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Abstract

The purpose of this research was to enhance thet¢ar radiotherapy of two metastatic
malignant diseases: neuroblastoma and prostatmoana.

By virtue of its high affinity for the norepinephg transporter (NET){Jmeta-
iodobenzylguanidine tf1]MIBG) has been used for the therapy of tumours of
neuroectodermal origin for more than 25 years. &ltih not yet universally adopted,
[**4]MIBG targeted radiotherapy remains a highly prsimg means of management of
neuroblastoma. MIP-1095, a glutamate-urea-lysipegtide has high affinity for prostate-
specific membrane antigen (PSMA) and has recemetiyahstrated exquisite specificity for
PSMA-expressing, metastatic prostatic carcinomelirRinary imaging studies in patients,
using f#4]MIP-1095, revealed tumour-selective binding amdipnged retention only in
malignant sites. This indicates the therapeutiemtl of this agent when labeled with
lodine-131.

Our aim is to make the most effective use'd1JMIBG and [**1]MIP-1095 for the
treatment of neuroblastoma and prostatic carcineyneombining the'i]-labelled

radiopharmaceutical with radiosensitiser drugs.

The thiol-containing molecule disulfiram was seéetcfor combination with targeted
radiotherapy because of its reported inhibitiothef 26S proteasome and NF-kB activity,
its ability to chelate copper and its pro-oxidateféects. The copper-dependence of the
cytotoxicity and radiosensitising activity of diithm was established in neuroblastoma
cell models. Radiation dose enhancement valudsedi(% toxicity level were 4.24 and
2.00 in SK-N-BE(2c) and UVW/NAT cells, respectivelshe radiosensitising mechanism
of disulfiram-copper was shown to involve the intidn of cell cycle arrest in G2. The
enhancement of the cytotoxicity dfiJmIBG and of [*4]MIP-1095 by disulfiram-copper
was demonstrated by delay of the growth of mulitat tumour spheroids.

Finally, the screening of the enhancing effectledraotherapeutic agents on the spheroid
growth delay induced by{i]MIP-1095 indicated that combinations with topaac
nutlin-3, bortezomib or olaparib have good prospéat therapy of metastatic prostate
carcinoma. In conclusion, it is expected that DR\l enhance the outcome of patients

undergoing targeted radiotherapy due to its radisiising properties.
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1 Introduction

1.1 Radiation, radiotherapy and targeted radiotherapy

1.1.1 Definition of radiation

Radiation is the emission of electromagnetic wafes specific wavelength and
frequency. The electromagnetic spectrum ranges figim frequency-rays, X-rays and
ultraviolet rays to low frequency microwaves andioavaves. lonising radiation (IR) has
sufficient energy to alter the structure of an attiimay arise from the radioactive decay
of atoms ¥, a andf radiations) or they may be produced by electdeadices (X-rays)a
andp radiations are the particulate manifestations efrddioactive decay of atonts.
particles are nuclei of helium afidoarticles may be positrong*j or electronsf). Since

its discovery at the end of the™ 8entury, IR has become an important tool in médica
practice. For instance, X-ray imaging is a stangmotedure in orthopaedic diagnosis and
for the local treatment of tumours. Radionuclidaséhalso been used in the clinic, such as

the B-emitter iodine-131'¢H) for the treatment and diagnosis of thyroid dis=a

1.1.2 Limitationsof external beam radiotherapy of cancer

Radiation treatment may be administered by an eatdream directed at malignant tissue.
The irradiated volume usually encompasses tumatdiagsroportion of non-malignant
surrounding tissue. Advances have been made innaxktieeam radiotherapy, resulting in a
reduction in the exposure of non-malignant tis§e.example intensity-modulated
radiotherapy (IMRT) conforms the radiation dose enpirecisely to the three-dimensional
shape of the tumour thereby minimizing the dosadjacent normal organs. However,
external beam radiotherapy is unable to treat dissed malignant lesions without

irradiating healthy tissues.

1.1.3 Targeted radiotherapy

Targeted radiotherapy is the specific deliveryaafiation to malignant lesions by the use
of a tumour-seeking agent linked to a radionuclitle. the radiotherapeutic treatment of
choice when the cancer has metastasised, whendlgnant lesions are too small to be
detected or when they are located close to vitatsires. Targeted radiotherapy has been

devised to circumvent the limitations of externahin radiotherapy.

The specificity of the delivery of radiation by gated radiotherapy may arise from the
biological properties of the radionuclide itselérknstance, the thyroid accumulates iodine

for the synthesis of the thyroid hormones. Henoe tteatment of thyroid cancer has
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employed N& for several decadésAlternatively, the expression of markers spedific

the tumour cells can be used for the targetingdionuclides attached to a tumour-seeking
molecule. For instance, radiolabelled antibodiesshzeen used to treat solid tumours from
the breagt prostat color? and neuroblastorfias well as haematopoietic cancers such as
lymphoma and leukaentiaHowever, antibodies are large molecules that faiyo

penetrate tumoutsindeed, an inverse relationship has been denaiedtbetween tumour
uptake of radiolabelled antibodies and tumour fhassproved penetrability may be
obtained by the use of antibody fragmé&n&mall molecules, such as the noradrenalin
transporter (NAT)-targeting agent meta-iodobenzgigdine (mIBG) for the treatment of

neuroblastoma, may possess even greater tumoutrgieitigy® .

The efficacy of targeted radiotherapy depends ersike of the malignant lesion and on
the physical properties of the radionuclide. Thétglof a radionuclide to deliver radiation
to untargeted neighbouring cells within the tumisuralled cross-fire and this is dependent
on the path length of the radionuclide. Tumour togeneity limits binding and uptake of
the radiopharmaceutical by cells within the tummass. This impediment to tumour cure
may be surmounted by cross-fire irradiatfoobtained through the use of long-rafige
emitters. However, the longer the path length efridionuclide, the greater the risk of
irradiating untargeted surrounding healthy tissisctv would result in undesirable

toxicity. The implication is that, due to sub-op#ihtleposition of radiation energy within
the malignant lesion, metastases smaller thandttelpngth of the radionuclide could
escape sterilisation at activity levels sufficiemeradicate metastases of a diameter similar
to that of the path length. While short-rarigemitters may be better therapeutic tools than
B-emitters due to their induction of less collatetainag®’, the optimal treatment of
disseminated disease may consist of cocktailschdnaiclides with a range of path

lengths”.

1.1.4 Current useof targeted radiotherapy
This section will summarise the current use ofeted radiotherapy in medical practice
with particular emphasis on neuroblastoma and atestancer.

1.1.4.1 Na*! for thetreatment of thyroid conditions
The first radionuclide used in modern medical pcacivas radioiodine in the 1950s for the
treatment of thyroid canc®r lodine is taken up by the differentiated folliauthyroid

cells for the biosynthesis of the thyroid hormotrésdothyronine (T3) and thyroxine
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(T4). For the treatment of thyroid cancer, radiaieddoes not need to be conjugated to a

tumour-targeting vehicle because iodine is speaififaccumulated by thyroid cells.

The effectiveness of radioiodine has been examimedtients with high risk thyroid
cancer with locoregional or distant metast&s&e study reported an important
improvement of cancer-specific survival and disgasgression for patients treated with
radioiodine versus those who were'fiolt demonstrates the beneficial use of radioiodine
for the treatment of metastatic thyroid canceherablation of residual disease following
thyroidectomy. Radioiodine treatment of thyroid canis considered the greatest success
of targeted radiotherapy

1.1.4.2 Radionuclidesfor thetreatment of bone metastasis

The incidence of bone metastasis observed at pogem examination is 73% in breast
cancer, 68% in prostate cancer, 42% in thyroid ear86% in lung cancer, 35% in renal
cancer and 5% in cancers of the gastrointestiaef fr Morbidities associated with bone
metastasis include pain, fractures and spinal condpressiol. The presence of bone
metastases is also associated with poor prognidsestelief of pain from bone metastases
is achieved by the administration of bone-seekatjanuclides such as radium-223
(**Ra), strontium-89%Sr), samarium-1531°Sm), renium-186"f°Re) or phosphorous-32
(**P) which are incorporated into regenerating bormettstatic sites. A meta-analysis of
15 studies worldwide demonstrated that these radiates relieved bone pain over a 1 to

6 months periotf.

1.1.4.3 Radioimmunotherapy of haematopoietic malignancies

Radioimmunotherapy is the treatment of cancer logiadtration of radiolabelled
antibody. Despite poor tissue penetration and inoganicity, radiolabelled antibodies
have improved the outcome of haematopoietic canBersently two radiolabelled
antibodies have been approved by the Food and Rdagnistration (FDA) for the
treatment of non-Hodgkin’s lymphoma. The two andiles directed against the B cell-
specific antigen CD20 and radiolabelled with yimi®0 £°Y) or **Yi are*®Y-ibritumomab
tiuxetan (Zevalin™, Biogen-IDEC Pharmaceuticals, @802) and*4-tositumomab
(Bexxar™, GlaxoSmithKline, 2003). The efficacies’df-ibritumomab and®!-
tositumomab has been compared with the non-radgt&abCD20-targeting antibody.
These clinical trials indicated that patient outeowas improved with relatively low and
manageable side-effects and that radioimmunothesagya successful treatment of non-

Hodgkin's lymphom&%°
29



1.1.4.4 Somatostatin analoguesfor thetreatment of neuroendocrine tumours
Neuroendocrine tumours (NETS) constitute a hetereges group of malignancies that
originate in neuroendocrine cells. Common primagssare the stomach, pancreas and
intestine$’. Despite their heterogeneous location, NETs stamamon features such as
histology and hormone production. The somatostateptor subtype 2 (SSTR2) is
expressed in more than 80% of all NE'T#\ variety of somatostatin analogues,
radiometalated using chelators such as diethylesm@ihe penta-acetic acid (DTPA) or
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracaaeidl (DOTA), have been developed.
Clinical trials using somatostatin analogues siwghdreotide and octreotate have

demonstrated good tumour control associated witefable side-effects*”

1.1.45 Neuroblastoma

Neuroblastoma is the most common extracranial ¢anaghildhood, representing 28% of
all cancers in infanfs Neuroblastoma arises in cells of the neural aeghg embryonal
development of the nervous system. Tumours canlaewe all parts of the peripheral

sympathetic nervous system, most commonly in thered glands.

Neuroblastoma is a heterogeneous disease withraeoanging from spontaneous
regression or differentiation to benign gangliormena to a progressive, metastatic and
fatal disease. The prognosis of neuroblastomdasegkto the Shimada classification of
tumour histolog$’, the International Neurobastoma Staging SysterS§\stage of the
tumour and the age at diagnosis. Moreover, predicibdecreased overall survival are the
myelocytomatosis viral related oncogene neurobhaatderived (MYCN) status and
genetic modifications such as ploidy, 1p and 1ley@bions and 1g gain. According to the
International Neuroblastoma Risk Group (INRG) $tatification, and based on the
prognostic factors described above, the high riskijg of neuroblastoma children
represents 36.1% of all neuroblastoma cases vétlyesar event-free survival (EFS) less
than 50% despite intensive multimodal treatrffe contrast, the very low and low risk
groups represent 26.8% and 28.2% of the neurobfespatients with a 5-year EFS greater
than 85% and 75%, respectiv&lyFinally, neuroblastoma tumours tend to metastasis
especially in the high risk group. The primary sité metastases are bone marrow
(70.5%), non-orbital bones (55.7%), lymph nodesq934), the liver (29.6%) and the

orbital bone (18.2%). Metastases to the bonedydhe marrow, the central nervous
system, the orbital bone, the lungs and the platgassociated with a significant decrease

in the 3-year EF&.
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The classical treatment of high risk neuroblastisrea3-step regimen including induction,
consolidation and maintenante The role of induction and consolidation therapyoi
reduce the tumour burden before chemoresistanadapes/while maintenance therapy
aims to eradicate the residual disease after inemsyeloablative therapy. In the
induction phase, various combinations of chemofterac agents including cisplatin,
doxorubicin, vincristine, cyclophosphamide, etogesor topotecan may be administered.
Surgical resection and external beam radiatiorirtreat of the primary or metastatic sites
may be performed. Secondly, consolidation theramgists of intensive myeloablative
chemotherapy including carboplatin, etoposide, magn or busulphan with autologous
bone marrow transplant. Finally, maintenance theeams to rid the body of residual
disease by, for example, inducing differentiatiéithe neuroblastoma cells. The
differentiating agent 13-cis retinoic acid has bskawn to improve outcome in children
with high risk neuroblastomia Furthermore, treatment with 13-cis retinoic doid
combination with immunotherapy (anti-GD2, IL-2 aB#§1-CSF) was shown to improve
the 2-years EFS compared with 13-cis retinoic atote. However this regimen was
highly toxic™.

Catecholamines are small molecules acting upooeh#al and peripheral nervous
systems as neurotransmitters or acting systemiaallyormones. At the synapse between
axon and neurone, NAT is responsible for the rdugotd noradrenaline into the
intracellular space in order to prevent sustaireivation of the noradrenergic receptor.
By virtue of its analogy of structure to noradremal(Figure 1), meta-iodobenzylguanidine
(mIBG) can be taken up by cells that express NAmc&90% of neuroblastoma tumours
express NAT4, mIBG labelled with iodine-131{ilmIBG) or with iodine-123
([**1]mIBG) has been used for the treatment and imagfrgeuroblastoma, respectively.
To date, the majority of clinical trials investigay the efficacy of PiimIBG have been
carried out in cohorts of high risk neuroblastorhédren who were unresponsive to
classical therapy, described above, or who relapbedly after treatment. The studies
yielded overall response rates between 30% and&&#the major toxicity observed was
myelosuppressidi™“®. On the other hand, it has been shown tH&{hIBG as a first-line
treatment prior to chemotherapy and surgery isflactese option for the treatment of high

risk neuroblastonfa.

Finally, phase | studies have investigatéd]mIBG in combination with chemotherapy.

The combinations of fiimIBG with the induction regimen cisplatin, cyclopsphamide,
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etoposide, vincristine and doxorubitir with irinotecan and vincristifiéresulted in the
reduction of the tumour burden with tolerable taigés. These studies showed that
[**4]mIBG can be incorporated safely into the cladsitemotherapeutic treatment of
high risk neuroblastoma. These studies form themale for the preclinical determination

of new radiosensitising drugs which may improveeffieacy of [*1)mIBG**.

Despite intensive treatment regimens, children Wit risk neuroblastomas continue to
have a poor prognosis. The inclusion BH[mIBG in the treatment of neuroblastoma has
shown efficacy and is promising for patients witiemo-refractory tumours. While long-
term remissions have been achieved, cure is réfi@t€to improve the outcome of the
treatment of high risk neuroblastoma has focussetth® scheduling of-fi]mIBG therapy
within the classical regiméh the simultaneous administration of radiosensigisirugs
with [**4]mIBG****and the development of new chemotherapeutic ajents

NH OH

OH

I )]\
NH NHz
NHz2
OH

mIBG noradrenaline

Figure 1 The chemical structures of meta-iodobenzylguanidine (mIBG) and noradrenaline

1.1.4.6 Prostate cancer (PCa)

PCa was the fourth most common cancer in Euro@@@8 and the second most common
cancer in men accounting for 89,300 de&thsbout 75% of PCa worldwide occur in men
65 years old or ovét. It is a heterogeneous disease ranging from imtlolenours to

aggressive, metastatic and fatal disease.

Localised PCa is confined within the prostate. Gitree often indolent nature of localised
PCa, which is associated with a good prognosisyestirveillance may be the preferred
option for the management of patients. Other treatroptions for localised PCa include
radical prostatectomy, androgen deprivation the(&iyT) or radiotherapy in the form of
external beam radiotherapy and brachytherapy. Hewewen after complete
prostatectomy, recurrence and metastases congtituteportant complication of the

treatment of localised P&a
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Due to the reliance of PCa tumour growth on andraginulatioff®, the mainstay of PCa
treatment is ADT. However, the tumour may progressn under ADT, a state called
castrate-resistant prostate cancer (CRPC). Furtiresrmetastasis is a common
complication of advanced CRPC® Bone pain due to bone metastasis may be palligted
the administration of bone-seeking radionuclideshsas'>*Sm,***Ra or®*Sr but, at

present, there is no curative treatment of meiast®PC.

The improvement of the outcome of CRPC patientisesocus of PCa research. Recent
phase Il trials have shown that the median suho¥@atients with metastatic CRPC is 1
to 2 yeard>2 The main chemotherapeutic agent approved fotréament of metastatic
CRPC is docetaxel. Docetaxel in combination witbdmisone has improved survival of
this group of patients by 2 to 3 months compareti e previous standard treatment
using mitoxantrone plus prednisdhe-urthermore, recent phase Ill clinical trials @av
confirmed the benefit of blockers of the androgesdiated stimulation of PCa tumour

growth, abirateroré>*and enzalutamidg in docetaxel-refractory CRPC patients.

The above studies indicated that innovative chearahy increased the survival of

patients with metastatic CRPC only by several mgrdlemonstrating the need for
alternative therapeutic approaches in the treatmiethis subset of patients. Given the
survival benefit afforded by targeted radiotherapthyroid cancer, neuroblastoma and
NETSs, radiopharmaceuticals targeting PCa markegshall promise for therapy of
metastatic PCa. Furthermore, targeted radiothesaplyeady in use for the treatment of
painful bone metastases in PCa using bone-seekéhignuclides. However, this treatment
is only palliative and does not target all maligni@sions. Therefore, the development of a
PCa tumour-targeting radiopharmaceutical which @d& used with a curative intent to
target all malignant lesions (bone metastasesossrous metastases and residual disease

after ablative treatment) is an appealing strategyhe treatment of metastatic CRPC.

