell line, SK-MEL-23, after
exposure to *In-labelled RICs, as well as appropriate controls, is illustrated in
Figure 4.20. There was no significant reduction in clonogenic survival with any of
the agents tested (P > 0.05, 1 way ANOVA). The lack of cytotoxic effect of the
antigen specific RIC, In-DTPA-anti-NY-ESO-1-TAT-PT, is consistent with
data from the retention assay (Figure 4.11), which showed a lack of retention of
this probe in SK-MEL-23 cells. These results confirm that the cytotoxic effect of
this probe is exerted only in cells that express the NY-ESO-1 antigen, which
suggests that toxicity to surrounding tissues would be minimal if this agent were

to be utilised in a cancer treatment regimen.
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Figure 4.20. Clonogenic survival of SK-MEL-23 cells after exposure to ‘**In-labelled
RICs and appropriate controls. Data represent the mean and standard deviation of
triplicates from three separate experiments.
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4.10. Effect of "In-labelled RICs on clonogenic survival of SK-MEL-37
cells following knock down of NY-ESO-1 protein by siRNA

RNA interference (RNAI) refers to the process of silencing gene expression that
occurs in response to the introduction of double-stranded RNA (dsRNA) into cells,
which leads to initiation of degradation of cytoplasmic mRNAs containing the
same sequence as the dsRNA trigger (Fire et al., 1998). Initially, RNA
interference was achieved using long dsRNAs, but these long dsSRNAs were not
successful due to activation of an anti-viral interferon response which led to cell
death (Stark et al., 1998). Intensive research on mechanisms of RNA interference
revealed that long dsSRNA introduced into cells can be cleaved by the RNAse-III
class endoribonuclease Dicer to form 21-mer to 28-mer nucleotide small
interfering molecules (siRNA) (Hammond et al., 2000, Zamore et al., 2000).
Research using sSiRNA molecules to silence individual genes has shed light on the

biological function of proteins and their role in different cellular activities.

The results of clonogenic assays showed that a cytotoxic effect of the antigen
specific RIC was observed in the NY-ESO-1 expressing cell line SK-MEL-37, but
not the NY-ESO-1 negative cell line SK-MEL-23 (Figures 4.16 — 4.20). The
siRNA gene knock-down experiments were carried out to provide additional
confirmation of the necessity for cells to express the NY-ESO-1 antigen for the
cytotoxic effect of this RIC to be exerted. Synthetic Dicer-substrate 27-mer
SIRNAs optimised for Dicer processing were used, as they have been
demonstrated to have greater potency and efficacy in gene silencing compared to

the traditional 21-mer siRNAs (Kim et al., 2004).

A Western blot confirmed successful knock-down of the NY-ESO-1 protein in

SK-MEL-37 cells after a 6 h incubation with 3 different siRNA molecules (Figure
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4.21). The combination of the 3 siRNAs was more effective at knocking down
NY-ESO-1 protein expression when compared to incubation with the individual

siRNA molecules alone.

Figure 4.22 shows the effect of siRNA incubation on the clonogenic survival of
SK-MEL-37 cells following treatment with *In-RICs. The cytotoxic effect of
Wn-DTPA-anti-NY-ESO-1-TAT-PT was partially reversed by the presence of
the siRNA, and this effect was statistically significant (survival fraction of 0.07 v
0.37 in the absence and presence of siRNA respectively, P > 0.05, 1 way
ANOVA). A full reversal of the cytotoxic effect of the antigen specific RIC was
not observed in the presence of the mixture of three sets sSiRNA even though Fig
4.21 showed the complete knock-down of the NY-ESO-1. It was possibly due to
the fact that the anti-NY-ESO-1 antibody could be binding to the LAGE-1 CT
antigen, which is highly homologous to NY-ESO-1 (Zou, 2006). The LAGE-1
gene vyields two mRNA transcripts, termed LAGE-1a and LAGE-1b. LAGE-1a
and NY-ESO-1 are highly homologous with 84% shared identity at the protein
level, while LAGE1b shares 76.6% homology with NY-ESO-1 in its N-terminal
portion but differs in its C-terminal portion. The anti-NY-ESO-1 antibody (clone
E978) used in this study was generated against full length NY-ESO-1 (180 amino
acids) and was shown to bind to the NY-ESO-173.99 epitope (Jungbluth et al.,
2001b). It was previously reported that anti-NY-ESO-1 antibody E978 showed a
positive signal in immunostaining experiments in melanoma that typed negative
for NY-ESO-1 and positive for LAGE-1, suggesting the possibility of cross-

reaction of anti-NY-ESO-1 antibody to LAGE-1 (Vaughan et al., 2004).
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Figure 4.21. Western blot analysis to show the effect of incubation with PBS (Lane
1), scrambled siRNA (Lane 2), siRNA 1 (Lane 3), siRNA 2 (Lane 4), siRNA 3
(Lane 5) and a mixture of the 3 siRNAs (Lane 6) on NY-ESO-1 protein expression
in SK-MEL-37 cells (bottom panel). B-actin was used as the loading control to
ensure same concentration of protein (20 jg) was loaded onto each well.
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Figure 4.22. Clonogenic survival of SK-MEL-37 cells after exposure to *'In-labelled
RICs in the absence and presence of mixtures of three siRNA. Data represent the mean
and standard deviation of triplicates from two separate experiments.

** represents a statistically significant difference (P < 0.01, 1 way ANOVA) in survival
fraction after ''In-DTPA-anti-NY-ESO-1-TAT-PT treatment in the absence and
presence of NY-ESO-1 siRNA.

103



Intracellular delivery of radioimmunoconjugates that target the cancer testis antigen, NY-ESO-1

4.11. Effect of "' In-DTPA-anti-NY-ESO-1-TAT-PT on yH2AX foci
formation in SK-MEL-37 cells

The phosphorylation of Histone H2AX at serine 139, forming YH2AX, occurs in
response to DNA double-strand breaks. Immediately after DSB formation,
multiple yYH2AX molecules accumulate at the site of the damaged DNA, forming
a focus for the recruitment of proteins involved in DNA repair and chromatin
remodelling (Rogakou et al., 1999, Bandh. and Olive, 2003, Bonner et al., 2008).
Therefore, staining for YH2AX using a specific antibody can be used as a marker

for DNA DSB.

In general, basal YH2AX expression is high in cancers compared with normal
cells due to genomic instability (Martin and Bonner, 2006). In this study, the basal
number of yH2AX foci in untreated SK-MEL-37 cells was approximately 10
foci/cell. Hence, during data analysis the number of foci was normalised to basal
level in order to allow the effect of treatment with the RICs to be clearly

appreciated.