N-acetylatedx-linked acidic dipeptidase (NAALADase) is a neurpfi@ase that releases
glutamate and N-acetylaspartate from its substtla¢eneurotransmitter N-
acetylaspartylglutamate (NAA&) Prostate specific membrane antigen (PSMA) was
found to be genetically and functionally homologtm$AALADas€”. It has been
speculated that the role of PSMA in prostate isctbavage of molecules with paracrine

and/or autocrine activity involved in prostate hostasis®.
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While the role of PSMA in the prostate is not wellderstood, its potential as a target for
prostate carcinoma is recognised. Increased expnessPSMA has been demonstrated in
prostate carcinomas compared with normal prostabeign prostatic hyperplasia
Secondly, PSMA immunoreactivity was increased afeil in 55% (11 out of 20) of the
patient§’. Increased PSMA immunoreactivity was also fourtdrakDT in 100% (4 out of
4) of metastatic specimefissuggesting that PSMA is upregulated in metaskla.

Thus, PSMA-targeting agents is a promising therapéaols for the management of
disseminated PCh

Antibodies have been developed against the PSMigeafit The first commercial
antibody was Indium-112in)-CYT-356 (Prostascint). However this antibody
recognised an intracellular epitope of PSMA antlahtesting in human showed
unexpected myelotoxicit§. Four other antibodies with specificity for extedalar
epitopes of PSMA have also been devel8pdebr instance, phase | clinical trials
evaluating the humanised monoclonal antibody hud&®& demonstrated PSMA

specificity and successful application as an imaggigertt.

A series of small heterodimeric compounds, whidfikit the NAALADase activity of
PSMA, were developed by Molecular Insight Pharmtcals, Inc., Cambridge,
Massachusetftd The structures of the two lead compounds, (3-&$)-1-carboxy-5-((4-
iodobenzyl)amino)pentyl)ureido) pentanedioic aditiR-1072) and (S)-2-(3-((S)-1-
carboxy-5-(3-(4-iodophenyl)ureido)pentyl)ureidonpenedioic acid (MIP-1095), consist
of glutamate bound to lysine by a urea bridge (Féd2). The benzene ring which allows
lodination is linked to the nitrogen group of lysim MIP-1072 or attached to lysine via a
urea bridge in MIP-1095 (Figure 2). Both compouhdge demonstrated PSMA-specific
uptake in tissue distribution studies in mice bagrenografts derived from the LNCaP
and PSMA-transfected PC3 cell liiésThe pharmacokinetic characteristics and the
imaging potential for prostate carcinoma of tfieradiolabelled versions of these two
compounds {£A]MIP-1072 and {?3]MIP-1095) have been investigated in patientsvas
shown that both'f3]MIP-1072 and {3]MIP-1095 were suitable for the detection of
malignant lesions in soft tissues, bones and ipthstaté’. Notably, the retention of
[1#]MIP-1095 within tissues was greater than that61]MIP-1072 - manifest by a
greater absorbed radiation d&s@his study forms the rationale for the invesiigaif
radiolabelled MIP-1095 as an imaging tool and alstherapeutic modality for the

treatment of disseminated PCa.
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Figure 2 The chemical structures of PSM A-tar geting compounds

1.1.5 Thebiological effect of IR

1.15.1 Theformation of freeradicals

The result of the interaction IR with an atom may be the stripping of an electrdme
loss of an electron by an atom or a mole, theprimary effect ollR on matter, is called
oxidation Alternatively, the target atom may become excitedulting in one or more «

its electrons being moved to a higher energy |

A free radical is defined as an atom or a molecalg&aining one or more unpair
electron&®. An unpaired electron is avid for another aired electro, resulting in the
formation of a covalent bond. Therefofree radicals are highlyeactive chemical entitie
Free radicals whose unpaired electron is assocmtbdhe oxygen atom are call

reactive oxygen species (ROS). The absor of radiation energy by a molecule of wa

breaks the G4 bond and leads to the formation of a hydroxylgald(HC*) and an atom
of hydrogen (H)®. Alternatively, the electron liberated by the naigtion ofIR with
matter may reduce a molecule of oxygen to formstifgeroxide rdical (G;*°). The
peroxide @*% is formed if a second electron further reduc,*”. Secondly, with th

addition of two protons, ,** forms the norradical oxidising agent hydrogen perox

(H20,). Due to the avidity of ROS for a second eleciroorder to form a covalent bon
ROS readily oxidise molecules in their immediateinity®®. ThereforelR is a powerful
oxidative agent, directly via the interaction witfatter and indirectly via the production
ROS.

1.1.5.2 Cédlular responsesto radiation
The structure and, consequently, the function mfodein are dependent on the intracell

oxidative status of a cell. For instance, a sul@tamwithin a protein exists as a thi
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group (-SH) in a reducing environment whereas igtexas a disulphide bridge (-S-S-) in
an oxidative environment. The formation of disutphbridges between two sulphur atoms
within a protein under oxidising conditions may e the conformation and the function
of a protein with potentially detrimental effects the cell. Therefore, redox homeostasis,
the mechanisms responsible for the maintenandseahtracellular redox equilibrium, is
required to sustain cellular metabolism. Anothegeaof radiation is DNA. The oxidation
of DNA leads to the generation of abnormal DNA Isa@eich as 8-oxoguanine), single-
strand breaks (SSB) and double-strand breaks (DB#pse alterations to DNA may lead
to mutations or cell death. Upon radiation-induogttiative stress, the cell relies on
various antioxidant defence mechanisms in ordemamtain redox homeostasis and the
integrity of the genome. Microarray studies haw#idated that IR alters the level of

, 71,72

expression of genes involved in DNA refait, cell cycle regulatic and antioxidant

defencé®’?

1.1.5.2.1 Antioxidant responses
Superoxide dismutase (SOD) is an enzyme that cts@?t into H,O, (Figure 3). Since

H.O; is a potentially harmful oxidising agent, catalasaverts HO,into water and
oxygen. SOD requires a metal ion for its enzymatitvity. SOD1, located in the
cytoplasm, is coupled with zinc or copper, SOD2ated in the mitochondria, is coupled
with manganese and the extracellular SOD3 is alspled with zinc or copper. The
SOD/catalase system protects cells from the intloeicative effect of radiation by the

scavenging of @".

+ 1+ .- +
M cop . 0l — M — 50D + o,

i+

M sop+ 0y + 2H = M — 50D+ HZ0,

.- +
2D2 + ZH —= I:I'2+H2D2

Figure 3 The chemical reactions of the conversion of superoxide to hydrogen per oxide by SOD

M, metal.

Glutathione protects cells from oxidation by severachanisms: direct scavenging ROS,
the reduction of oxidised entities or by the comjtign of reduced glutathione (GSH) to
oxidised moieties. Upon radiation treatment, theajhione peroxidase gene has been

found to be upregulated in fibroblasts isolatedrfrgliomd?. Glutathione peroxidase

36



catalyses the transfer of an electron from theeeddorm of glutathione (GSH) to an
oxidised moiety. This process produces the oxidised of glutathione (GSSG) and the
reduced moiety. The reverse chemical reactionigtiection of GSSG into two GSH
molecules, is catalysed by glutathione reductéseeby recycling the cellular antioxidant
pool. This reaction requires the co-factor nicatide adenosine dinucleotide phosphate

(NADPH) for the provision of electrons.

1.15.2.2 Cadll cycleregulation in responseto radiation

The proliferation of cells is a highly controlledopess requiring progression through four
successive phases of the cell cycle. In every ¢cycparent cell produces two daughter
cells. Cells which are in the S phase of the ggllecare in the process of replicating their
DNA in order to obtain two copies of the genometeAthe entirety of the genome has
been replicated, the cells may undergo mitosispegss whereby each daughter cell
inherits one copy of the parent cell's genome. ifitermediate phases of the cell cycle,
although not involved with DNA metabolism, are resgible for the verification of the
genome’s integrity. Cells which are in the G1 phafsthe cell cycle, which contain N
amount of DNA, have exited mitosis and are preggaiinenter the S phase in order to
replicate their DNA. Cells in the G2 phase of tle# cycle, which contain 2N amount of

DNA, have replicated the entirety of their genomd are preparing to enter mitosis.

The presence of DNA damage such as abnormal ba&3Byduring DNA replication

may interfere with the progress of the replicafiork leading to the formation of DSB
which are strong signals for cell death if they ta@numerous to be efficiently repaired.
Alternatively, DSB present during mitosis may causequal distribution of the genome to
the daughter cells resulting in their death. Mompthe presence of DNA damage may
result in an impaired alignment of the chromosoaiesg the spindle equator. Such
unrepaired damage may prevent mitotic progressisasult in cell death by a process
called mitotic catastropf& Consequently, cells have evolved complex checkpaihich
arrest cell cycle progression in order to checkintegrity of the genome at the G1/S and
G2/M transitions. Cell cycle checkpoints conferioaelsistance upon proliferative cells

because they allow time for the repair of potehtilgthal radiation-induced DNA damage.

1.1.5.2.3 DNA damage and DNA repair
The absorption of radiation energy by DNA leadth® production of abnormal bases,
SSB and DSE'. DSB are considered the most critical DNA lesidvisreover, the

cytotoxicity of IR on cells is known to be more pot in normoxic conditions compared
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with hypoxic conditions, implicating ROS in the geation of DNA damad@ It is
considered that 60-70% of radiation-induced DNA dgenis caused by R&#FSThe main

ROS considered to react with DNA molecules is*HThe chemical reaction of HQwith

DNA leads to the same DNA lesions as those indbgetthe direct absorption of radiation

energy’.

Nucleotide excision repair (NER) is responsibletfa recognition and repair of DNA-
distorting base damage, such as thymidine dimeeslominantly after ultraviolet (UV)
radiation treatment. On the other hand, base excigpair (BER) is responsible for the
repair of non-DNA-distorting base damage includilegmination, depurination, alkylation
and other oxidative damage leading to abnormalsh&sech defects are recognised by
DNA glycosylases and removed by apurinic/apyrimidendonucleases. The gap is then
filled by DNA polymerasé and the nick repaired by DNA ligadésBoth NER and BER
are involved in the repair of ROS-induced oxidatieenage of DNA”_ ENREF_14

The repair of DSB of DNA is carried out by two manoisms. Homologous recombination
(HR) uses the homologous strand of DNA for therefmee synthesis of missing DNA
sequences. The requirement of the homologous simgplees that this mechanism
preferentially occurs in S-phase and G2, when taezdwo copies of each DNA

strand®_ ENREF_15DSB sensors and recombinases are members ofAh8 Rprotein
family and they are upregulated after radiatioatmeent". Alternatively, non-homologous
end joining (NHEJ) joins the ends of two DNA stranidgether. Thus, NHEJ does not
need the homologous DNA strand. This error-prondD&pair machinery is therefore
unable to maintain the integrity of the gen8hE&NREF_15The main effectors of NHEJ
are the heterodimer KU70/KU80, which is responsibtehe recognition of the DSB, and
DNA-dependent protein kinase (DNA-PK), which ispessible for the recruitment of
ligase IV and artemis. In turn, the NHEJ compleqsisting of KU70/KU80, DNA-PK,
ligase IV and artemis, joins both ends of the Dgethef® ENREF 15

1.1.6 Radiosensitisation

“A true radiosensitiser is a chemical which ince=athe cell-killing effect of a given dose
of radiation. This is achieved either by increak®chation of longer-lived toxic radiation-
induced radicals or modification of vulnerablefical targets in cells, or by interference
with mechanisms of repair of sublethal radiatiomege®. This definition of

radiosensitisation directly involves the generatboxidative stress and the inhibition of
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the pathways leading to efficient DNA repair folloy irradiation. These pathways are

described next.

ROS are produced in all aerobic cells via the axdeof the constituents of the
mitochondrial electron transport ch&inTherefore, due to the high metabolic rate require
to sustain proliferation, cancer cells experien@atgr oxidative stress than normal cells
proliferating at a lower rate. Degenerative oxidatdof membrane phospholipids, DNA
damage and the depolarisation of the mitochondmadr membrane are thought to lead to
oxidation-induced cell death. It was proposed txadlising agents could be used
therapeutically to increase the oxidative stressaimcer cells beyond a theoretical
threshold corresponding to the maximal level oflative stress that a cancer cell can
withstand. Crucially, due to the existence of geeakidative stress in cancer cells than in
healthy cells, this threshold would not be readndukalthy cell&’. However, as a
consequence of elevated oxidative levels, it i€slaed that cancer cells may also
harbour increased levels of antioxidant defenchsrdfore, their depletion, which would

increase the susceptibility to oxidising agentsy miao be an efficient therapeutic option.

The primary effect of IR is the oxidation of molézst Therefore, combination treatment
comprising IR with an oxidising agent, or with aigrdecreasing the antioxidant capacity
of a cell, should result in a greater imbalancthefredox homeostasis, favouring
oxidation. Oxidising agents should be radioseresisince they increase the cytotoxic
oxidative effect of IR. Indeedh vitro studies have demonstrated that the combination of
2-deoxyglucose with 6-aminonicotinamide radiosésesit cancer cells via an increase in
oxidative stress. Furthermore, the enhancemeradtion cell kill was accompanied by
an increased NADP+/NADPH ratio and an increased@SSH rati&”. Further evidence
for the positive interaction between oxidising ageand radiotherapy has been provided
by the clinical study which demonstrated the efficaf combining the glutathione-

depleting agent arsenic trioxfavith radiotherapy in patients with glioffa

The inhibition of G1 and G2 arrest shortens theetfor irradiated cells to repair DNA
damage. Consequently, irradiated cells treated eglhcycle checkpoint inhibitors enter
mitosis or the S phase with DNA damage. SimildbiA repair inhibitors increase the

proportion of irradiated cells entering mitosisloe S phase with DNA damage.

DNA replication during S phase is a dynamic procesgsiiring multiple components.

Firstly, the DNA strands are separated from eabbroSecondly, each strand serves as a
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template for the synthesis of a complementary dtras the replication fork advances,
torsional stress in DNA is created ahead of thk.fdbopoisomerase | cleaves one strand of
DNA, allowing the second strand to pass througictbavage site before re-sealing the
nick. During this process, an intermediate staticcthrough the formation of transient
covalent bonds between topoisomerase | and theedestrand of DNA, the so-called

“cleavable complex”.

A DNA repair inhibitor or a G1 arrest inhibitor @Ws the entry of irradiated cells into the
S phase in the presence of extensive DNA damag@ndPDNA replication, SSB caused
by radiation in addition to those created by topwisrases at the replication fork may lead
to the formation of DSB which are strong signaisdell death. Evidence for the
transformation of SSB into DSB during DNA replicatiwas provided recently by two
separate studies. Olaparib is an inhibitor of pdB#f-ribose) polymerase 1 (PARP-1).
PARP-1 is involved in the recognition of SSB ane tbcruitment of the DNA repair
machinery. It is also responsible for the relaxatdthe chromatin structure allowing
access of the DNA damage repair machinery to thA bi¢ak sit€%. Olaparib is therefore
an inhibitor of SSB repair. It was demonstrated {haphidicolin, an inhibitor of DNA
replication, prevented olaparib-mediated radiogesagion and (ii) that the proportion of
DSB in S-phase cells after 4 Gy irradiation waséased in the presence of olap&tib
Similarly, it was demonstrated that cells synchsediin S phase harboured more DSB
when they were treated with the alkylating agemtdeolomide in the presence of a PARP-
1 inhibitor compared with treatment by temozolomédené®. These results indicated that
the inhibition of the repair of SSB by olaparib ithgrthe replication of DNA resulted in an
increase in the formation of DSB after radiaticgatment or treatment with an alkylating
agent. They further suggested that the SSB areectauvinto DSB during DNA replication

in the presence of a DNA repair inhibitor whichdedo increased cell death.

Alternatively, a G2 arrest inhibitor allows the nof irradiated cells into mitosis in the
presence of DNA damage. Such cells may die by mitattastrophe.

Many drugs used in anti-cancer therapy disrupt ticifrogress or DNA metabolism

(Table 1). Moreover, many of these drugs have lsed successfully in combination with
target radiotherapy in patiefit§>°* For example, the combination ¢fJJmIBG with a
radiosensitiser, the topoisomerase | inhibitor 8qmhase disruptor topotecan, has shown to
be synergistién vitro andin vivo. In this study, the combination of topotecan with

[**4]mIBG induces a more efficient clonogenic kill aad enhancement of the delay in
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DNA repair compared with'{4]mIBG treatment alone. The schedule of adminigiraof
the two agents was also shown to be crucial foelgyn The simultaneous administration
of [**imIBG and topotecan resulted in greater delajn@dgrowth of human tumour
xenografts than'fi]mIBG administration prior to topotecan wice vers&’. This mBG

and fopotecann neuroblastoma (MATIN) regimen is now undergoing icih

evaluatiort™.

Drugs Target M echanism of action

Vinca alkaloids (vinblastine, Disruption of the

vincristine) Microtubules polymerisation/depolymerisation dynamic of
Taxanes (paclitaxel, docetaxel) mitotic microtubules

Cyclophosphamide, cisplatin,
melphalan, busulphan, temozolomide,DNA DNA crosslinking, alkylating and intercalating
carmustine, anthracyclins agents

(doxorubicin, daunorubicin)

) ) Stabilisation of the cleavable complex and
Etoposide, mitoxantrone, topotecan, . . .
o Topoisomerase | and Il creation of double-strand breaks during DNA
irinotecan

replication

Table 1 DNA metabolism-targeting drugs used in anti-cancer therapy

1.1.7 A strategy toimprovetargeted radiotherapy

Although targeted radiotherapy has produced promisgsults, the optimal way to use it
has yet to be determin€d” Indeed, the clinical trials listed in Section.2.have
indicated that, despite overall response rate®% &ssociated with little or manageable

toxicity, cure of neuroblastoma and NETs remainsige.