Figures 4.23 and 4.24 illustrate the effect of increasing specific activities and
molar concentrations of *In-labelled RICs on the formation of yH2AX foci in
SK-MEL-37 cells. Figure 4.23 shows that an activity dependent increase in
yH2AX foci formation was observed following treatment with !In-DTPA-anti-
NY-ESO-1-TAT-PT. This effect was statistically significant compared to
untreated cells at specific activities of 1.5 Mg/ug and 3 Mg/ug (P < 0.001, 2 way
ANOVA). The 3 MBg/ug dose of RIC induced an increase in yH2AX foci
comparable to that of the positive control (4 Gy external irradiation). Incubation

with the non-specific control, 'In-DTPA-mIgG-TAT-PT, also caused a
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significant increase in yYH2AX foci formation at the 3 MBqg/ug dose (P < 0.01, 2
way ANOVA), though the number of foci was substantially lower than that

observed with the equivalent dose of antigen specific RIC.

Figure 4.24 shows that a concentration dependent increase in yH2AX foci
formation was observed following treatment with *!In-DTPA-anti-NY-ESO-1-
TAT-PT. This effect was statistically significant compared to untreated cells at the
200 nM and 400 nM concentrations (P < 0.01 and P < 0.001 respectively, 2 way
ANOVA). However the number of foci did not reach the positive control level.
The non-specific control probe **In-DTPA-mIgG-TAT-PT showed no significant
increase in yH2AX foci formation in SK-MEL-37 cells. The results from these
experiments correlate with those obtained in the clonogenic survival assays, and
suggest that the cytotoxic effect of the antigen specific RIC is mediated via DNA

damage.

The rate of yH2AX foci formation and DNA repair can be roughly evaluated by
conducting this experiment with 6 different time points ranging from 0 h up to 24
h. However, the basal level of yH2AX foci for SK-MEL-37 was high due to
genome instability (discussed in chapter 6), the change in yH2AX foci formation

at each time point may not be able to be observed clearly.
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Figure 4.23. Quantification of yH2AX foci in SK-MEL-37 cells following treatment with
| n-labelled RICs of increasing specific activity. Cells exposed to y-irradiation (4 Gy)
were used as a positive control for DNA damage. The YH2AX foci per cell were
quantified using the INCell analyser software (GE Healthcare, Pittsburgh, PA) and
normalised to untreated controls. Data represent the mean and standard deviation of
triplicates from two separate experiments.

** and *** indicates a statistically significant increase (P < 0.01 and P < 0.001, 2 way
ANOVA) in number of foci/cell compared to untreated controls.
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Figure 4.24. Quantification of yH2AX foci in SK-MEL-37 cells following treatment with
increasing concentrations of *'In-labelled RICs. Cells exposed to y-irradiation (4 Gy)
were used as a positive control for DNA damage. The yYH2AX foci per cell were
guantified using the INCell analyser software (GE Healthcare, Pittsburgh, PA) and
normalised to untreated controls. Data represent the mean and standard deviation of
triplicate samples from two separate experiments.

** and *** indicates a statistically significant increase (P<0.01 and P<0.001, 2 way
ANOVA) in number of foci/cell compared to untreated controls.
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Chapter 5

In Vivo Studies of NY-ESO-1 Targeting

Radiopharmaceuticals: Results and Discussion
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Chapter 5: In Vivo Studies of NY-ESO-1 Targeting

Radiopharmaceuticals: Results and Discussion

5.1.Introduction

The previous chapter focused on studying the effects of the *#I- and ***In-labelled
radioimmunoconjugates (RIC) in cultured cells in vitro. This chapter describes the
biodistribution of the **!In-labelled RICs in mice bearing NY-ESO-1 expressing
xenografts, to demonstrate and quantify the accumulation of the RICs in tumours

in vivo.

The ability to target radionuclides to tumours through the use of highly selective
monoclonal antibodies suggests that toxicity to the surrounding healthy tissue
should be reduced, conferring an advantage over conventional radiotherapy.
However, being a systemic treatment, it is possible that the radiolabelled antibody
could exert a bystander or crossfire effect, which could potentially affect adjacent
cells even if they lack the specific tumour-associated antigen or receptor. It is
therefore important to evaluate the distribution of a novel radiotherapeutic in an in
vivo experimental model to gain insight into the precision of tumour targeting.
The Balb/c nude strain of mice was chosen for use in this study, because these
mice possess a dysfunctional thymus, which reduces the chance of tumour
xenografts being rejected by the immune system. Furthermore, Kawashima et al
demonstrated that SK-MEL-37 cells could form xenografts in this strain of mice

(Kawashima et al., 1993).

Two techniques were used to provide data on the biodistribution of RICs in the

xenograft model — nano Single Photon Emission Computerised Tomography
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(nanoSPECT) and direct measurement of radioactivity in organs. The
nanoSPECT works via the same principle as clinical SPECT (discussed in the
Introduction), but is designed for use with small animals in a preclinical setting.
Images illustrating the location of the radioactivity in the animal were generated
by the nanoSPECT scans. These images were uploaded to an analysis software
programme, to quantify radioactive signal in specific organs. The nanoSPECT
scans were carried out with simultaneous x-ray Computerised Tomography (CT)
scans to generate anatomical information to aid organ identification. The second
technique of direct measurement simply involved removal of organs at the end of
the study period, and quantification of the radioactive signal by counting in a
Gamma counter. *!In-labelled RICs were used in the in vivo experiments,
because the longer decay half-life of **In compared to %I meant that SPECT

scans could be carried out up to 72 h after dosing.
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5.2. Immunohistochemical analysis of NY-ESO-1 antigen expression in SK-
MEL-37 and SK-MEL-23 xenografts

Although in vitro analysis showed positive staining for NY-ESO-1 protein in SK-
MEL-37 cells, it was necessary to confirm expression in SK-MEL-37 xenografts
before performing imaging experiments with the RICs, because of the possibility
that cellular characteristics could be altered in a complex three dimensional multi-
cellular microenvironment (Jacks and Weinberg, 2002). Immunohistochemical
analysis confirmed the presence of NY-ESO-1 protein in SK-MEL-37 xenografts
(Figure 5.1). Strong positive nuclear immunostaining was observed in a
proportion of the NY-ESO-1 expressing cells, indicated by white arrows.
However the immnostaining was evenly distributed in both cytoplasm and nucleus
in the majority of the cell population, which was in accordance with the results
illustrated in Chapter 4. NY-ESO-1 staining was not observed in cells incubated
with isotype control primary antibody or with the fluorophore-labelled secondary
antibody alone, indicating that the positive staining was not due to non-specific
binding of the Fc portion of the primary antibody, or non-specific binding of the

secondary antibody.

Figure 5.2 shows that NY-ESO-1 staining was not observed in the SK-MEL-23
xenografts incubated with anti-NY-ESO-1 antibody, isotype control or secondary
antibody alone. These results confirm that SK-MEL-23 xenografts do not express

NY-ESO-1, which was in accordance with the results illustrated in Chapter 4.
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Figure 5.1. Immunohistochemical analysis demonstrating the expression of endogenous
NY-ESO-1 protein in SK-MEL-37 xenografts. Tumour was removed from the mouse 72
h p.i. of RIC and frozen in OCT. Tumour sections were cut using a cryostat and stained
using a primary antibody against NY-ESO-1 (top and second panels) or a mouse 1gG
isotype control (third panel), followed by an AF488-labelled rabbit anti-mouse 1gG
secondary antibody. The fourth panel represents staining with the secondary antibody
alone. All images were taken using a confocal microscope (Zeiss). The images above are
representative of the tumours harvested from three individual mice.
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Figure 5.2. Immunohistochemical analysis of endogenous NY-ESO-1 protein expression
in SK-MEL-23 xenografts. Tumour was removed from the mouse 72 h p.i. of RICand
frozen in OCT. Tumour sections were cut using a cryostat and stained using a primary
antibody against NY-ESO-1 (top panel) or a mouse 1gG isotype control (middle panel),
followed by an AF488-labelled rabbit anti-mouse 1gG secondary antibody. The bottom
panel represents staining with the secondary antibody alone. All images were taken
using a confocal microscope (Zeiss). The images above are representative of the
tumours harvested from three individual mice.
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5.3. Biodistribution of **In-DTPA-anti-NY-ESO-1-TAT-PT in BALB/c nude
mice
NY-ESO-1 is expressed in the testis as well as in a range of different tumour
tissues (Jungbluth et al., 2001b). Therefore, the objective of this experiment was
to investigate the distribution of the **!In-DTPA-anti-NY-ESO-1-TAT-PT in the
organs of non-tumour bearing Balb/c nude mice, with particular focus on the
testes. Mice were scanned using the nanoSPECT/CT at 24 h, 48 h, and 72 h
following intravenous injection of '!In-DTPA-anti-NY-ESO-1-TAT-PT and

control probe *!In-DTPA-mIgG-TAT-PT (Figure 5.3).

Analysis of the SPECT images was performed by quantification of regions of
interest (ROI) at each time point post-injection. The analysis showed that the
image intensity of In-DTPA-anti-NY-ESO-1-TAT-PT and *!In-DTPA-mIgG-
TAT-PT was relatively high in liver, kidney and spleen compared with other
organs (Figure 5.4), indicating that both RICs accumulate in these organs. Both
RICs were retained in these organs at 72 h, indicating the slow blood clearance

typical of whole antibody-based compounds.

Following the acquisition of SPECT/CT images at 72 h post-injection, mice were
euthanized and the organs removed. The radioactivity in the organs was measured
using a Gamma counter (Figure 5.5). The results from this study confirm that
"n-DTPA-anti-NY-ESO-1-TAT-PT accumulated primarily in the liver and
spleen. Importantly, very low uptake of *In-DTPA-anti-NY-ESO-1-TAT-PT
was observed in the testis. This suggests the possibility that the blood testis barrier,
often described as Sertoli cell-Sertoli cell tight junction, restricted the passage of
the RICs into the testis, despite conjugation to protein transfection reagent and

TAT (Mital et al., 2011).
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Figure 5.3. The intensity projection SPECT/CT images obtained at 24 h, 48 h and 72 h
after tail vein injection of **In-DTPA-anti-NY-ESO-1-TAT-PT (10 g, 0.5 MBq /Lg),
and control probe, *'In-DTPA-mIgG-TAT-PT (10 pg, 0.5 MBq /pg) in Balb/c nude
mice. Two mice were used per treatment group. All images at each time are normalised

to optimise display using Inveon Research Workspace (Siemens, Erlangen, Germany).
116



Intracellular delivery of radioimmunoconjugates that target the cancer testis antigen, NY-ESO-1

Hln-DTPA-anti-NY-ESO-1-TAT-PT

801
g B3 24h
5 o E= 48 h
E b 8 72h
5 fama] w'-'::
Ll 40- =
o —E
2 HE
() e E E
> 20- HE
© HE
9] Ak 5 HE
ad 0 -] HE
L Q@ & L Q@0 & L Q@S &
@ D @ R L O 2
A 97 % AR AR
VeR @q Q)\q, Ny AN V@ Q)\Q, e VR Q)\@ Ve
1 n-DTPA-MIgG-TAT-PT
60-
g 24 h
o 3 48h
< 40- B 72h
— = B o
O ------- [m]
L =|=
2 : £[:
o 201 EE o HE
= E HE
ks HE
3 ] b H E
ad oLEAEAES & - E 1 HH
DRI SR N\ S N VR N TS
B WD L@ N -2 O 2
O%Q\%o;\,bé $ \‘.OQ\‘;’@:)\%G $ \’\%Q\e 02)\,06 ¢

Figure 5.4. Biodistribution of ***In-DTPA-anti-NY-ESO-1-TAT-PT and control probe,
Wn-DTPA-mIgG-TAT-PT, in Balb/c nude mice, calculated from SPECT image
analysis. The SPECT intensity was calculated by quantification of regions of interest
using Inveon Research Workspace software (Siemens, Erlangen, Germany). The
relative SPECT intensity was normalised to the amount of radioactivity administered.
The bar chart shows mean and standard deviation of data from two mice per treatment

group.
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Figure 5.5. Biodistribution of **In-DTPA-anti-NY-ESO-1-TAT-PT and control probe
W n-DTPA-mIgG-TAT-PT in Balb/c nude mice, calculated by quantification of
radioactivity in the organs. Mice were euthanised 72 h after injection of RICs, and the
organs removed. Radioactivity in the organs was quantified using a gamma counter
and results expressed as % of injected dose per gram (% ID/g). The bar charts show
mean and standard deviation of data from two mice per treatment group. 1D/g refers to
injected dose per gram weight of animal.
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5.4. Biodistribution of **In-DTPA-anti-NY-ESO-1-TAT-PT in BALB/c nude
mice bearing NY-ESO-1 negative xenografts
The objective of this experiment was to investigate whether accumulation of ***In-
DTPA-anti-NY-ESO-1-TAT-PT would occur in a NY-ESO-1 negative xenograft.
To generate NY-ESO-1 negative xenografts, SK-MEL-23 cells were injected
subcutaneously into the right flank of BALB/c nude mice. Mice were scanned
using the nanoSPECT/CT at 24 h, 48 h, and 72 h following intravenous injection
of *In-DTPA-anti-NY-ESO-1-TAT-PT and control probe, !In-DTPA-mIgG-

TAT-PT (Figure 5.6).