The intracellular pathways driving cell prolifei@ti are numerous and cross talks occur
among ther™®® Redundant mechanisms allow cells to survive imeat-induced

alteration of a particular pathway. Resistancén&rdpy also develops even in initially
responding patients, notably after ADT of prostaacet’. Thus, treatment with two or
more agents that act upon different oncogenic paybwer that act upon different
components of the same oncogenic pathway are likedghieve better tumour control
than single agent therapies. Nowadays, cancer rear&g employs multimodal strategies
involving surgery, chemotherapy and radiotherapgrddver, chemotherapy may

comprise multiple drugs (Section 1.1.4.5).

The limiting factor of all anticancer therapieghs toxicity to the dose limiting organ. In
targeted radiotherapy, the main dose-limiting origathe bone marrow although renal
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toxicity occurs following administration of octred¢ and octreotate for the treatment of
patients with NET Furthermore, neutropenia and thrombocytopenig@mmonly
observed after targeted radiotherapy. The antieragiticacy of therapy must be balanced
by toxicity to the patient. Synergistic interactibatween two agents in a combination
results in a supra-additive effect, i.e. a grekilethan that of the single agents. The
concept of synergy has also been broadened thi¢hapeutic ratio in which a combination
treatment is therapeutically synergistic if theeseffects are less than those of the single
agent®®. Theoretically, a synergistic combination kills@aver doses than those required
for the single agents to achieve the same kill.@dwer, the use of low doses of a
synergistic combination results in lower levels@ficity and fewer side-effects, thereby
improving the therapeutic ratio. This is of greaportance in targeted radiotherapy for
which bone marrow transplants are often requireatder to avoid myelosuppression.

The efficacy of targeted radiotherapy may be imptblay combination with
radiosensitisers. One aim of the research deschibtiils thesis was the screening of
chemotherapeutic agents for synergistic interactith targeted radiotherapy. Of
particular interest was disulfiram because of its@xidative properties, its ability to
inhibit the proteasome/nuclear factor kappa B {j-pathway, its ability to chelate
copper and its radiomodifying properties. A litewrat review of the biological effects of
DSF is provided in the second part of this intrdadurc

1.2 Disulfiram (DSF)

1.2.1 Thenomenclatureof DSF and itsderivatives

Dithiocarbamates are defined by a carbamate growhich both oxygens are substituted
by sulphur atoms. A thiuram is a molecule with vihiocarbamates linked by a
disulphide bridge. DSF is a thiuram with four etggbups; hence DSF is also called
tetraethylthiuram disulphide. The reduction of tligulphide bridge yields two
diethyldithiocarbamate (DETC) molecules. One paléicderivative has been extensively
studied: pyrrolidine dithiocarbamate (PDTC). PDBGidithiocarbamate in which the
nitrogen atom is engaged in a pyrrolidine cycleF28d its derivatives all chelate copper

(Cu). The chemical structures of these compounelsiamwn below (Figure 4).
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Figure 4 The chemical structures of the dithiocar bamate family members

1.2.2 Theoriginsof DSF

At the beginning of the 2" century, it was realised that workers grinding oar
disulphides in the rubber industry developed urgdaasymptoms after alcohol ingesti
The symptoms included hypotension, increased patse headache and flushing of
face. Notably, a physicn published that these compounds could be thefou
alcoholism as the cited workers all became invalnnalcohol abstaine®. This finding
was then extended to show that DSF is a sensitigjegt to alcoh*®®*°* Following this
pioneering work, DSF has been used for half a cgntutreat alcoholism. The mechani:
of action of DSF iralcohol aversion therapy is thought to be the inioib of the enzym:
aldehyde dehydrogenase (ALDH). After alcohol ingestethanol is oxidised 1
acetaldehyde by alcohol dehydrogenase (ADH). Tagetaldehydes are further oxidis
to acetate by ALDHIt is the prolonged and elevated plasma conceatrati
acetaldehyde, due to D-induced inhibition of ALDH, which is thought to lbesponsible
for the unpleasant symptoms, the-called “DSFethanol reaction” (DER). Consequen:

patients undergoing D¢ treatment avoid alcohol intaker fear of an undesirable reacti

DSF also inhibits dopamirfehydroxylase ([BH), the enzyme that catalyses
hydroxylation of dopamine to noradrena'®% Thismay explain why DSF is indicated

cocaine addiction therap'®****

and may be used to treat other addictions su
pathological gamblin'®. The rationale is that the dopamineradrenaline axis is involve
in rewarding and reinforcing behavio®®. The inhibition of this axis by DSF wou
prevent addictive behaviours. Furthemore, cocareepotent catecholamine-uptake

inhibitor. Increased noradrenaline levels are rasjide for the euphic feeling after
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cocaine intake, and this may be reduced by the D8&iated reduction of noradrenaline

levels.

1.2.3 Alcoholism, DSF and cancer

It has been reported that the lung cancer relagathdf alcoholics was significantly lower
in those taking DSF than in those who weréHoalthough alcohol intake should be
higher in DSF non-takers, the authors argued thaeslcohol is not an indicated cause of
lung cancer, the difference in alcohol intake caubtlaccount for the difference in lung
cancer incidence. However, smoking, a habit linicedicohol consumption and a known
risk factor for lung cancer, was not taken in aetton this study. The same study also
found an association between lower incidence aérothncers and DSF intake but the
difference was not statistically significAtt This observation raised the question whether
DSF was a potential anti-cancer agent or not. & cdspontaneous remission from breast
cancer in an alcoholic following DSF therapy wasomted® and, more recently, DSF

produced a long-term remission in an advanced steganoma patieHt’

1.2.4 Thebiological targets of DSF

1.2.4.1 Increasing oxidative stress

DSF is a chelator of divalent metal ions - primadbpper (Cu) but also iron (P&, nickel
(Ni)*** and cadmium (Cd}% DSF has been described as a Cu ionophore whttsex
cytotoxic effects via Cu deposition inside cEffsa mode of action called Cu overld&d
Cu only exists bound to proteins in the cytoplams, following Cu overload, cellular
metabolism may be disrupted by inhibition of mangteins. Alternatively, the Cu-bound
form of DSF may represent an active form of DSFakhs toxic in its own right (see
Section 1.2.4.2).

Due to their higher metabolic activity, tumour sadixist in a state of increased oxidative
stress compared with normal c&fisAccording to the Cu overload theory, excess Qutee
with the glutathione system, thus depleting theéoairdant defences of tumour cells. Also,
Cu ions can cycle between two ionic forms, Cu(hg &u(lll), in the presence of:B»

and form ROS, such as HQOn a Fenton-like reaction (Figure') Tumour cells can

produce high levels of #D,''°. Thus, Cu may be capable of raising oxidativesstigeyond
the threshold that the tumour cell can deal wittwia ways: interfering with the
glutathione system and through the intermediacy l6énton-like reaction. Raising Cu

levels within tumour cells, resulting in the distiop of multiple metabolic pathways and
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elevating oxidative stress, has been suggesteel &m leffective anti-cancer optfn
Furthermore, the Cu-mediated increase in oxidairess could be a radiosensitising

mechanism by which DSF could enhance the efficAcgdiotherapy.

Fe2* + Ho0,—= Fe®' + OH + HOe

Fest+ O = Fet + 05

207 +H0,— OH + HOs + U5
=

Figure 5 The Fenton reaction using Fe** asan electron donor

Tumours accumulate Cu to sustain their higher noéitademand, which results in greater
Cu levels than in non-malignant c&fisFor instance, Cu is a co-factor for superoxide
dismutase (involved in the removal of superoxidiaas), lysyl oxidase (involved in the
cross linking between collagen and elastin) andatytome c oxidase (involved in the
production of ATP in mitochondri&) Besides the Cu overload mechanism of action, it
could be argued that Cu chelation by DSF is irfitegic to cancer cells by interfering

with tumour cellular metabolism of Cu.

SOD1 requires Cu for the detoxification 0f*O It has been shown that DETC, the product

of the reduction of the disulphide bridge of DSthibits SOB*". The authors argued that
DETC-mediated inhibition of SOD enzymatic activitgcurred via binding to Cu. Indeed,
the inhibition of the enzymatic activity was revenldoy Cu supplementation. Moreover,
the authors observed the formation of a yellow eofollowing treatment of solutions of
SOD with DETC, which was indicative of the formattiof a complex between DETC and
Cu'?'8 The yellow colour was not extractable by orgamitvents but extractable by
treatment with CuS§"". This observation suggested that DETC probablgino SOD
via its interaction with Cu, thereby inhibiting SGiotivity. Therefore, DETC inhibits a
mechanism which counteracts oxidative damage atdnté&kOS. Since DSF is broken
down into DETGin vivo, DSF should have similar SOD-inhibitory propertieDETC.
This mechanism may further contribute to the sesadion of cancer cells to oxidative
insults such as IR.

The glutathione system is responsible for the rdtmmeostasis of the cell by cycling
between its reduced form (GSH) and its oxidisethf@GSSG). This multi-step process
was described previously (Section 1.1.5.2.1). D&t interact with the glutathione system

by virtue of its disulphide bridge. It has beenwhdhat the non-enzymatic reaction
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between DSF and GSH forms two molecules of DETCaamolecule of GSSG (Figure
6)119.

5 5
CH3CHZ C| |CH3CH2 CH3CHZ |
S N N + 268H —— 2 T P GS-SG
| NN ~ |
CH3CHZ

CH3CHZ | | CH3CHZ
S

Figure 6 The non-enzymatic conversion of DSF to DETC by glutathione (GSH), adapted from
Nagendra et al. (1991)™°

Furthermore, it was shown that the cytotoxicityp@F was potentiated by buthionine
sulfoximine (BSO) and prevented by N-acetyl cysiNAC)"*°. BSO is an inhibitor of-
glutamyl-cysteine synthetase, the rate-limitingyene in the biosynthesis of glutathione.
NAC is an antioxidant and a precursor of GSH. Tloeee DSF decreases the antioxidant
defences of the cells by lowering the levels ol glutathione, which may, in turn,

lead to cell death in response to oxidants.

In summary, DSF has been shown to contribute t@ased oxidative stress in cells via the
increase of intracellular Cu levels and the inloipitof antioxidant defences such as SOD
and glutathione. Therefore, DSF should sensitiie ttiethe pro-oxidative effect of

radiotherapy.

1.2.4.2 Theproteasome/NF-kB axis

The proteasome is an organelle responsible focdh&olled enzymatic degradation of
proteins. Cu alone or the Cu-chelated form of D8Fot DSF itself inhibited purified
proteasome in a cell-free system. In contrastells conly the Cu-chelated form of DSF
inhibited the proteasonffé. A possible mechanism is that DSF is requiredansport Cu
through the cell membrane. Cu could then have beleased in the cytoplasm with
subsequent inhibition of the proteasome. Howevecesthe Cu-chelated form of DSF was
also able to inhibit purified proteasome in a ¢ede system, it may be that Cu binding
confers upon DSF the ability to inhibit the prot@a® as well. Both mechanisms may be

responsible for proteasome inhibition.

The proteasome is also a key component of theaitivpathway of the transcription
factor NFxB. NF«B is involved in the control of the cell cycle, gposis, immune

responses and responses to many stimuli such iasioadoxidative stress and exposure to
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xenobiotics. The inactive form of NiB is bound to its inhibitordB and remains in the
cytoplasm. Upon external stimulation (radiationidaive stress), B is phosphorylated,
ubiquitinated and broken down by the proteasome.ddgradation oikB releases NkB
which can then be translocated to the nucleus wihbreds DNA in order to drive the
transcription of its target genes. MB-is activated as part of the cellular response to

oxidative stress and has anti-apoptotic properties.

The production of ROS by IR was described previp(@Section 1.1.5.1). Elevated levels
of ROS in the cytoplasm after irradiation createdative stress. The oxidation of key
amino acids (e.g. cysteine) in active sites ofgira may alter the protein structure.
Proteins capable of being activated in this waycatked oxidative stress sensors. Once
activated, oxidative stress sensors trigger thestngption of genes encoding antioxidant
defences. Although the NiEB activation routes are multiple and unclear, dNB-was
demonstrated to be an oxidative stress séffsdliF«B has been shown to be activated in

response to radiatidfi ***and to confer upon cells radioresistant properies>

NF-kB activation has been shown to increase the ad@oicapacity of
phaechromocytoma cells by transcription of the geameoding catalase agdglutamyl-
cysteine synthetase, conferring increased protecijainst oxidative stress which
translated into prevention of apoptdéisSimilarly, it has been demonstrated in another
study that the inhibitor of apoptosis (IAP) wasnegulated after stimulation by tumour
necrosis factor (TNR), a known activator of NikB*?”. The mechanism of IAP-induced
prevention of apoptosis was thought to be bindingrtd inhibition of caspases. Thus, NF-
kB has antioxidant and anti-apoptotic propertideadt through transcription of genes

encoding antioxidants and IAP.

DSF and its pyrrolidine derivative, PDTC, are iritibs of NF«B activatiort?®*?° The
inhibition of NFkB activation by DSF or PDTC is a sensitising medrarto oxidative
stress and apoptosis. Therefore, the inhibitiotheforoteasome/NkB axis by DSF
represents another radiosensitising mechanism loghvithcould improve the efficacy of
targeted radiotherapy.
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1.2.4.3 1sDSF an oxidising agent or an antioxidant?
Despite the pro-oxidative properties of DSF desatipreviously in Section 1.2.4.1, it has
also been demonstrated that DSF and its derivasivels as PDTC and DETC have anti-

oxidative properties.

In one study, PDTC, the pyrrolidine derivative d8Pwith free thiols, decreased the rate
of generation of ROS by fenretinide and inhibitpdtosi¢®’, suggesting direct
scavenging of ROS. In a second study, DSF prevdipieidoeroxidation in isolated
hepatocytes exposed to a range of oxidising agecitsding HO,"*%. These studies

demonstrated the antioxidant properties of DSFRID@C.

DSF and its derivatives have pro-oxidative propsréxemplified by the transport of Cu
into the cytosol, the inhibition of NkB and the depletion of antioxidant defences such as
SOD and glutathione. Conversely, they also haviecdative properties by virtue of

their reduction of peroxidised lipids and the direcavenging of ROS. A summary of
these mechanisms is shown in Table 2. An attengpbhan made to describe the

chemistry of dithiocarbamates (PDTC, DETC and DiB&) encompasses both pro and
anti-oxidative properti¢d”. Using a HO-generating cell-free system {8, and CuGJ),

the authors demonstrated the scavenging of B\ODSF, DETC and PDTE% Secondly,

using a different cell-free system comprising DETDCh, GSH, glutathione reductase
(GR) and NADPH, the authors monitored the ratexadation of GSH into GSSG. It was
demonstrated that the inclusion of Cuf@la solution of DETC produced the oxidised
compounds DSF and DEBCu that led to the oxidation of GSH into GS&HTherefore,
the authors cautiously concluded that “dithiocaragas are radical-scavenging compounds
with pro-oxidant activity; that is, they remove eelectron oxidants (free radicals) but, in
doing so, induce a state of two-electron oxidasitress (GSH conversion to GSSG;
NADPH oxidation to NADP).” This conclusion indicated that dithiocarbamadess

oxidising agents. The scavenging of ROS, and tbezghe reducing power of
dithiocarbamates, generates oxidised disulphidexidised Cu-complexes that are able to

deplete cells of reduced glutathione.
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Table 2 The pro- and anti-oxidative properties of DSF and its derivatives

1.25 DSF actsasan anti-viral agent and as an immunomodulator

The effect of DSF and its derivatives on NB-activation and oxidative stress is perhaps
best exemplified by its use in anti-viral therapie effectiveness of treatment against
influenza and human immunodeficiency virus (HI\igictions is impeded by high
mutation rates of these viruses. Consequentlyetaag of viral components is not an
optimal strategy. Instead, targeting the host tallmetabolism that is misused for the
benefit of viral replication and that is not subgtto high mutation rates may prove more
successful. The mechanism whereby the host'sBI¥s requisitioned for viral replication
is not well understood. One possibility is thaughinfected cells release pro-inflammatory
cytokines, which represents an activation triggemiacrophages to produce toxic ROS in
order to kill infected tissues. The release of RO& activation trigger for the
transcription factor NRB which, in turn, promotes transcription of virarges®®. Several
investigators have studied the potential of dB-inhibitors, such as PDTC, to counteract
viral infections such as influenza and HIV. It heeen shown that PDTC increased the
survival of influenza-infected mice and reducedltirsition of immune cells into influenza-
infected tissues. It also decreased the produdtiamerferon-gamma, thus limiting

macrophage-mediated release of ROS and reduciogdany tissue damaljé

NF-kB was first recognised to be a transcription fabiading to thexB chain of
immunoglobulink enhancer gene sequehiteNF-kB is involved in many immunological
processes such as immunoglobulin production, thenai@on of macrophages and the
maturation and proliferation of T and B ceff& Despite the requirement for N in T
49



and B cell development, DETC-mediated inhibitioNéf-«B activation was shown to
promote T cell maturation to fully immunocompeteelis in athymic micE”’. Since the
immune system may recognise tumour cells andHeilirt, it is encouraging that DETC did

not impede immune function but, on the contrarjagiced T cell activation.

1.2.6 DSF in combination with chemother apy

The multi-drug resistance syndrome is responsieliemoresistance due to the pumping
of drugs out of the cell. Drug efflux is mediatedthe membrane-bound transporter P-
glycoprotein (P-gp) and this mechanism is dependerhe availability of adenosine
triphosphate (ATP). DSF was shown to inhibit P-gpgdefflux by modifying thiol groups
in cysteine residues located within the ATP-bindiagsette of P-gif. Another study
demonstrated that two DSF metabolites, S-methyldi&tylthiocarbamate sulfoxide and
S-methyl N,N-diethylthiocarbamate sulfone, alsahited P-gp drug effluX®. Therefore,
DSF may enhance chemotherapy by inhibiting P-gpiated chemoresistance,
rationalising its use in combination with existitigig regimens for the treatment of
neuroblastomd® or PCa*.