Analysis of the SPECT images was performed by quantification of ROI at each
time point post-injection. Consistent with the results highlighted in Section 5.3,
the SPECT signal for both RICs was relatively high in liver and spleen (Figure
5.7). Tumour signal was relatively low for both RICs, indicating that they do not

accumulate non-specifically in tumour tissue.

Following the acquisition of SPECT/CT images at 72 h post-injection, mice were
euthanized and the organs removed. The radioactivity in the organs was measured
using a gamma counter (Figure 5.8). The results from this study confirm that the
RICs accumulated primarily in the liver and spleen. The data also confirm the
relatively low accumulation of the RICs in tumour tissue. One unexpected
observation was that there appeared to be higher uptake of the RICs in skin

compared to the data obtained in non-tumour bearing mice.
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Figure 5.6: The intensity projection SPECT/CT images obtained at 24 h, 48 h and 72 h
after tail vein injection **'In-DTPA-anti-NY-ESO-1-TAT-PT (10 g, 0.5 MBq / Lg), and
control probe *In-DTPA-mIgG-TAT-PT (10 pg, 0.5 MBq / Lg) in Balb/c nude mice
bearing NY-ESO-1 negative xenografts.. 3 mice were used per treatment group. All
images at each time are normalised to optimise display using Inveon Research
Workspace (Siemens, Erlangen, Gerpaany).



Intracellular delivery of radioimmunoconjugates that target the cancer testis antigen, NY-ESO-1

Hln-DTPA-anti-NY-ESO-1-TAT-PT

80-
g B3 24 h
5 o E= 48 h
= B 72h
5 =
L 40- ] ﬁ £
n E - £
GJ - | m) E
S 20- 34 s
g : s
) & - . £
ad oLEIEIRE] i bl HH A -
LA LY ALY Sl LSS
) AQJQ’Q, o 6®@Q" . AQ)QJQ, X 6®@{b' N QQQ,Q’ o 6@@@. >
SR SR
1 n-DTPA-MIgG-TAT-PT
50-
g 24 h
S 40- E3 48h
= " I = 72h
65 307 - E =5
0 k
& 201 3l HE
) HE
2 a5 HE
;- 1. e,
[ HE
ad O_ r.w:.: = . E.‘ EE_--—
L Q LS A QLA LSS A et SN
R c}%‘z’@’o > GSREB S G SRE B D
V\@Q\@\%’b‘?\o@ \’\@Q\@\g’,\@‘?{o@ \’\@Q\@\?:’,\'?fé‘?/;o@

Figure 5.7: Biodistribution of *!In-DTPA-anti-NY-ESO-1-TAT-PT and control probe
Wn-DTPA-mIgG-TAT-PT in Balb/c nude mice bearing NY-ESO-1 negative
xenografts, calculated from SPECT image analysis. The SPECT intensity was
calculated by quantification of regions of interest using Inveon Research Workspace
software (Siemens, Erlangen, Germany). The relative SPECT intensity was normalised
to the amount of radioactivity administered. The bar charts show mean and standard
deviation of data from 3 mice per treatment group.
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Figure 5.8: Biodistribution of 'In-DTPA-anti-NY-ESO-1-TAT-PT and !In-DTPA-
anti-mlgG-TAT-PT in Balb/c nude mice bearing NY-ESO-1 negative xenografts,
calculated by quantification of radioactivity in the organs. Mice were culled 72 h after
injection of RICs, and the organs removed. Radioactivity in the organs was quantified
using a Gamma counter and results expressed as % of injected dose per gram. The bar
charts show mean and standard deviation of data from 3 mice per treatment group.
ID/g refers to injected dose per gram weight of animal.
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5.5. Biodistribution of **In-DTPA-anti-NY-ESO-1-TAT-PT in BALB/c nude
mice bearing NY-ESO-1 expressing xenografts
The objective of this experiment was to investigate whether **!In-DTPA-anti-NY-
ESO-1-TAT-PT accumulates in NY-ESO-1 expressing xenografts. To generate
NY-ESO-1 positive xenografts, SK-MEL-37 cells were injected subcutaneously
into the right flank of BALB/c nude mice. Mice were scanned using the
nanoSPECT/CT at 24 h, 48 h, 72 h and 120 h following intravenous injection of
"n-DTPA-anti-NY-ESO-1-TAT-PT and control probe, 'In-DTPA-mIgG-
TAT-PT (Figure 5.9). Accumulation of radioactivity in tumours was clearly
detectable in 2 out of 3 mice at 48 h and 72 h after injection with **'In-DTPA-
anti-NY-ESO-1-TAT-PT (indicated by red circles in Figure 5.9), whereas the

control probe did not accumulate in tumours at any time points.

Analysis of the SPECT images was performed by quantification of regions of
interest at the 24 h, 48 h and 72 h time points post-injection (Figure 5.10). At the
120 h time point, the signal was too low to be quantified, which was considered to
be due to the decay of the *!In radionuclide and clearance of the probe from the
blood circulation. Consistent with the results highlighted in Sections 5.3 and 5.4,
the SPECT signal for both RICs was relatively high in liver and spleen. The
SPECT intensity in the tumour after injection with **In-DTPA-anti-NY-ESO-1-
TAT-PT was higher than that in the muscle, heart and bladder at 48 h (P < 0.05, 1
way ANOVA) and 72 h post injection (P < 0.01, 1 way ANOVA), whereas after
administration of the control probe, signal intensity in the tumour was comparable
to that in the muscle, heart and bladder. Further evidence of the accumulation of
the 'In-DTPA-anti-NY-ESO-1-TAT-PT probe in the tumour was provided by

calculation of the tumour to muscle ratio for both probes. The tumour to muscle
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ratio of "' In-DTPA-anti-NY-ESO-1-TAT-PT was significantly higher than that of
1 n-DTPA-mIgG-TAT-PT at 24, 48 and 72 h post injection (P < 0.01, P < 0.001,

P < 0.001 respectively, 2 way ANOVA).