DSF is a highly reactive thiol-containing compodinst discovered for its alcohol
dehydrogenase inhibiting properties. Dehydrogenssgaesent a class of oxidizing
enzymes which perform a variety of roles. Theyragnly detoxifying enzymes, such as
alcohol and aldehyde dehydrogenases, or metabdynges, such as pyruvate or glucose-
6-phosphate dehydrogenases. Dehydrogenases oxigigestrate and transfer an electron
to an acceptor, usually a molecule of NA@ a functionally similar coenzyme.
Dehydrogenases have various effects on xenobmsiicls as chemotherapeutic agents. The
oxidation can either convert the chemical into etiva (e.g. etoposide) or an inactive form

(e.g. cyclophosphamide).

Etoposide damages DNA through the formation okahble complex with
topoisomerase |l and the formation of DNA-bindingtabolites* It was reported that
etoposide cytotoxicity was inhibited by D8Fvitro'**. Furthermore, other inhibitors of
ALDH inhibited etoposide-induced cytotoxicity. Thathors concluded that ALDH was
required for the activation of etopostéfe Clearly, the combination of the ALDH-inhibitor
DSF with etoposide is antagonistic and does naesgmt an efficient treatment modality

worth pursuing.
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On the other hand, cyclophosphamide requires asammn of metabolic transformations
in order to be activateid vivo*** The active metabolite of cyclophosphamide, 4-
hydroxycyclophosphamide, exists in equilibrium walldophosphamide. ALDH is
responsible for a decrease in active 4-hydroxy@adephamide by converting
aldophosphamide into the non-toxic alcophosphaniiierefore the benefit from ALDH
inhibition in combination with cyclophosphamide Hmen suggest&t. It has been shown
that DSF was able to increase the oncolytic agtvitcyclophosphamide in mice in a
schedule-dependent mant&rMoreover, DSF could reduce cyclophosphamide-iaduc
urologic toxicity to the bladder. However haematefio toxicity induced by

cyclophosphamide was slightly increased by HSF

Furthermore, it has been shown that DSF prevespatin-induced myelosuppression and
nephrotoxicity without affecting anti-tumour actiyi*’. While still controversial, the
mechanism of DSF-mediated protection against dispiexicity is thought to be due to
chelation of platinurtf®, myeloprotection or through the shift of platinexcretion to the
bile, thereby sparing the kidné{3

Cisplatin and cyclophosphamide are used as firestdhemotherapy of neuroblastoma.
This regimen might be improved by the inclusiol>&F. On the other hand, combination
with etoposide is likely to be antagonistic. Dughe inhibition of P-gp-mediated
chemoresistance, DSF may still increase the retemwti a wide range of chemotherapeutic
drugs. However, the example of the antagonisticlioation of DSF with etoposide
illustrates the need for pre-clinical evaluatiortteg combinations of DSF with

chemotherapeutic agents.

1.2.7 Cancer stem cellsand ALDH

Besides its role in alcohol metabolism, ALDH wasoashown to be overexpressed in stem
cells, both normal and malignarft The cancer stem cell (CSC) hypothesis implicates
normal stem cells as the origin of a tumour. CSCcapable of asymmetric division
producing another CSC and a more differentiatecdbturagell. It is thought that CSC are
responsible for driving metastasis and for tumelapse after therapyl. CSC escape
treatment due to their limited number within a twumdheir location in hypoxic niches
distant from blood vessels, and their chemoresistamd radioresistance. For instance, it
has been shown that transgenic mice over-expresdiibgd were protected from alcohol-
mediated enhancement of the pro-apoptotic machiiaicating that aldehydes are pro-

apoptotic and ALDH anti-apoptoti®. It has been suggested that ALDH inhibition by DSF
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could re-establish CSC sensitivity to apoptt8ifRecently, it has been shown that
glioblastoma neurospheres have increased ALDHdex@hpared with their monolayers
counterparts®. Glioblastoma cells grown as neurospheres aregtitdo be enriched in
glioblastoma stem-like cells. Interstingly, it Haeen found that the ability of the
glioblastoma cells to form neurospheres could héited by DSF in a Cu-dependent

mannet>®

. This study suggested that DSF has cytotoxic pt@seagainst glioblastoma
CSC via the inhibition of ALDH. Since metastasisl aalapse after treatment are the two
leading causes of death from cancer, the targeti@SC via the ALDH-inhibitory

properties of DSF may be a useful new therapetratesyy.

1.2.8 Angiogenesis

Angiogenesis, the formation of blood vessels, guied to provide oxygen and nutrients
to tumour cells in order to sustain growth. Therefanti-angiogenic chemotherapy has
been devised for the treatment of cancer. Tumosoeated angiogenesis, like normal
angiogenesis, requires Cu as a co-factoAlthough, there is no consensus mechanism to
explain Cu requirement in blood vessel formatiorgiagenic growth factors, such as
vascular endothelial growth factor (VEGF) and filiest growth factor (FGF), require Cu
binding for their secretion and activity. Cu chelat such as penicillamine, have been
shown to have anti-angiogenic propertiedt has been hypothesised that DSF may have
similar properties. Indeed, DSF has been showntibit metalloproteinases (MMP-9 and
MMP-4)*® key enzymes in the angiogenic process that reqirnc as a co-factor. DSF
may inhibit MMPs via zinc chelation. However, itshiaeen reported that DSF-induced
inhibition of MMPs may be mediated by the activataf “reversion-inducing-cysteine-
rich protein with kazal motifs” (RECKJ’_ENREF_116an inhibitor of metalloproteinases
associated with favourable prognosis in colorezaacet®®. Therefore, DSF inhibits
angiogenesis and may disrupt tumour homeosta#ii® atascular stage of tumour

development.

1.2.9 DSF targetscancer cells

The specific targeting of malignant lesions rativ@n normal tissue by anti-cancer
therapies diminishes the occurrence of side-eff&ascer cells have a higher proliferation
rate than normal cells, thus cancer cells are rmaseeptible to therapies targeting dividing
cells, such as DNA damaging agents and radiothefsgpg consequence of their higher
metabolic rate, tumour cells have increased oxidatiress compared with normal cells,
thus they are more susceptible to therapy desigmebbvate oxidative stress beyond a

threshold that will trigger cell death. It has absen shown that numerous components of
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the proteasomal degradation pathway are overexgassumour cell lines and in tumour
biopsied®**® Finally, cancer cells have a higher Cu conteanthormal cells. Elevated
Cu levels, increased oxidative stress, elevatetbpasome activity and faster proliferative
rate of tumour cells compared with non-malignatis@e differences that can be
exploited for the targeting of cancer cells ovenimaalignant cells. DSF has emerged as an
anti-cancer agent due to its ability to interadhwnultiple components overexpressed in
tumour cells and necessary for their survival:

- Inhibition of the proteasome

- Induction of oxidative stress via Cu deposition artdbition of antioxidants such
as glutathione and SOD

- Inhibition of angiogenesis

- Inhibition of resistance to therapy by inactivat@nALDH, NF-xB and P-gp

- Inhibition of ALDH and the targeting of CSC

1.2.10 Pharmacology and toxicity of DSF

From the pioneering work on the alcohol deterrenpprties of DSF and its broader use in
anti-addictive therapies to its anti-cancer prapsrtDSF targets a variety of cellular
pathways which suggest the possibility of an unta&ble toxicity profile. A summary of

the pharmacology and the toxicity of DSF is prodidie the following paragraphs.

DSF is unstablen vivo and is rapidly metabolised. It has been shownttiepeak plasma
concentration of DSF in humans (048%ml; 1.181M) is reached 10 h following a single
oral dose of 250 mg and that the DSF plasma coratent is zero 72 h after
administration®’. DSF is reduced to DETC by GSH primarily in ergitytes®® The
reactivity of the free thiol of DETC confers updseilf the ability to form disulphide
bridges with cellular thiols. Accordingly, it hasdn shown that approximately 20% of the
drug remains bound to tissues in the body for 4 weeks after ingestidfy. Alternatively,
DETC can be chemically modified by liver enzyme®tigh methylation and
sulfoxidation or by conjugation to glucuronic aéid rapid excretion in urin&*. Non-
enzymatic breakdown of DETC may also occur, yigjdiarbon disulphide and
diethylaminé®>.

Carbon disulphide is thought to be the most toxétaholite of DSF, particularly to nerve
cellst®® The side-effects of DSF include hepatotoxi€ityoptic neuritis®
encephalopathies and neuropattfiz¥°*"? malaise, nausea, diarrhoea, endocrine and

cardiovascular abnormaliti€s. However, three case reports have described teesible
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nature of the side-effects after cessation of DSfeduction of the dos&*°**"° The
typical oral dose of DSF given to patients is 2B0-8ng daily. In this regimen, the most
severe side-effects (neurotoxicity) appear afteess months of therap$?. Despite case
reports of DSF-induced toxicity, millions of alcdlropatients have been treated safely
with DSF since it was approved by the FDA in 1948

1.2.11 Old drugs, new tricks

It is a long and expensive process to develop mahe#fective anti-cancer agents. It takes
on average 13.5 years from discovery to markettngsually involves validation of a
target, validation of targeting compounds, preichhevaluation and Phase I, Il and 1lI
clinical trials. However, the rate of drugs entgratinical trials and failing to demonstrate
therapeutic efficacy is 70% in Phase Il and 59%liase I"> ENREF_131These high
failure rates are coupled with the high developntest of new compoundS. DSF was
approved by the FDA in 1948 and has been in clinisa ever since for alcohol aversion
therapy. Therefore the clinical practice, toxiatyd other pharmacological data related to

DSF, normally determined in lengthy and expenslieaal trials, are already well known.

Moreover, the cost of cancer treatment is escadtinthe patient and societies. For
instance, more than 90% of FDA-approved anti-canoerpounds in the last 4 years cost
more than $20,000 for a treatment lasting 12 WeéENREF_133An alternative
approach has been proposed: the use of non-profisduch as DSF_ENREF_134

This involves using off-target effects of cheap amdilable old drugs. One year’s
treatment with DSF costs £550 per pafiéhDSF has recently been described as an anti-
cancer agent for its Cu-dependent cytotoxicity sTikian off-target effect, i.e. unrelated to
ALDH inhibition which is responsible for alcohol ension. In a financial climate where
investments are at risk, it is not surprising te seny studies and clinical trials
investigating DSF as an anti-cancer thefapfENREF 135

1.2.12 Clinical trialsinvolving DSF

There are five clinical trials listed by the US Matl Institute of Health, which aim to
determine the feasibility of DSF treatment in cargagients (Table 3). Several scientific
approaches have been chosen in these clinical. tMdthereas two clinical trials are
investigating the effect of DSF alone in prostataaer and melanoma, three are
investigating the effect of DSF in combination w@h, cisplatin or standard radio-
chemotherapy. The Cu-dependency of DSF cytotoxisityell known; therefore it is

important to test whether Cu supplementation isiireqg to enhance the tumour control by
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DSF in humans. Secondly, the clinical trials inigeging the combinations of DSF with
cisplatin in non-small cell lung cancer or withredard radio-chemotherapy of
glioblastoma multiform are testing the hypothebet DSF is an effective adjuvant
therapeutic option. The ability of DSF to enhanlsernotherapy with cisplatin via
inhibition of side-effects or the ability of DSF itthibit P-gp-mediated chemoresistance

was discussed previously (Section 1.2.6).

Principal
] ) Cancer Comment Phase Dose ID
investigator
Non-small cell Combination
Nechustan H o ) -1 NCT00312819
lung cancer with cisplatin
Solid tumour Combination 250 mg DSF + 2
Grossmann K metastasis to the| with Cu | mg Cu gluconate| NCT00742911
liver gluconate daily
Metastatic 250 mg twice
Fruehauf JP -1 ) NCT00256230
melanoma daily
DSF as an
) adjuvant therapy
Glioblastoma )
Karamanakos PN ) prior to standard | 1l NCTO01777919
multiform )
radio-
chemotherapy
) 250 or 500 mg
Carducci MA Prostate cancer dail NCT01118741
aily

Table 3 Clinical trialsinvestigating DSF as an anti-cancer therapeutic

1.2.13 DSF, aradiation modifier

A consideration of the biological effects of DSB@provides a rationale for

the investigation of DSF in combination with raghat The activation of NF-kB results in
the expression of anti-apoptotic and antioxidamiegenhich confers upon cells
radioresistant properties (Section 1.2.4.2). Thusjnhibition of the proteasome/NdB
pathway by DSF could explain radiosensitising progge of DSF. On the other hand, the
pro- and anti-oxidative properties of DSF led te Hypotheses that DSF was a
radiosensitiser and a radioprotector, respectiviig conflicting literature describing the
radiomodifying properties of DSF is presented ib[€al and is described below.
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In In
Author ) ) Chemical Schedule Radiomodification Endpoint
vivo | vitro
Van Bekkum DSF 4800 ) 30-days
e | Yes No Simultaneous No effect )
DW (1956} ma/kg survival
Nemavarkar P| )
DSF 100-200 DSF 20 min post Yeast
etal No Yes M R No effect val
surviva
(20048t "
Nemavarkar P| )
DSF 100-200 DSF 20 min pre IR Yeast
etal. No Yes No effect )
o1 uM - wash survival
(2004
Taylor RD et DSF 24 h prior IR Surviving
82 No Yes DSF 0.337uM No effect )
al. (1986§ - no wash fraction
Evans RG et DETC 1 h prior to ) ] Surviving
83 No Yes DETC1 mM Radioprotection )
al. (1982% IR - no wash fraction
Evans RG et DETC 1000 DETC 0.5 h prior ) ) )
Yes No Radioprotection Survival
al. (1983) mg/kg to IR
Van Bekkum DETC 360 ) ] ] 30-days
e | Yes No Simultaneous Radioprotection )
DW (1956} ma/kg survival
Rencova J et DETC 120 ) ) ) )
84 Yes No Simultaneous Radioprotection Survival
al. (1997% mg/kg
Nemavarkar P
DSF 100-200 ) . . Yeast
etal. No Yes Simultaneous Radioprotection )
o1 UM survival
(2004}
Lipid
Gandhi NM et DSF 1 h prior to ) ) peroxidatio
g5 Yes No DSF 50 mg/kg Radioprotection
al. (2003§ IR n and DNA
damage
Tumour
Kent et al. DETC2to4h ) o
g6 Yes No DETC 50 mg/kg . Radiosensitisation growth
(1988} prior to IR
delay
Lin PS et al. DETC 1 h prior to ) o Surviving
87 No Yes DETC 0.1uM Radiosensitisation )
(1979} IR - no wash fraction
Evans RG et. ) ) | Surviving
83 No Yes DETC 1 mM Simultaneous Radiosensitisation )
(1982) fraction
Stone D et al. ) o )
(1078} No Yes DETC 2.4 mM DETC 1 h after IR  Radiosensitisatio | Haemolysis
Stone D et al. DETC 1 h prior to ) o
88 No Yes DETC 2.4 mM Radiosensitisation Haemolys
(1978} IR - no wash
Westman G ef] DETC 1 h prior to ) o Surviving
8o No Yes DETC 3 mM Radiosensitisation ]
al. (1980§ IR - wash fraction

Table 4 The conflicting liter ature on the modification of the radiation effect by DSF and DETC

)
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1.2.13.1 Themixed disulphidetheory

Thiol groups are major constituents of cellulartpias. They are readily oxidised to form
disulphide bridges. According to the mixed disutfghtheory, thiol-containing compounds
(R1-SH) exist in a mixed disulphide state with theget cellular thiol (R2-SH):

R1-SH + R2-SH> R1-S-S-R2 (mixed disulphide) (1)

Being already oxidised, the mixed disulphide confadioprotection to the target cellular
thiol from the oxidising effect of IR°. Many thiol-containing compounds, including DSF
and its metabolite DETC, have been studied for tlaglioprotective properties in the
search for a compound that would protect workett@radiation industry and the armed
forceg®*'! The mixed disulphide must be a transient andrsiivie complex in order to
avoid toxicity in case of the target cellular thibing involved in vital cellular processes.
Thus, the timing and scheduling of administratibthe thiol-containing compound
simultaneously with or around the time of irradiatis critical in order to achieve optimal

radioprotection.

The mixed disulphide theory also offers an expliamafior the radiosensitising effect of
thiol-containing compounds. The glutathione systenesponsible for the redox
homeostasis of the cell by cycling between GSH@B&G. Therefore, thiol-containing
compounds may form a mixed disulphide with GSH:

GSH + R2-SH> GS-S-R2 )

In this context, the GSH pool would be diminishedking the cell more susceptible to
oxidative stress from IR. The mixed disulphide tiyenffers an explanation for both the

radiosensitisation and radioprotection conferredB¥ and its derivatives (Table 4).

1.2.13.2 Radioprotection

DSF and its metabolic derivatives, including DET¥&re screened for their ability to alter
the lethal effect of X-rays in mit®. It has been found that all tested compoundsnbut
DSF, had radioprotective properties. This is sgipg because DSF is metabolised to two

DETC molecules and DETC was found to be radioptotecHowever, unlike the other
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compounds, the administration of DSF was intragrallarachis oil, which, according to
the author, caused diarrhoea thus limiting absompif DSF into the bod§.

Another study reported that Sprague-Dawley ratd dighin 14 to 44 days after a tail vein
injection of 1.45 MBg/kg of *°Po whereas they died within 36 to 93 days aftestme
1% treatment but co-administered with 120 mg/kpBT C*®* DETC also partially
restored blood and bone marrow cell count. Theopadtective mechanism of DETC was

argued to be due to chelation’5¥Po to facilitate its excretidft.