Following the acquisition of SPECT/CT images at 120 h post-injection, mice were
euthanized and the organs removed. The radioactivity in the organs was measured
using a gamma counter (Figure 5.11). The results from this study were consistent
with the previous data generated in non-tumour bearing and NY-ESO-1 negative
tumour bearing mice as radiolabelled probes were observed to accumulate
primarily in the liver and spleen. The uptake of *In-DTPA-anti-NY-ESO-1-
TAT-PT and *!In-DTPA-mIgG-TAT-PT by tumour at 120 h post-injection was
1.50 % £0.08% ID/g and 0.083 % = 0.008% ID/g respectively, which further
confirmed the increased tumour uptake of the antigen specific ***In-DTPA-anti-

NY-ESO-1-TAT-PT compared to the control probe.

It should be pointed out that these data are considered preliminary at this point,
and a further study carried out in a larger number of mice is planned, with the aim
of providing conclusive evidence of the accumulation of the antigen specific RIC
into NY-ESO-1-positive xenografts. However this study provides promising
indications that NY-ESO-1 expression is a major determinant of !In-DTPA-anti-

NY-ESO-1-TAT-PT uptake of into tumours.
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Figure 5.9. The intensity projection SPECT/CT images obtained at 24 h, 48 h, 72 h and
120 h after tail vein injection '*In-DTPA-anti-NY-ESO-1-TAT-PT (10 pg, 05
MBg/pg), and control probe *In-DTPA-mIgG-TAT-PT (10 pg, 0.5 MBg/pg) in
BALB/c nude mice bearing NY-ESO-1 expressing xenografts. 3 mice were used per
treatment group. All images at each time are normalised to optimise display using
Inveon Research Workspace (Siemens, Erlangen, Germany).
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Figure 5.10. Biodistribution of ***In-DTPA-anti-NY-ESO-1-TAT-PT and control probe,
Yn-DTPA-mIgG-TAT-PT, in Balb/c nude mice bearing NY-ESO-1 positive
xenografts, calculated from SPECT image analysis (top and middle). Tumour to muscle
ratios of *!In-DTPA-anti-NY-ESO-1-TAT-PT and control probe, **In-DTPA-mIgG-
TAT-PT, in Balb/c nude mice bearing NY-ESO-1 positive xenografts (bottom). The
SPECT intensity was calculated by quantification of ROI using Inveon Research
Workspace software (Siemens, Erlangen, Germany). The relative SPECT intensity was
normalised to the amount of radioactivity administered. The bar charts show mean and
standard deviation of data from three mice per treatment group. 24, 48 and 72 h post
injection (P < 0.01, P < 0.001, P <0.001 respectively, 2 way ANOVA)
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Figure 5.11. Biodistribution of *In-DTPA-anti-NY-ESO-1-TAT-PT and *In-DTPA-
mlgG-TAT-PT in Balb/c nude mice bearing NY-ESO-1 positive xenografts, calculated
by quantification of radioactivity in the organs. Mice were culled 120 h after injection
of radioimmunoconjugates, and the organs removed. Radioactivity in the organs was
guantified using a gamma counter and results expressed as % ID/g. The bar charts
show mean and standard deviation of data from three mice per treatment group. 1D/g
refers to injected dose per gram weight of animal.
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5.6. Discussion

Uptake of the RICs in liver and spleen was observed in all biodistribution
experiments. Studies in the published literature have demonstrated that the choice
of metal chelator used in the radiolabelling process may influence uptake of **!In
in the liver, possibly due to conformational change in the antibody conjugate
(Knogler et al., 2006). In one study, the uptake of the radioactivity was reduced
from 17 % to 9 % ID/g by conjugating the antibody to SCN-Bn-DTPA rather than
cDTPA prior to radiolabelling (Esteban et al., 1987). Moreover, Fc receptors
expressed by Kupffer cells, a type of macrophage cell located in the liver, were
shown to be responsible for eliminating the IgG type antibodies in cooperation
with liver endothelial cells (Lovdal et al., 2000). In mice, the spleen stores a large
population of monocytes, which can be transformed into dendritic cells or
macrophages upon injury, and the spleen also plays an important role in
lymphocyte and macrophage homing (Swirski et al., 2009, Krause et al., 2012).
Therefore, it is possible that RICs were engulfed by macrophages via Fc receptor
binding, and were transported to the spleen, leading to the accumulation of

radioactivity in this organ.

Accumulation of the RICs was also observed in the kidney, which is consistent
with published data using RICs for imaging. For example, a biodistribution study
of In-labelled anti-p27-TAT, showed that uptake in the kidney was nearly 9%
of ID/g (Cornelissen et al., 2009). The accumulation of radioactivity in the kidney
is likely a result of free '!In, released due to the instability of binding between
110 and cDTPA. ™In can be bound by transferrin and transported to the kidney
(Schuhmacher et al., 1990). The slow blood clearance of the RICs could be due to

the fact that large 1IgG molecules are difficult to filter through the glomerular

131



Intracellular delivery of radioimmunoconjugates that target the cancer testis antigen, NY-ESO-1

membrane, thereby prolonging the retention of RICs in the circulation (Vegt et al.,
2010). Intact 1gG antibodies can be engineered into smaller fragments including
Fab (50 kDa), F(ab), (100 kDa), single chain variable fragments (~ 30 kDa),
diabodies (~ 60 kDa) and minibodies (~ 80 kDa), which have more rapid blood
clearance. However, an accelerated blood clearance and removal of the Fc portion
should be carefully weighed, as the Fc portion is important in initiating antibody-
dependent cell-mediated cytotoxicity (ADCC), and rapid clearance of probes from

blood could reduce the potency for cancer treatments.

The preliminary data generated in the SK-MEL-37 xenograft experiment indicates
that accumulation of the antigen-specific RIC in tumours occurs in vivo. This will

be investigated further in a subsequent study.
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Chapter 6

Discussion
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Chapter 6: Discussion

6.1. NY-ESO-1 and targeted immunotherapy

Antibodies recognise the cognate antigen with exquisite specificity, and this
characteristic has been exploited in the development of antigen specific
monoclonal antibodies for therapeutic applications. Conjugation of radionuclides
to monoclonal antibodies (MAb) led to the development of *°Y-ibritumomab
tiuxetan (Biogen IDEC) and **'I-tositumomab (GlaxoSmithKline), both of which
have been approved by the Food and Drug Administration (FDA) for the
treatment of refractory or relapsed low-grade, follicular, or transformed B-cell
non-Hodgkin's lymphoma (NHL) (Jacene et al., 2007). These antibodies bind to
the CD20 antigen on the surface of malignant B cells, and the radionuclides

induce DNA damage.

NY-ESO-1 is a member of a class of molecules termed cancer testis antigens.
These molecules are normally only expressed in human germ cells, but are also
expressed in a wide range of tumour derived from different tissues (Simpson et al.,
2005). The expression of NY-ESO-1 protein in tumour cells but not in other
somatic cells makes it an ideal target for radioimmunotargeting approaches.
However NY-ESO-1, like the majority of tumour antigens identified to date [2-4],
is an intracellular protein that is found exclusively in the cytoplasm and nucleus,
hindering it from being a potential candidate for conventional mAb therapy. This
thesis explores the possibility of targeting NY-ESO-1 by conjugation of a
monoclonal antibody against NY-ESO-1 to the cell-penetrating peptide, TAT,

which extends the application of targeted mAb therapy to intracellular molecules.
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6.2. Synthesis of radiopharmaceuticals

Efficient conjugation of the cell-penetrating peptide, TAT, to antibody can be
achieved using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), which results in activation of carboxyl groups for direct reaction with
primary amines via amide bond formation. N-hydroxysulfosuccinimide (Sulfo-
NHS) is added along with EDC to improve coupling efficiency by creating dry-
stable amine-reactive intermediates. Consideration was given to the number of
molecules of TAT that would bind to one molecule of antibody. There is a lack of
published data on this issue, and it was necessary to achieve efficient TAT-
mediated nuclear translocation without disruption of the antigen-binding site on
the antibody. The final experimental conditions involved incubation of 12-fold
molar excess of TAT with anti-NY-ESO-1 monoclonal antibody for 2 h,
achieving 2-3 molecules of TAT conjugated to one molecule of antibody. TAT
conjugation did not affect the binding affinity of anti-NY-ESO-1-TAT antibody,
as demonstrated by competitive binding assays. Attempts at conjugation of 2-(4-
isothiocyanatobenzyl)-diethylenetriaminepentaacetic acid (p-SCN-Bn-DTPA) to
anti-NY-ESO-1-TAT, to allow subsequent *In-labelling, were unsuccessful,
which was surprising given that the use of this technique is well documented in
the literature (Mirzadeh et al., 1990, Reilly et al., 1992, Pham et al., 1995,
Cornelissen et al., 2011a). It is possible that the conjugation efficiency was
reduced by steric hindrance due to the large BnDTPA molecule, or that the
BnDTPA was subject to hydrolysis. Because of the difficulties experienced in
conjugating BnDTPA to anti-NY-ESO-1 antibody, an alternative strategy using an
oxidant instead of a metal chelator was used in radiolabelling antibody at the

beginning of this project.

135



Intracellular delivery of radioimmunoconjugates that target the cancer testis antigen, NY-ESO-1

During the method development process, it was discovered that cyclic DTPA
(cDTPA) anhydride could be successfully conjugated to anti-NY-ESO-1-TAT,
allowing the antibody to be labelled with ''In. The limitations of the use of
cDTPA are that the antibody conjugate is less stable, and interaction between the
multiple free carboxyl groups on DTPA and the lysine groups on antibodies can

bring two antibodies into close proximity (Arano et al., 1996, Reilly et al., 1992).

6.3. Delivery of radiolabelled anti-NY-ESO-1-TAT across the cell membrane

Cell-penetrating peptides (CPPs) are one of the widely used strategies for
intracellular delivery of various cargoes such as proteins, peptides, antibodies,
genes and nanoparticles, due to their low toxicity and independence of membrane
receptor and cell type. TAT, a CPP derived from the transcription transactivating
protein encoded by human immunodeficiency virus (HIV), has been shown to be
capable of penetrating the cell membrane. TAT possesses a nuclear localisation
sequence, an important property for use in this study, as the ***In-anti-NY-ESO-1-
TAT must be delivered to the nucleus for the Auger electron emitters, ***In and
23| to cause maximum cytotoxicity. Previous studies using *'In-labelled EGF
have demonstrated that the radiation-absorbed dose to the nucleus is 2-fold and
35-fold greater when ***In decays in the nucleus rather than in the cytoplasm or on
the cell surface (Reilly et al., 2000). TAT conjugation has been reported to
improve cellular uptake of antibodies both in vitro and in vivo. Therefore TAT
conjugation offers a means to specifically target intracellular epitopes in tumour

cells for radiotherapeutic or diagnostic applications.

After  successful  development of the  '*In-anti-NY-ESO-1-TAT
radioimmunoconjugate (RIC), it was necessary to determine if it would internalise

into the NY-ESO-1 expressing cell line, SK-MEL-37, in vitro. However, the
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results clearly indicated that conjugation of TAT to ‘?*I-labelled anti-NY-ESO-1
antibody did not significantly enhance cellular uptake. It was previously reported
that heparan sulfate proteoglycans on the cell surface play an important role in
translocation of molecules across cell membrane by interacting with CPPs.
Syndecan-4 (SDC-4), a heparan sulfate proteoglycan present on the cell surface,
was shown to be associated with cationic CPPs such as TAT, suggesting that TAT
acts as a ligand for SCD-4 during the translocation process. In the literature, low
levels of cellular uptake of TAT were observed in the K562 myelogenous
leukemia cell line, which does not express heparin sulphate proteoglycans.
Transfection of SDC-4 into K562 cells significantly enhanced the uptake of TAT,
which further supports an important role of heparan sulfate proteoglycans in
mediating TAT internalisation. It is possible that there is low expression of SDC-4
in SK-MEL-37 cells and this may explain why TAT failed to facilitate the uptake
of RICs into these cells. Due to a lack of literature detailing the expression of
SDC-4 in SK-MEL-37 cells, more experiments are needed to confirm or refute

this hypothesis.