Other mechanisms of radioprotection by DSF or @svatives have been demonstrated in
two studies. The yeaStaccharomyces cerevisia@s investigated, cultured either in its
aerobic or anaerobic state. Radioprotective pragseof DSF were observed in the aerobic
cultures but not in the anaerobic ones, sugge#tiagscavenging of radiation-induced
ROS is the mechanism by which DSF protects frometil effect of radiatiofi’. By
extrapolation, one can consider anaerobic cultiressemble hypoxic tumours, which
rely on glycolysis for energy production, and aécatultures to mimic non-malignant
cells. If oxygen level is lower in the tumour thamormal tissue, radioprotection by DSF

could only be achieved in healthy non-malignarsdues.

Interestingly, others have reported the reductioradiation-induced lipid peroxidation
and DNA damagé vivo by DSF®° and the protection of bone marrow colony forming

unitsin vivo following irradiatiort®.

1.2.13.3 Radiosensitisation

In a study involving erythrocytes, DETC was showmhhance radiation-induced
haemolysis which was likely due to inhibition of B@nd subsequent elevation of ROS
levels®® This result have been supported by two subseqapnotts®’® These data are

in striking opposition to radioprotection due t@senging of ROS by DSE.

Interestingly, a study reported that, when non-eamgs cells in the plateau phase of
growth were irradiated and immediately thereafigrosed to 1 mM of DETC, an
enhanced kill compared with radiation alone wascted®:. This effect was not observed
when the same scheduling and dosing of DETC anidtran were applied to cells
maintained in Hank’s balanced salt solution (HB&Sppposed to Eagle’s minimum

essential medium complemented with foetal calfmefECS}®. One may conclude that
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complemented medium contains an agent that conpens DETC the ability to enhance

radiation-induced cell kill.

1.2.13.4 All about scheduling?

In the study comparing the radiomodifying effecDETC in cells maintained in
complemented culture medium compared with cellswaaied in HBSE® DETC was
shown to have radioprotective properties if thésoekre exposed to DETC for 1 hour
prior to irradiation and a radiosensitising effét¢he cells were exposed to DETC at the
same time as irradiatio¥, suggesting that scheduling was critical. Howeires, separate
study, it has also been shown that cells expos&EIC 1 h prior to irradiation or 1 h

after irradiation were both radiosensiti¥8dOne possible explanation for these
contradictory results is that non-dividing Chinétamster HA-1 fibroblasts were used in
the first study whereas human erythrocytes werd usthe second. Erythrocytes transport
oxygen and thus rely to a greater extent on RO&«dging enzymes, such as SOD, than
the HA-1 cells to protect themselves from the osiittj effect of radiation. This would
make erythrocytes more susceptible to SOD inhibitdoe to DETC and explain the potent
radiosensitising effect of both schedules. In trst §tudy, the radioprotective effect of
DETC (the cells were exposed to DETC 1 h priortadiation) was in line with the theory
that constituents of the cells are protected froendxidative effect of radiation by mixed
disulphide formation. In the simultaneous treatmB#TC may not have had time to bind
cellular thiols therefore failing to protect agdirsdiation. Pre-incubation with DETC was
required for radioprotection whereas radiosensitisaoccurred instantly (the
simultaneous exposure to radiation and DETC wassadsitising). This implies that the

radioprotective mechanism of DETC is a slower magdm than its radiosensitising effect.

Among thein vivo studies listed in Table 4, DETC given 0.5 to Iriompto irradiation
provided radioprotectidfi>*2®**4wyhereas DETC given 2 to 4 h prior to irradiation
afforded radiosensitisatioft. The longer pre-incubation period before irradiatiesulted

in radiosensitisation whereas the shorter pre-iattab period resulted in radioprotection,
which was contradictory to the vitro findings described in the previous paragraph. &hes
results demonstrated the added complicatian @ivo scheduling of radiosensitisers with
radiation. For optimal combination therapy, theditaken for the radiosensitiser to
penetrate the tumour must be taken into accoumtder to achieve maximal intratumoural

activation/inhibition of the radiosensitising targe: the time of tumour irradiation.
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Likewise, in the case of targeted radiotherapyyviedge about the time taken for the
radiopharmaceutical to reach the tumour must bentak account. The effect of DETC on
the survival of rats following injection of the iaduclide®%o (1.45 MBq/kg) has been
evaluate®®. The schedule for optimal DETC-induced radioprtitecis dependent on
1% pharmacodynamics. For example, absofi& remains in the body with a half-
time of over 100 days*. Thus, in the study evaluating the effect of DEArCthe survival

or rat following administration of-°Po, tissues were exposedtdPo irradiation for over
100 days. DETC peak plasma concentration occutsdlter a single oral doSé. DETC
was given ten times over 2 weeks aft8Po administration. Therefore, DETC was bound
to tissues during at least the first two weeksmurwhich tissues were exposed to

irradiation from?*°Po, conferring radioprotection during this period.

1.2.14 Conclusion

Despite its use as an alcohol deterrent for theGiagears, the biological effects of DSF
are still not completely understood. The multiglicf targets inhibited by DSF and
overexpressed in cancer cells (Section 1.2.9) mAs#san attractive anti-cancer option.
The scavenging of ROS and the reduction of persedllipids were shown to confer upon
DSF and its derivatives antioxidant properties whsrthe reduction of the glutathione
pool, the inhibition of SOD-mediated removal of R@%: inhibition of NFkB activation
and the deposition of Cu were shown to confer UpSR and its derivatives oxidising
properties (Table 2). Of the studies listed in €ahl DETC was shown to be a
radioprotector and a radiosensitiser whereas D3Fslwawn to have no effect or to be
radioprotective. There was no association betwee+oyidative or anti-oxidative
properties of DSF or DETC with radiosensitisatiomawioprotection, respectively.
Strikingly, the demonstration of radioprotectionD$F via scavenging of RG8 was in
sharp contrast to the radiosensitisation by DET&inMibition of SOD and subsequent rise
of ROS®® The studies listed in Table 4 are heterogenedthsraspect to the dose range of
DSF or DETC used (0.AM to 2.4 mM), the use of different schedules of bamtion
treatment with radiation and the endpoint invesédaThere was no trend found between
these parameters and the observation of radiosatiih or radioprotection. This
indicated the existence of other determinants ef#diomodifying property of DSF and

its derivatives, such as the amount of Cu preseatstatus of NiB, P-gp expression,

SOD activity or glutathione levels.
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2 Thessaims

- to investigate the dependence on Cu of DSF toxicity

- to investigate alternative determinants of theaautidifying properties of DSF

- to quantify the radiomodifying properties of DSFcellular monolayers following
external beam irradiation

- to quantify the radiomodifying properties of DSFmulticellular tumour spheroids
following exposure to'f]mIBG or [**4]MIP-1095

- to determine a mechanism explaining the radiomadifproperties of DSF
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3 The Cu-dependent toxicity of DSF to tumour cellsgrown as

monolayers.

3.1 Introduction

3.1.1 Thecytotoxic activity of DSF isimperfectly under stood

DSF targets multiple molecular entities that aeeasal for the survival and the
proliferation of cancer cells, notably the proteasaand NF«B*?:*?*1%° The proteasome
is involved in many biological pathways includingtigen presentatidf’, survival,
progression through the cell cycle and apoptdst&® NF-kB is a stress sensor which,
upon activation, drives the transcription of aniitznt and of anti-apoptotic gerfe&**°

The inhibition of the proteasome/NdB axis was hypothesised to confer upon DSF pro-
oxidative and pro-apoptotic properies?®® Another cancer-related target of DSF is
superoxide dismutase (SOD) whose inhibition alsalte in increased oxidative
stres$'’?% By virtue of its disulphide bridge, DSF interautith the glutathione system,
thereby altering the antioxidant defences of tmeaur celt®°.
DSF is mediated by the inhibition of multiple taigéhe glutathione system, SOD, NF-

The pro-oxidative effect of

kB) resulting in the reduction of cell viability anell death’>. However, the
concentration-dependent cytotoxicity of DSF is wetl understood. It has been
demonstrated that DSF-induced cell kill followseaarse N-shape relationship with
increasing concentratidn vitro®®®. Explicitly, DSF induced cell kill at low conceation
followed by a reversal of cytotoxicity at highemoentration and a further increase in DSF
concentration resulted in a second phase of dellTkiis biphasic response profile cannot
be explained by conventional pharmacological latysikating that a particular effect

follows a linear, hyperbolic or sigmoidal relatitis with increasing dose.

It has been hypothesised that the biphasic resgoo$iee might be due to the multiplicity
of disulfiram targets but this hypothesis was ested®. According to this hypothesis, the
inhibition of one particular molecular target (tard.) by DSF would lead to cell kill at low
concentrations and the inhibition of a second paldr target (target 2) would lead to a
second cell kill at high concentrations. Thed@alue of mechanism 1 (k) should be
lower than the 16 value of mechanism 2 (kg,). Furthermore, in order to explain the
reversal of cytotoxicity observed at intermediataaentrations of DSF, mechanism 2 and
mechanism 1 should be antagonistic. As the DSFerdration increases beyondsG but
has not yet reached 46, mechanism 2 inhibits mechanism 1 resulting iewersal of
cytotoxicity. A further increase in DSF concentration resultsyitotoxicity due to
mechanism 2 only (Figure 7).
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Figure 7 The two-mechanisms hypothesis of the particular concentration-effect of DSF

The inhibition of target 1 results in the loss d@hility in the lowconcentratio range of DSF which is
defined by 1G,... Similarly, the inhibition of target 2 resultstime loss of viability in the higconcentration
range of DSF which idefined bylCs.,. The range of DSEoncentrations indicated by the bsegment
defines the concentration range of DSF at whichhaeism 2 is not yet cytotoxic but antagoni

mechanism 1 resulting in reversal of cytotoxi

The DSFHmetabolite diethyldithiocarimate (DETC) may be produced by the chemic:
enzymatic reduction of the disulphide bridge of DBETC could then have cytotox
effects of its own but with potency (sp) different from that of DSF. Therefore, it w
hypothesied that the biphasic resnse profile may be due to théernative chemical forr
of DSF. However, DETC was shown to have similatgasomeinhibitory effects tc

DSF#2%7 suggesting that DETC is not responsible for tipldsic response profi

In vivo experimentfhiave demonstrated that DSF can delie growth of melanomas

well asbreast and prostz carcinoma xenografts in mide*2+20%0%

. The biphasic response
profile has never been reporiin vivo. However, these studi@svestigated the xenogr
growth delay aftea single dose of DSF (30, 50 or 200 m(). The LCso dose of DSF
given orally is1,980 mg/kg in mic*'°. Thus, the DSF doses administered to anime
these studies (30, 50 or 200 mg/kg) are an orderagihitude lower than what can be u
safely in miceHowever, the routine regimen of DSF therapy in laitiw patints is daily
oral intake of 250 0500 m¢*®*. In an average man weighing 75 kg, this dose cooress
to 3.33 0r6.66 mg/kg in men. Within the methodological linatfsextrapolating from mic
to humans, the doses u in the animal experiments stated above are in exuxampare(
to what is routinely used in meThe effect of a wide dose range of DSF on the gra#
xenografs remains to be investigatand the existence afbiphasic response profin

vivo has yeto be resolve:
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Finally, the biphasic response profile may represarartefact of the experimental setup.
For instance, one property of DSF is chelation of°T Similarly to DSF, the majority of
Cu-binding proteins in the human body contain thicth domains that form the Cu-
binding sité'%. DSF chelates Cu through the interaction of itg &ulphur atoms and has
been shown to increase dramatically the cytof8kand the proteasome-inhibitory effects
of DSF?., Notably, Cu is present in the serum used to cempht cell culture mediuftt.

It has been demonstrated that the cytotoxicity®T €, a member of the dithiocarbamate
family, increased with the serum content of theurel mediuri*®. Since PDTC-mediated
cytotoxicity was prevented when dialysed serum uwsesd, the authors concluded that
cytotoxicity was due to a protein. However, sinaelihds to proteins and is rarely in its
free ionic form in biological systems, dialysis mago have eliminated Cu from the
serum. Since Cu increases DSF-induced cytotoxittieyCu concentration must be
carefully monitored in all experiments involving BSAccordingly, serum-free culture
medium was used in the ensuing investigation otthetoxicity of DSF in Cu-controlled

conditions.

3.1.2 Theimportance of defining the concentration-effect relationship of DSF on the
basis of pharmacological laws.
The work in the following chapters will focus orethytotoxic effect of the combination of
DSF withy-radiation. In order to analyse the effect of a boration treatment, one has to
understand the interaction between the single agesad in the combination. Combination
analyses are more extensively explained in the cieegdters. For now, suffice to say that
the analysis of a combination treatment dependbs®application of a mathematical
model, the median effect principle, which is béittm pharmacological laws that describe
the concentration-effect relationship of the siragent$™. Particularly, the dose-effect
relationship is described by two parameters: theeentration reducing the effect by 50%
(ICs0) and the coefficient of sigmoidicity m of the cemndration-effect relationship. DSF-
induced cytotoxicity does not follow a classicahcentration-effect relationship, as
indicated by the biphasic response profile. Thesetbhe evaluation of the interaction
between DSF and radiation is not amenable to coatibmanalyses which require a
monotonic response to dose escalation. The expetaingork of this chapter will
determine the effect of equimolar concentration®$F and Cu (DSF:Cu). It will be also

be shown that the median effect principle can desd&®SF:Cu-induced cytotoxicity.
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3.2 Aims
The aims of this chapter are:
- determination of the involvement of Cu in the biplsaesponse profile of DSF.
- determinationn vitro of the parameters kgand m of the concentration-effect
relationship of DSF and DSF:Cu in SK-N-BE(2c) andW/NAT cells

3.3 Materialsand methods

3.3.1 Cdl culture

The cell lines SK-N-BE(2c) (neuroblastoma) and LIRGprostate carcinoma) were
purchased from the American Tissue Culture Colec(ATCC). SK-N-BE(2c) cells were
grown in Dulbecco’s modified essential medium (DMEMedia supplemented with 15%
(v/v) FCS (Autogen Bioclear), 2 mM L-glutamine abh (v/v) non-essential amino acids.
LNCaP cells were grown in Roswell Park Memoriatitose (RPMI) media supplemented
with 10% (v/v) FCS (Hyclone, Fisher Scientific, UK) mM L-glutamine, 10 mM HEPES,
2.52 g/l D-glucose and 1 mM sodium pyruvate. TheAUMAT cell line was derived from
a human glioblastoma and obtained from the Meddradology Department, Beatson
Laboratories, Glasgdi. It was previously transfected to express the Nyafie
(UVW/NAT) %2, UVW/NAT cells were grown in Modified Essential Kiem (MEM)
supplemented with 10% (v/v) FCS (Autogen BiocleamM L-glutamine and 1 mg/ml
geneticin for the selection of the NAT-expressietisc All media and supplements were

obtained from Invitrogen (Paisley, UK).

SK-N-BE(2c), UVW/NAT and LNCaP monolayers were @agsd twice weekly at 1:10,
1:10 and 1:3 dilutions, respectively. Fresh cubusere thawed from liquid nitrogen stock

at passage 30. The monolayers were incubated &ti&7& 5% CQ atmosphere.

3.3.2 Drugsand drugstreatments
The following nomenclature for DSF and Cu complexéksbe adopted in this thesis:
- DSF refers to the molecule of DSF without additodrropper
- DETC refers to the molecule of dithiocarbamate ioletéh by reduction of the
disulphide bridge of DSF
- DSF:Cu refers to the Cu-chelated form of DSF oletdiby mixing equimolar
concentrations of DSF and Cu
-  DETGC;,:Cu refers to the Cu-chelated form of DETC obtaibganixing DETC and
Cuina2to 1 molar ratio of DETC to Cu

- Cu[DETC} is the commercial form of Cu-chelated DSF.
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It is important to note that the chemical formutdd®SF:Cu, DETG.Cu and Cu[DETC]

are similar.

All treatments were carried out using cells in enxgrtial growth. DSF and DETC were
dissolved in 100% dimethyl sulfoxide (DMSO). DSFE.DC and DSF:Cu treatments were
carried out in culture media for 24 h at 37°C afel GOG,. The concentration of DMSO
was kept constant at 0.1% (v/v) in all treatmeWben indicated, the Cu chelator
bathocuproine disulfonate (BCPD) or the radical Mi#&yC were added along with DSF.
Cu, in the form of chloride salt, was dissolvedvater before addition to the culture
medium. Serum-free culture medium was used in ésexwhere the concentration of Cu
required to be controlled. Untreated controls sghum-free culture medium were always
included. After 24 h of treatment, the cells welgsted three times in phosphate-buffered
saline (PBS) in order to remove the drugs. DMSOFO3ETC, Cu, BCPD and NAC were
obtained from Sigma-Aldrich (Dorset, UK). The D3iblets Antabuse were obtained from
Actavis, Denmark, and Cu[DETg&\as obtained from Tokyo Chemical Industry.

3.3.3 Viability assay

The reduction of 3-(4,5-Dimethylthiazol-2-yl)-2,%ptenyltetrazolium (MTT) to formazan
by mitochondrial reductases was assessed as degrieviousl§™. Cells were seeded in
96-well plates (lwaki, Japan) at 37°C and 5%,00nce in exponential growth, 20 of
fresh medium containing drugs was added. After ##ttbation, the drug-containing
medium was removed and replaced by fresh, drugAfiedium. Then 5@ of a 5 mg/ml
MTT solution (Sigma-Aldrich, Dorset, UK) was added 4 h in the dark and at 37°C. The
medium containing MTT was then removed and formaxas solubilised with DMSO.
Cell viability is proportional to the absorbancef@fmazan at 570 nm. The
spectrophotometer Emax precision microplate re@delecular devices, US) was used to

measure formazan absorbance at 570 nm.

3.34 Clonogenic assay

After drug treatments, the cells were trypsinised eounted using a haemocytometer. For
every treatment, cells were seeded in triplicasées (Nunclon, Roskilde, Denmark) in 4
ml fresh medium. Preliminary experiments indicateat the appropriate cell number to
seed per dish was 250 for UVW/NAT and 600 for SKBEE2c). The number of cells to
seed per dish was chosen experimentally to yiedrtaximal number colonies without

overlapping. The plating efficiencies were 70.5%.64% and 32.98 + 2.40% for
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UVW/NAT and SK-N-BE(2c), respectively. The colonwesre allowed to grow for up to
14 days at 37°C and 5% G.('he medium was then removed; the colonies weshadin
PBS and fixed in 50% (v/v) methanol in PBS. MetHamas removed after 10 min and the
dishes were allowed to dry. The colonies were sthimith a 0.1% (v/v) crystal violet
(Sigma-Aldrich, Dorset, UK) for 10 min and rinsedtiwtap water. Colonies containing
more than 50 cells were then counted by eye. Theviug fractions were calculated for
each treatment by dividing the number of coloniesved from treated cultures by the
number of colonies of the untreated control. Thnelependent experiments were
performed for every cell line.

3.3.5 Themedian effect principle
The median effect principl¥’ is a mathematical model describing the relatiqnsleitween
a dose D of an agent and its associated effect fa/f

fa/fu = (D / 1Gso)™ (3)

where fa is the fraction affected by the dose DOsfihe fraction unaffected by a dose D (
fu =1 —fa), IGo is the dose which inhibits 50% of the effect antsrhe coefficient
describing the shape of the dose-effect relatignstihere m=1, m>1,and m<1

indicate hyperbolic, sigmoidal, and flat sigmoidake-effect curves, respectivély.

The logarithmic form of equation (3) converts itara linear form “y = mx + b”:

log fa/fu = m log D - m log 16 (4)

A linear regression using the method of least segiapplied to equation (4) allows the
determination of the slope m and of the y-interdefit = - m log 1Gg). The 1G, can then
be calculated using:

|Cs0= 10 P™ (5)

The accuracy of the calculation of thggd@nd m depends on the degree of fithess of the
linear transformation of the data obtained afterrtiethod of least squares has been
applied to equation (4). The degree of fitnessessnred by the coefficient of

determination R R? values higher than 0.9 were acceptéd
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3.3.6 Absorbance measurement

The absorbance profiles of DSF, DETC, Cu, DSF:GL@un[DETC}, were obtained using
a UVIVIS spectrophotometer Lambda 25 (Perkin Elmeach compound or mixture was
dissolved in 1 ml DMSO and the absorbance profileee obtained for wavelengths
ranging from 200 to 600 nm.

In subsequent experiments, the absorbance at 438asrmeasured in 2Q0 DMSO

using an Emax precision microplate reader (Molacddwvices, US). When the absorbance
of DSF:Cu was measured intracellularly, 100% (B¥SO was added onto the cells in
order to solubilise DSF:Cu. For the experimentsiedrout in the presence of a reducing

agent, ascorbic acid (Asc ac) was also dissolv&MisO.

3.3.7 Proteasome assay

Chymotrypsin-like proteasomal activity was measwsitig Proteasome-Glo™
Chymotrypsin-Like, Trypsin-Like and Caspase-Likdl®ased Assay kit (Promega, US).
Exponentially growing cells were treated in 96-w@#tes with equimolar concentrations
of DSF and Cu for 8 h at 37°C and 5% £The known proteasome inhibitor bortezomib
was used as a positive control. Exponentially gnowaells were treated in 96-well plates
with bortezomib for 2 h at 37°C and 5% €Ohe cells were washed with PBS and
resuspended in 104 of PBS. One hundredl of the manufacturer’s buffer containing
luciferase and the proteasome substrate Suc-LL\¢¥dtn was then added to the cells.
Proteasomal cleavage released aminoluciferin wtechthen be used as a substrate by
luciferase. Luciferase released a luminescent bighigh was a measure of proteasomal
activity. Luminescence was measured using a Lmamnlameter (Molecular Devices,
us).

3.3.8 Fluorescence-activated cell sorting (FACS) analysis of the cell cycle

Proliferating cells can be categorised by virtu¢heir DNA content. Cells that have
undergone mitosis but have not yet started togafditheir DNA contain N amount of
DNA. This is the GO/G1 population. Cells that hagplicated their DNA but not yet
undergone mitosis contain 2N amount of DNA. Thithis G2/M population. Cells
containing between N and 2N amount of DNA are enBINA replicating phase called S.
The fluorescent DNA-binding molecule propidium idei(PIl) can be used to determine the
cell cycle profile of a population of cells basedDNA content'® The cells were treated
with DSF:Cu and harvested by trypsinisation afte2, 4, 8, 12 and 24 h. The cells were
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washed and fixed in a @B solution containing 70% (v/v) ethanol for at 24 h at -
20°C. Ethanol was washed off and the cells werpenuded in PBS containing 2@/ml of
Pl and 20Qug/ml of RNAse A for 2 h at room temperature in tfagk. The cell cycle
profile was obtained by FACS analysis using FAC3%al(BD Biosciences, Mountain
View, CA). The data were acquired using BD CellQuePBro software (BD Biosciences,
Mountain View, CA). A minimum of 10,000 cells wascgaired for each sample. The
percentage of cells in each phase of the cell d@¥G1, S and G2/M) was obtained
using the analysis software FlowJo (BD Bioscient&sintain View, CA). An example of
the analysis and gating on cell populations ofregeusing FlowJo is shown in the
appendix (Figure 80).

3.39 Statistical analysis

The independent samples t-test was used to corttpareeans of two groups. The
assumption of equal variance was tested using leéséest. All statistical tests were
carried out using SPSS v.19 (IBM). If the p-valuagsvgreater than 0.05, the difference was
not considered statistically significant.

3.4 Results

3.4.1 Thebiphasic response profile of DSF

The biphasic response profile of DSF was compatiddthvat of Antabuse (clinical version
of DSF in the form of tablets) in SK-N-BE(2c) cel&erum-complemented culture

medium was used. DSF and Antabuse induced simpaabic response profiles. The first
clonogenic cell kill, ranging from 55% for DSF an8% for Antabuse, was observed at 1.7
MM. The reversal of cytotoxicity peaked at d®l. A further increase in DSF or Antabuse

concentrations yielded a 70% clonogenic cell kil&.9uM (Figure 8a).

The clonogenic cell kill at low and high concentyas of DSF may represent two different
mechanisms reflecting the multiple targets inhibity DSF. BCPD, a Cu chelator, and the
antioxidant NAC were used to assess the involverme@u and the involvement of
oxidative stress in the DSF-induced clonogenic kiél]lrespectively. BCPD (30QM)
prevented the clonogenic cell kill at DSF concerdraless than 3.4M, implicating a Cu-
dependent mechanism of cytotoxicity at these low D& centrations. On the other hand,
NAC prevented the clonogenic cell kill at concetitnas of DSF higher than 10M,
implicating a pro-oxidative mechanism of cytotokycat the higher DSF concentrations

(Figure 8b). These observations are consistent@uttependent, DSF-induced
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clonogenic cell killat low DSF concentratic whereas cytmxicity at hich concentrations
of DSF waglependent on the gelation of oxidative stres3hese results were repeate(
a second cell line, UVW/NAT, but were reported alseré®*,
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Figure 8 The biphasic response of SK-N-BE(2c) clonogensto treatment with DSF

(a) donogenic assay was used to determine the survivégior of SK-N-BE(2c) cells followingtreatment
with DSF or Antabuse alo. (b) The clonogenic survival of SK-RE(2c) was determined after treatm
with DSF in tke presence or in the absence of the Cu chelatboduproine disulfonate (BCPD) or tt
antioxidant Nacetylcysteine (NAC). Data are me« SEM; n=3. Thendependent samplt-test was used
to compare the mean surviving fractiorthe treated groups witihat of untreated controlOne symbol (*)
indicates p < 0.05 arttiree symbols indicate< 0.001, respectively.

3.4.2 Theeffect of themolar ratio of DSF or DETC to Cu on the cytotoxicity of DSF
and DETC

The MTT assay was used to assess viability ¢-N-BE(2c), LNCaP and UVVNAT

cells following exposure to various ratios of matancentrations of DSF and Cu. T

same investigation was carried out with the DSFaimgite DETC. DETC is formed aft

reduction of the disulphide bridge of D.

In the absencef Cu, DSF increasethe viability of SK-NBE(2c) cellsby 20% up to 2
UM but the difference was not statistically sigraint. Both 4 and 1uM of DSF induced
less than 20% loss of viabili Again this was not significantly different from thi&bility
of the control Figure9a). DSF alone, up to a concentration ofubd was not toxic to

LNCaP cells Figure9b) whereas 1AM of DSF alone induced a 30% loss of viability
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UVW/NAT cells (p < 0.05) Figure €). When treatment consisted of equime
concentrations of DSF and Cu, a statistically $igant loss of viability was observed
all three cell linesKigure9a, Figure 9b and Figurep Interestingly, there was
statistically significant reversal of the loss tdhility when DSF was in molar exce
relative to Cu. Thigffeci applied to all three cell lines (Figura,Figure 9b and Figure

9c).
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Figure 9 The effect of ratios of DSF to Cu on the viability of SK-N-BE(2c), UVW/NAT and LNCaP

cells
Cells were exposed t@rious ratios of DSF to Cu for 24 h in serunee culture medium. DSand Cu were

then washed off and the cells exposed to a MTTtismidior 4 h. The formazan absorbance was measli
570 nm. Data are means * S; n=3. The independent samples t-test used to determine the significar
of difference between treatme. The p-value are indicated by the following symbols: *, congzhwiththe
control group T, compared with the group treated with M DSF in the presence ofuM Cu; §, compared
with the group treatedith 2 uM DSF in the presence offV Cu. One symbol indicas p < 0.05; two
symbols indicate g 0.01; three symbols indicap < 0.001.

In the absence of Cu, DETC was not toxic to anlliced examine: (Figure 10a, Figure

10b, Figure 16). A concentration of uM DETC induced 835% loss of viability in the
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presence of UM Cu in SK-N-BE(2c) (p < 0.01), UVW/NAT (p < 0.001) and LNCaP<|
0.001) cells (FiguréCa, Figure 10b and Figure d0 Similarly to DSF, when DETC wx

in molar excess relative to Cu, there was a reVefdhe loss of viability although th
effect was not statistically significant in the ead Sk-N-BE(2c) cell: (Figure 10a, Figure
10b and Figure 10c)

These results confired the requirement of Cu for DET@Rd DSl-induced cytotoxicity.
More importantly, these results also demonsd that cytotoxicity was dependent on
molar ratios of DSF or DET(o Cu. The dose response profitas characterised by
increasing cytotoxicity with increasing concentas of DSF or DETC to a nad
followed by a reversal of cytotoxicity in resporiedreatments with excess molar of D
or DETC relative to Cu. This ttern suggested that the €helated forms of DSF ar
DETC —i.e. DSF:Cu and DET,:Cu - werethe cytotoxic agents. Therefore, the chela
process was investigateddeterminevhether DSF:Cu and DET,:Cu were formed in the
experimental conditions aftereatment of cells with equimolar concentration®8# or
DETC with Cu.
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Figure 10 The effect of ratios of DETC to Cu on the viability of SK-N-BE(2c), UVW/NAT and LNCaP

cells
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Cells were exposed t@rious ratios of DETC to Cu for 24 h in seruimee culture medium. DETC was th
washed off and the cells were exposed to a MTTtieoldor 4 h. The absorbance was measured at 57!
Data are mean = SEfh=3). The independent sampletest was used to determine the significarf
difference between treatme! The pvalues are indicated by the following symbols: dmpared wittthe
control group f, compared to the group treated withi2M DETC in the presence ofuM Cu; 8§, compared
to the group treatedith 4 uM DETC in the presence of|gM Cu. One symbol indicas p < 0.05; two
symbols indicate g 0.01; three symbols indicap < 0.001.

3.4.3 Thecheation of Cu by DSF and DETC

The mixing of one mole of Cu iis with two moles of DET®@r one mole of DSlresults in
the formation of DET:Cu and DSF:Cu, respectively. Thetelationscan be monitored
spectrophotometrical*'®. The Cuehelated form of DSF was also purchased from Tc
Chemical Industry, Japan. The commercial form ef@h-chelated form of DSF i
denoted Cu[DETG] The peak absorbance 100uM Cu[DETC]L was 437 nm (Figure
11a). The solvent in which Cu and DETC were dissom@g100%DMSO (v/v). DMSO
did not absorb light between 300 and 600 nm, indlieaf the specificity of thi
wavelength range fcCCu[DETC} (Figure 11a).

a g — DMSO
N —— 0.1 pM pre-formed Cu[DETC],
—— 1 uM pre-formed Cu[DETC], 1
—— 10 pM pre-formed Cu[DETC],
100 pM pre-formed Cu[DETC],
v 1 mM pre-formed Cu[DETC],

Ad38

0.1

" / 429 nm
X | 0,01
b \ /437nm 0 1 10 100 1000

CuDETC, (M)

Absorbance

" %0 w W "
4 ~— DMSO
b ey —— 200 pM DETC
Wy — 100 pM Cu

"\-, —— 200 uM DETC + 100 pM Cu
8 | 200 uM DETC + 10 uM Cu
2 \ 20 uM DETC + 100 uM Cu

I

Absorbance

) L — 43smm

?50 300 0 500 800

Wavelength (nm)
Figure 11 The absor ption spectrum of DETC, Cu, DETC + Cu and Cu[DETC],
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The absorbance profiles of DMSO solutions contgr@u[DETC} (a), DETC, Cu and DETSCu (b) were
analysed at wavelengths ranging from 200 to 600(opT he relationship between the absorbance and th

molar concentration of CU[DETgIis shown.

When DETC was mixed with Cu in a 2:1 molar ratigjregle peak appeared at 438 nm.
DMSO, DETC and Cu alone did not result in a peadodiance at or near to 438 nm. The
wavelength (438 nm) of the absorbance peak obtaiftedmixing 20QuM DETC with
100uM Cu (Figure 11b) was similar to that obtained 69 iM of the commercially
available Cu-chelated form of DSF Cu[DET@37 nm) (Figure 11a). This suggested the
formation of DETG:Cu after mixing DETC and Cu in DMSO (Figure 11bjus, it is
possible to monitor the formation of the Cu-cheddtmm of DSF by measuring

absorbance. The wavelength 438 nm was chosensaladlequent experiments.

When equimolar concentrations of DSF and Cu wesediin DMSO (10QuM), there was
no absorbance measured at 438 nm, indicative &dmmation of DSF:Cu. However,
formation of DSF:Cu was observed in the presend®aohM of the reducing agent Asc ac
(p < 0.001) (Figure 12a). These data indicatedtti@tisulphide bridge in the DSF
molecule needs to be reduced into two DETC molsaunl®rder to be able to chelate Cu
and form DSF:Cu. Importantly, commercial Cu[DEF @jas not affected by Asc ac
(Figure 12b).

Since the cytotoxicity of DSF and DETC dependsatios of DSF or DETC to the relative
concentration of Cu, the stoichiometry of the fotiora of DSF:Cu and DET£Cu was
investigated. Two molecules of DETC or one molea@ilBSF and one molecule of Cu
were required for the maximal formation of DEJICu and DSF:Cu, respectively (Figure
13a). No significant increase in the formation &TC,:Cu was achieved by increasing the
molar ratio of DETC relative to Cu beyond 2:1 (Fgd3a). In the case of the mixture of
DSF and Cu, one mole of DSF and one mole of Cu vezreired for the maximal
formation of DSF:Cu. The DSF:Cu absorbance wasiguificantly modified by further
increase, beyond equimolarity, in the concentratibDSF relative to that of Cu (Figure
13b). Formation of DSF:Cu was increased by Asd=sgufe 13b). This experiment
demonstrated that a molar excess of DSF and DEBRGvweto Cu did not alter the
structure of the compound formed. Therefore, thensal of cytotoxicity observed by
MTT assay in the presence of an excess molar ctnatem of DSF or DETC relative to
Cu (Figure 9 and Figure 10) could not be explaimgdlteration of the Cu-chelation

process.
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Figure 12 The requirement of a reducing agent for the for mation of the Cu-chelated form of DSF

(DSF:Cu)

DSF alone, Cu alone dineir combination (a) and Cu[DET¢&(b) weredissolved in DMSO at the indicat:

concentrations. The absorbancehe Cu-chelated form of disulfiramas measured instantly at < nm in

the presence or in the absence of 10 mM of thecieduagent ascorbic aciAsc a(). Data are means +

SEM; n=3. The independent sampl-test was used to compare the mean absorbance ‘as indicated by

the barsOne symbol indicates p < 0.05 and three symbolsatelp < 0.001 (c) Relationship between DSF,

DETC and DSF:CuC, carbon; H, hydrogen; S, sulp; N, nitrogen.
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Figure 13 The effect of excessDETC or DSF relative to Cu on the formation of DETC,:Cu or DSF:Cu
DETC (a) or DSF (byvere mixed with Cu at various molar ratios. Theaabanc values of the resulting
DETGC,:Cu or DSF:Cu, respectively, were measured at 44 in the presence or in the absence of ‘M of
ascorbic acid (Asc acData are mean + SEM (n=The independent sample-test was used to compare the

mean absorbance valuins indicates non-significance (p > 0.05).