Due to the failure of TAT conjugation to increase internalisation of the **In-NY-
ESO-1 in SK-MEL-37 cells, the use of a protein delivery reagent was investigated.
The use of cationic amphiphilic liposomal compound SAINT2:DOPE for protein
delivery in the presence of serum was first demonstrated by Van der Gun et al in
2007 (van der Gun et al., 2007). Cytosine-5 methyltransferase, which methylates
cytosines in CpG dinucleotides, was successfully delivered into the nucleus by use
of this protein transfection reagent. However, it is possible that, because the
cytosine-5 methyltransferase is a small protein with molecular weight below 60

KDa, it could passively diffuse across the nuclear pores after delivery into the
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cytoplasm (Wang and Brattain, 2007). The protein transfection reagent known as
SAINT-PhD used in this study is the advanced version of SAINT2:DOPE
according to the manufacturer (Synvolux Therapeutics, BV, Groningen,
Netherlands). There was no activation of the immune system or cytotoxicity
observed when this reagent was used in both in vitro and in vivo models (Hoekstra,
2001, Audouy et al., 2002). In this study it was decided to pursue a strategy
combining the use of protein transfection reagent and TAT conjugation. The
prediction was that radiolabelled anti-NY-ESO-1-TAT antibody would be
transported across the cell membrane by the protein transfection reagent, SAINT-
PhD, and subsequently translocated to the nucleus through the action of the

nuclear localisation sequence present in TAT.

6.4. Cytotoxic effect of radiolabelled anti-NY-ESO-1-TAT-PT on melanoma
cells

The results demonstrate that cell viability and clonogenic survival were reduced
when SK-MEL-37 cells were exposed to *!In or *#I-labelled anti-NY-ESO-1-
TAT-PT. The cytotoxicity of radiolabelled anti-NY-ESO-1-TAT-PT antibody
towards SK-MEL-37 cells was positively correlated with the specific activity of
the radionuclide and the molar concentration of the RIC. There was a slight
decrease in cell viability and clonogenic survival in cells incubated with high
concentration of non-specific radiolabelled mlgG-TAT-PT, suggesting that in a
clinical setting the concentration of RIC would have to be adjusted so as to
achieve cytotoxicity of the tumour cells without damaging surrounding tissue. No
evidence of cytotoxicity was observed in SK-MEL-37 cells incubated with protein
transfection reagent alone, which was consistent with other studies (Hoekstra,

2001).
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Incubation of the NY-ESO-1 negative melanoma cell line SK-MEL-23 with the
RIC had no significant effect on survival fraction, indicating a specific antibody
targeted effect. This evidence was further supported by reducing the NY-ESO-1
expression in SK-MEL-37 cells using siRNA. However the radiolabelled anti-
NY-ESO-1-TAT-PT associated cytotoxicity was only partially reversed by NY-
ESO-1 protein knockdown. This could be due to the radiolabelled anti-NY-ESO-
1-TAT-PT binding to another cancer testis antigen known as LAGE-1, which
shares 84% homology with NY-ESO-1 at the protein level (Chen et al., 1997). In
order to confirm the role of LAGE-1, further experiments knocking down both

proteins should be performed.

An increase in the number of YH2AX foci was detected in the nuclei of SK-MEL-
37 cells exposed to radiolabelled anti-NY-ESO-1-TAT-PT, confirming the
presence of DNA damage. The Histone isoform, H2AX, is phosphorylated in
response to DNA double strand (dsDNA) breaks, which occur following exposure
to ionising radiation or chemotherapeutic agents (Cornelissen et al., 2012). SK-
MEL-37 cells exhibited substantial basal levels of YH2AX foci, suggesting the
possibility of a mutation in a DNA repair protein, such as p53 and BRCA1,
resulting in genomic instability (Yu et al., 2006). It has also been previously
reported that high endogenous expression of YH2AX foci in several melanoma
cell lines was associated with telomere dysfunction, thus driving genomic

instability (Warters et al., 2005).

6.5. In vivo effect of radiolabelled anti-NY-ESO-1-TAT-PT
Following the observation of a cytotoxic effect of the radiolabelled anti-NY-ESO-
1-TAT-PT in vitro, the efficacy in vivo was investigated using xenograft models.

The biodistribution of the radioimmunoconjugate in BALB/c nude mice bearing
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NY-ESO-1 expressing and NY-ESO-1 negative xenografts was studied. The
results showed high liver and spleen uptake, and slow blood clearance, which was
considered to be due to the pharmacokinetic properties of the large molecular
weight whole IgG antibody and the binding to Fc receptor of immune effector
cells via Fc portion. Intact IgG antibodies can be engineered into smaller
fragments including the generation of Fab (50 kDa), F(ab), (100 kDa), Single
chain variable fragments (~ 30 kDa), diabodies (~ 60 kDa) and minibodies (~
80 kDa), which enhances blood clearance. However, an accelerated blood
clearance and removal of the Fc portion needs to be carefully evaluated as the Fc
portion is important in initiating antibody-dependent cell-mediated cytotoxicity
(ADCC), and rapid clearance of probes from blood could potentially reduce the

potency for cancer treatments.

In BALB/c nude mice bearing NY-ESO-1 expressing xenografts, the
biodistribution  data showed that '!In-DTPA-anti-NY-ESO-1-TAT-PT
accumulated and was retained in tumours 48 h post injection in 2 out of 3 mice,
whereas no accumulation was observed in the BALB/c nude mice injected with
the control, **In-DTPA-mIgG-TAT-PT. This appears to confirm the targeting of

the radioimmunoconjugate in vivo.

6.6. The immune system and radiolabelled anti-NY-ESO-1-TAT-PT

The immune system protects against diseases by distinguishing foreign or
abnormal antigens from the organism's own healthy cells. Tumour cells are able to
evade detection by the immune system through their ability to generate and
maintain an immunosuppressive microenvironment. Several mechanisms are used
to achieve this immunosuppression, including, downregulation of major

histocompatibility complex class 1 molecules (MHC 1), upregulation of anti-
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inflammatory cytokine such as interleukin-4,5, and 10, upregulation of
indoleamine 2, 3-dioxygenase (IDO) depleting tryptophan (which causes T cells
to become hyporesponsive), and promoting the generation of CD4'CD25"
regulatory T cells (Trq cells) (Drake et al., 2006, Kim et al., 2005). These are

major challenges in developing effective immunotherapies for cancer treatments.