The formation of DSF:C in the cytosol of UVW/NAT and SK-MBE(2c) cells was
investigatedafter incubation for 30 min with DSF and . It was anticipated that tt
cytosolic concentration of DSF:Cu would be lowarthihe concentration of DSF:(
present in the culture medium. Mover, the lower detection limit of DSF:Cu absorba
is 10uM (Figure 1T). Therefore, a high concentration of D&k Ci (1 mM) were used
in these egeriments. When monolayers were exposed to equiraofecentrations of DS
and Cu, DSF:Cu was formed in the cytosFigure 14a, Figuré4b). The formation was
significant only in UVW/NAT compared with the unéted control (p < 0.05). If no ce
was present, there was no formation of DSF:Cugcating that DSF and Cwere
efficiently washed off from the flasks before saliging DSF:Cu.The Cu chelator BCPD
was used as a negative con The Ky value of BCPD was estimated to be**®M?%,
Due to the low I value of BCPD it waanticipated that equimolar concentration:
BCPD would compete with D¢ for the binding to CuBCPD inhibited the formation ¢
DSF:Cu in the cytosodemonstrating the competition for Gindingbetween equimolar
concentrations dBCPD and DSKFigure 14a and Figure 14lBCPD does not penetre
into the cytosol. Thus the inhibition of D:Cu formationby BCPDoccured in the culture
medium. Itfurther suggeedthat there is a reducing agent in the culture nmadillowing
the chelation of Cu by D¢ Indeed, iwas shown that DSF requd Asc ac in order to
chelate Cu and form DSF: (Figure 12a).
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Figure 14 DSF:Cu ispresent in cells exposed to DSF and Cu

UVWI/NAT (a) and SKN-BE(2c) (b) monolayers were expogedl mM of DSF with 1 mM of Cu in sert-
free culture medium in the presence or in the afisefi 1l mM of the Cu chelatBCPD for 30 min. After 30
min, the monolayers were washed to remove DSF,r@BC&D remaining in the culture medium. The
pellets vere then dissolved in 100 ml of DMSO. The absorbamas measured 438 nm. Data are mean +
SEM; n=3.The independent sample-test was used to compare the mean absorbance valtieg of the
control unless otherwise indicatens indicates non-significant (p > 0.05) amtk symbc (*) indicates p <

0.05compared to untreated cont

3.4.4 Thedetermination of the dose-responserelationship of DSF in the presence or
in the absence of Cu
A decrease in MTT absorbance signal may be dueltadeath, lower proliferation rate
increased senescence. The MTT assan approximateneasurement ccellular viability.
On the other hand, the clonogenic assay assessablity of a single ce, a clonogen, to
form a colonycomprising more than 50 cg, i.e. the abilityto proliferate indefinitely
Since it was showthat equimolar concentrations of DSF and Cu forenaytotoxic
compound DSF:CuHigurel2a), the concentratiogfect relationship of DSF:Cu wi
investigated using the clonogenic assay. UVW/NA@ 8K-N-BE(2c) cell lines were use
to measure the parameters m ansg using the radian effect principle describing t
behaviour of DSF:Cu as indicatedSection 3.3.5LNCaP cells did not form colonies a
were therefore excluded from this analysis. Inghesence of equimolar concentration:
DSF and Cu, the I§gwas 0.32uM in SK-N-BE(2c) cells Figure15a) and 0.28M in
UVW/NAT cells (Figurel5b).The parameters of the concentra-effect relationship of
DSF:Cu were calculated based on the median effets (Figure15c and Figure 15d). In
the absence of Cu, theso for DSF was 16.50M in SK-N-BE(2c) cells Figure 16a) and

23.61uM in UVW/NAT cells (Figure 16b)The parameters of the concentra-effect
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relationshipof DSF were calculated based on the median effetd [Figure 16¢ and
Figure 16d).
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Figure 15 The effect of equimolar concentrations of DSF and Cu (DSF:Cu) on the clonogenic capacity
of SK-N-BE(2c) and UVW/NAT cdlls

SK-N-BE(2c¢) (a, ¥and UVW/NAT (k, d) cells were exposed to equimolar concentratiol3%F and Cu fo
24 hin serunfree culture medium. The cells were washed with BB& clonogenic assay was perforn
Data are mean + SEM; n=(c, d) The median effect plots were constructed usinc¢fa/fu = mlog D — m
log ICso Where fais the fractiol of clonogens affected by the treatmentisfthe unaffected fractic of
clonogens, and nis the coefficient of the sigmoidicity of the contetior-effect curve. Linear regressi
was performed to calculam (the slope) and kg = 10™ercePvm
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Figure 16 The effect of DSF alone on the clonogenic capacity of SK-N-BE(2c) and UVW/NAT
SK-N-BE(2c¢) (a, fand UVW/NAT cells (I, d) cells were exposed to various concentrationsQf Wvithout
Cu for 24 h in serunfree culture medium. The cells were washed with BB& clonogenic assay w
performed. Data are mean + SEM; n(c, d) The median effect plots were constructed usin¢fa/fu = m
log D — m log IGy wherefa is the affected fraction, fe the unaffected fraction, am is the coefficient of

the sigmoidicity of the concentrati-effect curve. Linear regression was performed toutatem (the slope)
and IQO — 10interceptlm

3.4.5 Proteasome activity

Theproteasome inhibitory activiiof DSF:Cu in vitro requiresoncentrations in excess

1 pM*2+22! since § was thown that DSF:Cu is cytotoxi concentrations 1 pM (Figure
15), the proteasomirhibitory property of DS:Cuwas investigated i¢hese concentrations
in LNCaP, SK-NBE(2c) and UVW/NAT cell to determine the contribution

proteasome inhibition to cekill (Figure 17a) The concentrations of DSF:Cu inhibiti
50% of the proteasome activity of the untreatedrcbmwere 1.42, 4.99 and 7.uM in
LNCaP, SK-NBE(2c) and UVW/NA' cells, respectivelyRigurel7c). It is noteworthy
that 1uM DSF:Cuinduced 75-90% Kill in the three cell linesxamine: (Figure 9) but
inhibited only 0.0236.1%o0f the proteasome activity (Figurecd)7This indicatd that the

mechanism responsible for cell , at DSF:Cu concentrations lower thapM, is unlikely
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to be proteasome inhibitic The wellestablished proteasome inhibitor bortezomib
included as a positezcontrol for proteasome inhibiti (Figurel18). The bortezomib
concentrations inhibitin50% of the proteasome activityere 10.81, 3.11 and 3.uM in
LNCaP, SK-NBE(2c) and UVW/NAT, respectivel\Figure 1&). Significantly, these
values are withithe range of the average bortezomib concentriwhich inhibited cell
growth by 50% (7 nM) in a panel of sixty cancell iaks*?>. Thelefore, bortezomib-
induced cytotoxicitymay be explained by inhibition of the proteasome whethis
mechanism of action made no more than a minor ibaniton to DSF:C-induced

cytotoxicity.
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Figure 17 The effect of DSF:Cu on the chymotrypsin-like catalytic activity of the proteasomein

LNCaP, SK-N-BE(2c) and UVW/NAT cells

(a) The cells were exposed to various equimolar comagons of DSF and Cu for 8 h in ser-free culture
medium. After washing, a buffer containing fferase and the aminoluciferin substrate were apptiehe
cells and luminescence was meas. Data are mean = SEM; n=3. The indepen samples t-test was used
to compare the mean absorbance value of the D¢-treated groups with thespective untreed control for
everycell line. One symbol indicates p .05;two symbols indicate p < 0.01 and three symbol&atd p <
0.001. (b)The median effect plot of protsome inhibition. (c)rhe concentratic-effect parameters (m, i
R? and the y-interceptand the calculated percentage inhibition of ttetgasome based on the median ef

equation are shown.
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Figure 18 The effect of bortezomib on the chymotrypsin-like catalytic activity of the proteasomein
LNCaP, SK-N-BE(2c) and UVW/NAT cells
(a) The cells were exposed to various concentratiofmaezomib for 2 h in seri-free culture medium.

After washing, a buffer containing luciferase ahd aminoluciferin substrate were applied to thés and

luminescence was measu. Data are mean + SEM; n=3. The independantple t-test was used to

compare the mean absorbance value of the borte-treated groups wittheir respective untreated cont

for everycell line. One symbol indicates p < 0; two symbols indicate p <@1; three symbols indicate p <

0.001. (b)The median effect plot of proteasome inhibitiopiiesented(c) The concentratic-effect

parameters (m, I3, R? and the -intercept)and the calculated percentage inhibition of thegasome base

on the media effect equation are sho.

3.4.6 Cdlcycle

The effect of 5uM DSF on the cell cycle has previously been ingegé®. The results

showed that DSmiduced a decrease in 1GO/G1population, an increase in the

population and an increase of the -G1 population indicative of apopta*®®. Proteasome

activity is an important modulator of cell cy progressioff>. Since the proteasonwas

found not to be the maj target for DSF:Cu cytotoxicity abncentrations less tharuM

(Figure 17, it was hypthesised that concentrations up tpM would not affect the ce

cycle profile.To determine the legitimacy of this conjec, thecell cycle profiles o
LNCaP, SK-NBE(2c) and UVW/NAT were acquired 1, 2, 4, 8, 12 @ddh following
treatment witl0.3 and JuM DSF:Cu.

81



There was naignificantchange in the distribution of LNCaP, S¥BE(2c) or

UVW/NAT cells throughou the phases of the cell cycle after 12 h exposu@e3@r 1uM
of DSF:Cu (FigurelCa, Figure 19b and Figure 19c). Fhetmore, here was no significant
change in the distribution of LNCaP, -N-BE(2c) or UVW/NAT cellsthroughout the
phases of the cell cycle up to 24Figure 19a, Figure 19b ardgure19c). All LNCaP
cells were killed byl2 h of exposure to equimolar concentrations of B¢ Cu
Therefore lhe investigation of the cell cycle in LNCaP celstifollowing exposure to

DSF:Cu was impssible becese no adherent cell was recovered.
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Figure 19 The effect of DSF:Cu on the distribution of cellsthroughout the phases of the cell cycle

(a, b and c) e cells were exposed equimolar concentrations of DSF and (0.3 or 1uM) in serum-free
medium for 12 h(d, e and 1 The cells were exposed equimolar concentrations of DSF and CuM) for

1, 2,4, 8, 12 and 24ih serun-free culture medium. &l cycle profiles were obtained by FACS analydi:
10000 propidium iodidestaineccells. The assignment of a cell into a phase of the gelecwas based

the amount of DNA [NGO/GJ), 2N (G2/M) or more than N but less thax £5)]. The proportions of cells in

GO0/G1, S and G2/Mvere measured using the software FlovBD Biosciences, Mountain View, (). Data
are mean + SEM; n=3.

3.5 Discussion and summary of theresults
For most drugs, the relationship between conceotraind effect is linear, hyperbolic
sigmoidal.In contrast, the response of several cancellines to treatment with a range

doses of DSHas beeidescribed by a biphasic response préifidor which he present
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results offer an explanation. Clonogenic cell t@ulting from exposure to DSF
concentrations less than or equal to|8\in serum-complemented medium was inhibited
by the Cu chelator BCPD (Figure 8b), demonstrativegdependency on Cu for DSF-
mediated cytotoxicity at low dosage. The cell cidtmedia DMEM, MEM and RPMI
contain no Cu supplementation. However, the FC8 tseomplement the culture media
contained approximately 38 of CL?*2?2422° Therefore, the Cu concentration in the
medium used for the culture of SK-N-BE(2c) cell$ieth comprised 15% serum, was 2.25
KUM. This was close to the concentration of DSF (M which induced maximal, Cu-

dependent, clonogenic cell kill.

The investigation of the Cu-dependence of the oyioity of DSF in serum-free culture
medium revealed that Cu reduced thegyl€dncentration of DSF 80-fold and 50-fold in
UVW/NAT and SK-N-BE(2c) cell lines, respectivelyigkre 15 and Figure 16).
Moreover, DSF-induced cytotoxicity was dependenth@nratio of DSF to Cu. The
clonogenic survival nadir was observed when DSF@mdavere present in equimolar
amounts. This was a reflection of the 1:1 rati®&F and Cu required for chelation to
generate DSF:Cu. Similarly, significant cytotoxyottccurred when DETC (two molecules
of which produce DSF under oxidising conditionsjl &u were mixed in a 2:1 molar ratio.
Two molecules of DETC plus one molecule of Cu yaelne molecule of DETLCu.
Therefore it was the Cu-chelated form of DETC dr&Cu-chelated form of DSF that
were cytotoxic at concentrations less than or etqudl4uM in serum-complemented
culture medium. However, it has to be acknowledgedl in the investigation of the
dependency on the ratio of DETC to Cu for cytotdyi;n LNCaP and UVW/NAT cells,
the cytotoxicity was greater when equimolar coneitns of DETC and Cu were mixed
together (Figure 10b). This suggested that DETGsGlso formed and is as cytotoxic as
DETC;:.Cu.

A hypothesis that explained the biphasic respons@gof DSF in serum-complemented
culture medium was shown in Figure 7. It was hypsibed that DSF was cytotoxic via
two independent and antagonistic mechanisms (2anah two distinct potencies (Kg.1
and 1Gy.p) (Figure 7). Since DSF-cytotoxicity at low dosagas inhibited by the Cu
chelator BCPD and DSF-cytotoxicity at higher dosags inhibited by the antioxidant
NAC, the two mechanisms hypothesis seemed plaudibkeresults presented in this
chapter suggested that mechanism 1 is mediatedilg§fFiGure 8b), which conferred upon
DSF the ability to inhibit a cellular target moretently than DSF alone. The addition of
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Cu reduced the I§ value of DSF 80-fold and 50-fold in UVW/NAT and S%BE(2c)

cells lines, respectively (Figure 15 and Figure T#)e Cu atom may confer a planar
structure upon DSE? thereby facilitating intercalation between plammaiecules (such as
aromatic side-chains of amino acids [phenylalaniyr®sine and tryptophan]) in a manner
analogous to the integration of carcinogenic aoediyes in DNA?". An analogy may be
drawn with the anti-cancer drug elesclomol thatices apoptosis in cancer cells by
elevating the levels of intracellular reactive ogggspecies (ROEF. The chelation of Cu
by elesclomol is necessary for its pro-oxidativd pro-apoptotic effects. It has been
shown that the target of the elesclomol-Cu compdke mitochondria, in which the
redox cycling of Cu(ll) to Cu(l) results in ROS pirectiont™. Interestingly, the chelation
of Cu by elesclomol created a compound charactehgdetra-coordinated trapezoid
planar geometry (Figure Z8J. In the light of the effect of Cu on the structofe
elesclomol, the results presented in this chaptggested that Cu may induce similar
conformational constraints on the DSF moleculeltiegpin a planar structure. In turn, the
Cu-dependent planar structure of DSF could comfeneiased affinity for a particular
target, thus leading to greater cytotoxic potenfc®F:Cu compared with DSF as
indicated by the 50- to 80-fold decrease in thg t©ncentration of DSF:Cu compared to
DSF (Figure 15 and Figure 16).

o A
J’JJJS‘I Cu i‘JJJJ
)59, g%

J o

Figure 20 The planar structure of the elesclomol: Cu complex, adapted from Lianming Wu et al.
(2011)*
Blue, nitrogen (N) atoms; yellow, sulphur (S) atomisk, copper (Cu) atom; red, oxygen atoms; grey,

carbon atoms; white, hydrogen atoms.

Secondly, the ratios of DSF or DETC to Cu influethtiee cytotoxicity. There was a
progressive reversal of cytotoxicity when DSF orT@Ewas present in molar excess
relative to Cu (Figure 9 and Figure 10). This phmeanon suggested competition between
DSF and DSF:Cu for an intracellular site whosegritg is necessary for cell survival. The

hypothesis that Cu confers upon DSF a conformaltidmnge in its chemical structure
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thereby leading to higher potency offered an exatian for the competitive nature of the
reversal of DSF:Cu-mediated cytotoxicity by DSFeToncentration of DSF must be
greater than the concentration of DSF:Cu in ordetisplace DSF:Cu from its cellular
targets because DSF:Cu has more affinity for thgeetahan DSF. Importantly, excess
concentration of DSF or DETC to Cu did not reduee¢helation of Cu by DSF (Figure
13b) nor DETC (Figure 13a), discounting the podisytthat prevention of kill by excess
molar ratio of DSF to Cu was due to the reduceth&tion of DSF:Cu. Thus, the results
suggested that competition of DSF with DSF:Cu expld the recovery phase of the
biphasic response profile of DSF shown in Figure 8a

Finally, in SK-N-BE(2c) cells, the last phase of thiphasic response profile at DSF
concentrations greater than 1B was explained by a second cytotoxic mechanism, fo

which the IGo was 16.5QuM (Figure 16a). The inhibition of DSF cytotoxiciby the
antioxidant NAC suggested that DSF was cytotoxihese doses via the generation of an
oxidative stress. Therefore, these results aremartely consistent with the hypothesis
stated in Figure 7. The more potent mechanisnmbitogght about by the conformational
change conferred upon DSF by Cu. The mechanisnth2 igeneration of oxidative stress
by DSF alone. However, the hypothesis stated tleghamnism 2 (the generation of an
oxidative stress) must antagonise mechanism 1 (€diated) resulting in a reversal of
cytotoxicity. The question whether the generatibarooxidative stress inhibits the Cu-
mediated cytotoxicity of mechanism 1 remains unamsd and constitutes a follow-up
project. Instead, it was speculated that the revefscytotoxicity was triggered by the
competition between DSF and DSF:Cu for the bindmgn intracellular target.

Cu-dependent DSF cytotoxicity, as opposed to thH&kitemediated by oxidative stress
(Figure 8), is of therapeutic interest for two @as Firstly, it has been determined that an
oral dose of 250 mg of DSF results in a peak plasonaentration of UM (0.3 ug/ml or 1
uM)*% A daily oral dose of 250 mg is a routine reginethe treatment of alcoholics.