In a clinical setting, it is envisaged that radiolabelled anti-NY-ESO-1-TAT-PT
would be administered to a patient with an NY-ESO-1 expressing tumour. The
radioimmunoconjugate would be delivered to the nucleus of the tumour cells by
the protein transfection reagent and TAT, and DNA damage would be caused by
the release of Auger electrons. The destruction of tumour cells by Auger electron
mediated DNA damage would lead to the release of NY-ESO-1, which could be
subsequently be taken up antigen presenting cells such as dendritic cells (DCs)
(Formenti and Demaria, 2009, Noguchi et al., 2012). Once activated, DCs migrate
to the lymph nodes where naive T cells are primed to shape the adaptive immune
system. NY-ESO-1 antigen released from tumour cells that are damaged or killed
by radiolabelled anti-NY-ESO-1-TAT-PT, might be bound by endogenous,
circulating anti-NY-ESO-1 antibody . Natural killer (NK) cells expressing CD16
are recruited by the Fc portion of antibodies, triggering antibody dependent cell
mediated cytotoxicity (ADCC). Therefore, it is possible that the anti-tumour
response would be be enhanced by the release of NY-ESO-1 antigens following

treatment with RICs, thereby providing a patient specific anti-tumour effect.

Over the last few years, there has been intensive research into the development of
cancer vaccines against NY-ESO-1, as it is one of the most immunogenic cancer

testis antigens identified to date (Ademuyiwa et al., 2012).
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6.7. Imaging approaches using radiolabelled NY-ESO-1

The analysis of the serum level of tumour markers is used for cancer detection,
and prediction of outcome. There are several organ-specific tumour markers that
are used in the clinic. For instance, an elevated level of prostate specific antigen is
indicative of the presence of prostate cancer (Seamonds et al., 1986). However,
some of the commonly used tumour markers for detecting gastrointestinal and
gynaecological cancer, including carcinoembryonic antigen (CEA), CA19-9, and
CA125, may be raised in non-malignant conditions or sometimes are not raised
even when cancer is present. As a result, misleading information might results in
failure to detect tumours (Kilpatrick and Lind, 2009). Therefore, more specific

tumour markers need to be identified in order to make an accurate diagnosis.

Since NY-ESO-1 is highly immunogenic, anti-NY-ESO-1 antibody can be found
in the sera of patients with NY-ESO-1 expressing tumours but not in healthy
individuals (Stockert et al., 1998). It was therefore initially thought that early
detection of cancer could be achieved by measuring the level of anti-NY-ESO-1
antibody. However, the NY-ESO-1 humoral response is modest, with, for
example, only a 3.4% increase in patients with stage 1 gastric cancer. Therefore
evaluation of the level of anti-NY-ESO-1 antibody in serum is of limited utility

for the early detection of tumours (Fujiwara et al., 2013).

It was previously reported that NY-ESO-1/LAGE-1 protein was detected in 9 of
24 (37.5%) tissue samples from patients with stage 1 and 2 diffuse large B-cell
lymphoma (DLBCL) (Hudolin et al., 2013). Furthermore, high expression (66 of
110) of NY-ESO-1 protein was detected in patients with stage 1 and 2 triple
negative breast cancer (Ademuyiwa et al., 2012). The expression of NY-ESO-1

protein in early stage tumours suggests a possibile role for radiolabelled anti-NY-
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ESO-1 antibody as an imaging probe. The **In or *#I-labelled anti-NY-ESO-1-
TAT-PT developed in this study are candidates for imaging NY-ESO-1
expressing tumours. Single-photon emission computed tomography (SPECT) is
used to detect the y-rays emitted by the radionuclides attached to anti-NY-ESO-1-
TAT-PT, thus marking the location of the tumours. To increase their potential
imaging application, it would be possible to use different radionuclides such as
87r for PET imaging. This study was primarily designed to investigate the
cytotoxicity of anti-NY-ESO-1 RICs, so further work is required to explore their

use for imaging.

6.8.Conclusion

Monoclonal antibodies are increasingly investigated for cancer therapy due to
their high affinity and target specificity. However, many of tumour-associated
antigens are intracellular, limiting the use of immunotargeting approaches. This
study has shown that it is possible to deliver radiolabelled antibody across the cell
membrane using serum insensitive and non-toxic protein transfection reagent to
target the endogenous tumour-associated antigen, NY-ESO-1. Cell-penetrating
peptide, TAT, which possesses a nuclear localisation sequence, translocates the
radiolabelled anti-NY-ESO-1 antibody into the nucleus of SK-MEL-37 cells, to
allow Auger electron mediated DNA damage. The clonogenic survival of SK-
MEL-37 cells was significantly reduced by incubation with radiolabelled anti-
NY-ESO-1-TAT-PT and was positively correlated with the specific activity and
concentration of radiolabelled probes. The successful development of *!In-
labelled anti-NY-ESO-1-TAT-PT in vitro, justified the subsequent study of this
radiolabelled probe in animal models. The biodistribution data demonstrated that

Mn-DTPA-anti-NY-ESO-1-TAT-PT accumulated and was retained in mice
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bearing NY-ESO-1 expressing xenografts. Furthermore, there was no significant
uptake of the probe by testis, suggesting that neither protein transfection reagent
or TAT penetrate the blood testis barrier, thus minimising non-specific binding to

healthy cells.

The objectives of this study, as stated in Chapter 1, were achieved. This thesis
demonstrates the development and synthesis of a radiolabelled antibody against
cancer testis antigen, NY-ESO-1, which retained intact binding affinity after
conjugation to TAT peptide. The internalisation and cytotoxicity of these RICs
were evaluated and promising data obtained from in vitro experiments, leading on
to the investigation of these RICs in animal models of cancer. The accumulation
of the RIC in xenografts in vivo suggests the possibility for use of the construct in

a clinical setting.
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Chapter 7

Summary
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Chapter 7: Summary

Antibodies bind with high specificity to their target antigen, and this characteristic
has been exploited in the development of antigen specific monoclonal antibodies
for therapeutic applications. For a therapeutic antibody to exert selective cytotoxic
effects on tumours, the antigen should show a restricted expression profile in
normal tissues, but abundant expression in tumour cells. NY-ESO-1 is a member
of a class of molecules termed cancer testis antigens, the expression of which is
restricted to germ cells and a wide range of tumour tissues. However NY-ESO-1,
like the majority of tumour antigens identified to date, is an intracellular protein,

presenting a challenge for the delivery of an antibody-based therapy.

This study has demonstrated that it is possible to engineer the internalisation and
nuclear localisation of radiolabelled anti-NY-ESO-1 antibody by conjugation to
protein transfection reagent and the cell-penetrating peptide TAT. The resulting
radioimmunoconjugates (RICs) were shown to be cytotoxic to NY-ESO-1
expressing tumour cells in vitro, and preliminary in vivo data indicates that the
n-labelled RIC accumulates in NY-ESO-1 tumours. These results suggest that

anti-NY-ESO-1 RICs could be of benefit for clinical cancer therapy.
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