The 1G;, concentrations of DSF:Cu in SK-N-BE(2c) and UVW/NA£ells are 0.32 and
0.28uM (Figure 15and Figure 16), respectively. Theseeslare within the range of the
low dose kill observed in many other cancer catk$’® and are lower than the peak
plasma concentration of DSF in patiefitsFor the future use of DSF in the treatment of
cancer, firstly it is important to demonstrate &ty at plasma concentrations that can be
achieved in patients. Secondly, DSF has side sffaath as vomiting, drowsiness, loss of

coordination and loss of consciousness. Therefasamportant to use the lowest possible
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therapeutic dose, especially if administered in loimation with other therapeutic

modalities.

An alternative theory for the mode of action of D8By be as a Cu ionophdt&®® It has
been argued that the resulting Cu overload in yhesol is responsible for the inhibition of
multiple targets, including the proteasditeUnder appropriate intracellular redox
conditions, Cu could be released by DSF resultingarious cytotoxic effects. Similarly,
elesclomol has been shown to chelate Cu in thaeeftular space, transport Cu into the
cytosol as an elesclomol-Cu complex, deposit Cualénthe mitochondria, then efflux from
the cytosol into the extracellular space in ordectielate more Cu and start another cycle
of transmembrane Cu transgdtt However, the detection of DSF:Cu in lysed cdfig(re
14) suggests that DSF acts not solely as a Cu lmrepDSF:Cu may also exist in its
complexed form in the cytosol and have a cytotefiect in its own right. The reversal of
cytotoxicity observed when DSF is in molar excedative to DSF:Cu suggests
competition between the two entities. The competifor the same target implies that
DSF:Cu has an effect of its own and does not actiyas a Cu ionophore. Therefore both
Cu on its own and the complex formed with DSF miay @ role in DSF:Cu-induced

cytotoxicity.

The cytotoxicity of DSF:Cu was compared with thBb&F. The coefficient of
sigmoidicity m was approximately 1 for DSF:Cu (Figu5) and 4 for DSF (Figure 16),
indicative of hyperbolic and sigmoidal dose-resgoredationships, respectively. A
hyperbolic curve indicates a steeper increasetiotayicity at low concentrations whereas
the increase in the effect slows down at higherceatrations. On the other hand, a
sigmoidal curve indicates a slow increase in cyoity at low and high concentrations
(shoulders in the curve) whereas there is a ste@pase in cytotoxicity at intermediate
concentrations. For instance, a 10% Kkill is achieatlower concentrations of a drug with
a hyperbolic concentration-effect relationship thairug with a sigmoidal concentration-
effect relationship. This is consistent with thg@abthesis that Cu stabilises the 3-D
structure of DSF in a fixed plan, making the DSHeuole less free to rotate around its
disulphide bridge. Therefore, the stabilised DSFxlecule has more affinity for its
target and is more cytotoxic, consistent with theesvations that Cu lowers thes§of

DSF and switches the shape of the curve from sigahdo hyperbolic.

A wide range of DSF concentrations €1® 1F pM) has been shown to inhibit the

proteasome in several cell lif&%?** However, in SK-N-BE(2c), UVW/NAT and LNCaP
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cells, DSF:Cu did not inhibit the proteasome atoemtrations that are therapeutically
relevant (0.3ug/ml — equivalent to uM) (Figure 17). Furthermore, the distribution of
cells through the different phases of the cell eygas unaffected by DSF:Cu. In contrast,
the proteasome inhibitory properties of bortezooah explain its toxicity in cells (Figure
18) and it was shown that bortezomib induced aayelle arrest at the transition between
the G2 phase and mito$i$ Therefore, it was concluded that DSF:Cu-induggdtoxicity
at concentrations less thamu was not due to inhibition of the proteasome inISK
BE(2c), UVW/NAT and LNCaP cells. The cytotoxic madmsm of DSF:Cu remains not

well understood.

The fact that DSF competes with DSF:Cu for intriatat targets means that if DSF is in
molar excess relative to Cu in the tumour, a tuncalal effect may not be achieved. The
plasma concentration of Cu is in the range 10 tpX6°*#24%%%nd Cu is mostly bound
to proteins such as ceruloplasmin and albumin.Kifealues characterising the binding of
Cu to ceruloplasmin and albumin are’{@nd 10" M, respectivel§*® It has been shown
that a concentration of BV of DSF alone had little effect on the cell cyblgt DSF in
combination with ceruloplasmin, added as a souf€&upwas able to induce dramatic
changes in the distribution of cells through thié ©gele'®. It has also been shown that
DSF and DETC bind to albumin in the plagiiaThese reports suggest that DSF may bind
Cu in the plasma through direct binding to albumnial, perhaps, ceruloplasmin.
Furthermore, Cu is a co-factor of many cellularyenes. Therefore tumours are enriched
in Cu due to their high metabolic dem&hdhe affinity of DSF for Cu may represent a
tumour-targeting mechanism by which DSF:Cu may fpraferentially in the tumour so

that DSF:Cu may always be in excess compared wi#h D the tumour.

The biphasic response profile of DSF was explaar@ticlassical hyperbolic
concentration-effect curves of DSF:Cu were obtailee&K-N-BE(2c) (Figure 15) and
UVWI/NAT cells (Figure 16). The 1§ and m parameters were determined, allowing the

analysis of the interaction between DSF:Cu andatamti in the next chapter.
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4 Theradiosensitising effect of DSF:Cu

4.1 Introduction

DSF and its metabolite DETC are known radiation ifiers (Table 4). Both
enhancemeft®*#18%f and protection from the effect of radiati&t 8184181k ave

been reported using a variety of endpoints. Theaestnation of radiosensitisation by
DETC in serum-complemented culture medium but néiank’s Balanced Salt Solution
(HBSS)® (Section 1.2.13.3) is significant because DETQireg Cu for cytotoxicity
(Figure 10). HBSS contains salts such as magnesiodiym, potassium and chloride but
does not contain Cu. Conversely, the serum usedrtiplement culture medium contains
approximately 15M Cu?*2?%422° Since the presence of Cu is important for the DET
mediated cytotoxicity (Figure 10), it is hypothesizthat the lack of Cu in HBSS was the
reason for the absence of a radiosensitising efféwrefore, the first aim of this chapter is

to investigate the effect of Cu on the putativaosaensitising effect DSF.

The G concentrations of DSF:Cu in SK-N-BE(2c) and UVW/NAells are 0.32 and
0.28uM, respectively (Figure 15). These concentratiaescéinically relevant. The peak
plasma concentration of DSF achieved after ingesti®50 mg dose is @IM*®%, Among

the ten studies, listed in Table 4, which have stigated the radiomodifying effect of DSF
or DETCin vitro, only two have examined clinically relevant corications - 0.1uM
DETC" and 0.337uM DSF®2 Therefore, the second aim of this chapter istestigate
the putative radiosensitising effect of DSF:Cuha human neuroblastoma cell line SK-N-
BE(2c) and the human glioma cell line UVW/NAT anhatally applicable levels. The
concentrations of DSF:Cu or DSF used in combinatiih y-radiation are based on the
results depicted previously showing the dependencjonogenic cell kill on dose of
DSF:Cu and DSF administered as single agents @itpiand Figure 16).

4.1.1 Assessing the efficacy of the combination of drugswith radiation

There are several ways of analysing the effectafrabination of a drug with radiation.
One method uses the linear-quadratic model to askesffect of a range of radiation
doses on cultured cells in the presence of th@naaldifier compared with the effect of
radiation alon&®. Secondly, the nature of the interaction of twersg in combination can
be assessed by either the isobologram méttwwdhe combination index method of

synergy analysfs’.
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4.1.2 Thelinear-quadratic model

A radiosensitiser is definein vitro as a drug which enhances the cell killing of radra
aloné?. Radiosensitisatic may occur by the targeting of critical cellular qoonents
required for cell survival after irradiation, inased formation of radicals or inhibition
DNA repaif?. All of these mechanisms result in a leftward tstiifthe radiation survive

curve (Figure 21).
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Figure 21 The effect of aradiosensitiser on the survival of clonogens following radiation tr eatment

The surviving fraction is the frtion of clonogens able to graavcolony following treatment mpared with
the number of clonogens forming colonies in theraiiated control. In this example, 6.8 Gy radiat&done
induced a 90% clonogenic cell kill whereas only @ylwas required to induce a similar kill in thegence

of 10 uM of aradiosensitiser. The leftward shift demonstratingiosensitisation at the 90% level

clonogenic cell kill is indicated by the red arroie dose enhancement factor (DEF) was 6.8/4.55

The linearquadratic model describes the effect of radi: on the survival of cel**®. The
mathematical relationship between radiation doskcatl survival defins two
components of cell killing. The linear componerdfided by the initial slopa of the
radiation survival cury, is the result of readily repairable SSEONA induced by su-
lethal doses of radiation. As the radiation dosedases, the likelihoi of DSB in DNA,
which occur as a result of two separate ionisatials® increaseDSB are more likely to
be lethal than single strand breaks. This is mahde a greater decrease in clonog
survival per unit dose at high radiation dose. Hterphenomenon is the quadra
component of radiation k**. Using the lineaguadratic equation, it is pcble to
quantify the leftward shift of the radiation suraicurve in the presence o

radiomodifier. The dose enhancement factor (DEF) meagueepercentage reduction ii
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radiation dose that can be delivered in the preseha radiosensitiser that results in the

same clonogenic kill as radiation alone (Figure 21)

4.1.3 Isobologram and combination index methods of synergy analysis

The use of the linear-quadratic model enables ésggdation of a drug as a radiosensitiser
if it enhances radiation kill compared with thah@wved by radiation alone. Therefore, the
dose enhancement factor, calculated accordingetbribar-quadratic model, only
measures the effect of one component (e.qg. a radifier) of the combination on the
other agent (i.e. radiation). However, the effdc combination treatment results from the
effect of agent A on the cytotoxicity induced byeagB and from the effect of agent B on
the cytotoxicity induced by agent A. The dose ewkarent factor is not a measure of the
interaction of two agents in a combination. Sevarathods have been used to analyse the
response of cells to combination treatm¥nThe most widely used are the isobologtam
and the combination ind&X methods of synergy analysis. Both methods defire t
concept of additivity and compare the effect of tbenbination to a theoretical additive
interaction between the two agents of the comlonafl he theoretical additive effect is
calculated based on the concentration-effect oalakiips of each single agent. A
combination treatment may be infra-additive, additor supra-additive if the combined
effect is less than, equal to or greater than xpe&ed addition of the effects of each
agent, respectively. The quantification of radiasstsation using the dose enhancement
factor calculated from the leftward shift of theliaion survival curve does not give
information concerning the nature of the radios&sisg effect (additive versus supra -
additive). There is not a defined threshold valtithe dose enhancement factor beyond
which radiosensitisation no longer results fronnapde additive effect but results from a
supra-additive effect.

A synergistic combination has therapeutic advargayer an additive combination.
Synergism means that the doses of both componétite oombination can be reduced

and still be as (or more) cytotoxic in combinatwith each other. Consequently, the
reduction of the doses of each agent will redude-sifects, leading to an improvement of
the patient’s quality of life. A purely additive mbination may still be of therapeutic
interest due to the increase in tumour cell toyicimpared to each agent alone, especially
if the combination does not increase toxicity immal tissué®. Therefore, thén vitro
determination of the additive or the supra-additiaéure of the radiosensitising effect
allows the prediction of a combination treatmentolilcould induce less clinical side-

effects while retaining its efficacy.
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This chapter is concerned with the determinatiothefnature of the interaction between
DSF:Cu or DSF ang-radiation using the clonogenic assay. It will bewn that DSF:Cu
and DSF are both radiosensitisers. The interachethseen DSF:Cu or DSF agd
radiation were synergistic, additive or antagoniggépending on the level of toxicity

induced by the combined treatments.

4.2 Aims
- determination of the requirement of Cu for the oadbdifying properties of DSF
- determination of the radiomodifying effects of DEk:and DSF in the human cell
lines SK-N-BE(2c) (neuroblastoma) and UVW/NAT (giia) at clinically relevant
concentrations

- analysis of the interaction between DSF:Cu or D&dFyaradiation

4.3 Materialsand methods
431 Tissueculture
See Section 3.3.1.

4.3.2 y-radiation treatment

The cells were irradiated using an external beaadiator containing £Co source

(Alcyon 1l Teletherapy Unit). The flasks containitige cells were covered using a 0.8 cm
perspex plate to ensure maximal energy deposifiba.dose rate was approximately 1
Gy/min.

4.3.3 Clonogenic assay

See section 3.3.4.

4.3.4 Thelinear-quadratic model

4.3.4.1 Thelinear-quadratic equation

The linear-quadratic model describes the effecadiation on the survival of cells. The

cell survival curve follows the mathematical eqoati

SF = exp (aD - BD?) (4)
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in which SF is the fraction of clonogens survivengose D of radiation. The linear-
quadratic model assumes two components of clonod@hione that is proportional to the
dose D ofy-radiation with a coefficientt and one that is proportional to the square of D

235

with a coefficienf3“”. GraphdPadPrism version 6.01 was used to fit genw survival

data to the linear-quadratic model and to calcudad@df’ values.

4.3.4.2 Calculation of thelCsg
Equations (5) and (6) are two versions of the llgaric transformation of equation (1):

In SF = -aD - BD? (5)
0=-aD-BD?-InSF (6)

The resolution of a quadratic equation is basethertalculation of its determinaft®:

A=0%-4BIn SF (7)

If A <O, there is no solution to equation (6)Ai¢ 0, the two solutions Pand D to

equation (6) are given by:

Di=(-a+VA) /28  (8) and
Do=(-a-V8)/28  (9)

As the surviving fraction cannot increase with gasing radiation dose, the valweandf
are positive values according to equation (4).Harrhore, the surviving fraction is always
a value between 0 and 1. Therefore In SF is negydtirnom these observations, it follows
that 43In SF is always a negative value. Therefore, fopassible surviving fraction
values A is always greater than 0 according to equationB&ausé > 0 and a dose

cannot be negative, the unique solution of equdBdms given by:

D=[-a+V0*-48InSF)] /B  (10)

It follows that:

ICs0=[- o +V(0? - 48In 0.5)] / P (11)
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4.3.4.3 Calculation of DEF

DEF is the factor by which the dose of radiationyrba reduced in the presence of a drug
to achieve the same clonogenic cell kill as woaldiation treatment alone. Three levels of
clonogenic cell kill were assessed: 25%, 50% ar®d. 18,5, ICso and 1G5 were calculated
using equation (10), by replacing SF by 0.75, @& @25, respectively. For each level of

clonogenic cell kill, DEks, DEFsg and DEFs were calculated using:

DEF = IC, radiation alone / ICof radiation in the presence of adrug  (12)

The greater the DEvalue, the smaller the radiation dose neededeptasence of a drug

in order to induce the same clonogenic cell kilfadiation alone.

4.3.4.4 Drugtreatment

SK-N-BE(2c) and UVW/NAT cells were exposed to vasaloses of-radiation in the
absence or in the presence of various concenteatibBSF:Cu or DSF in serum-free
medium. The doses @radiation and the concentrations of DSF:Cu and @8Fe chosen
so that the maximal combination treatment intensiiyesponded to a mixture of thes$C
values of each agent. The cells were exposed to@66+ DSF and irradiated
immediately afterward. Clonogenic assays were pedd 24 h after treatment of the cells
with DSF:Cu or DSF.

4.3.5 Themedian effect principle
The median effect principle is described in Sec8dh5. The mathematical equation

relating the dose of an agent to its effect is:

fa/fu = (D /IGs)™ A3)

where fa is the fraction of clonogens affectedi®ydose D; fu is the fraction of clonogens
unaffected by dose D (hence fu = 1 — fa)liS the dose which inhibits 50% of the effect
(ICs0) and m is the coefficient of sigmoidicity descngithe shape of the dose-effect
relationship, where m =1, m > 1, and m < 1 indidagperbolic, sigmoidal, and flat
sigmoidal dose-effect curves, respectiv&lyThe parameters m and the;d@alue can be
calculated as described in Section 3.3.5. Equ#&8boan be rearranged in order to

calculate the concentration producing a given &ffec
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D = ICso x (fa/fu)™  (12)

4.3.6 Isobologram analysis

Isobologram analysis was performed in order tordatee the nature of the interaction
between DSF:Cu or DSF withradiation according to the method of Steel andkRawar®.
The concept of additive interaction between twonégi@ a combination is based on their
dose-response curves as single agents. There ameays of defining additivity by the
isobologram method: mode | and mode Il. In the madletermination of additivity, it is
considered that there is a linear relationship betwconcentration of each agent and the
effect produced, i.e. the clonogenic cell kill Bory increment in concentration is constant
for all parts of the survival curve. In the modeldtermination of additivity, it is
considered that there is a non-linear relationbeigveen the concentration of each agent
and the effect produced, i.e. the clonogenic aklfde any increment in concentration

varies throughout the survival cui¥e

4.3.6.1 Model isobologram analysis

In mode |, both agents reduce the surviving fracctioa linear fashion. Therefore, as the
concentration increases by a constant incrementgeiiiuction of the surviving fraction is
constant. In order to obtain mode | in an isobaogiconstructed at the 50% level of
cytotoxicity, a series of concentrations of agerthat produce an effect up to 50% as a
single agent are calculated using the median efi@atiple. The effects were 0%, 10%,
20%, 30%, 40% and 50%. Then, concentrations oftagame calculated so that, when
added to the effect of agent A, they produce amatv®0% reduction in clonogenicity. For
example, the concentration of agent A producin@% &ffect is 3 AU and the
concentration of agent B producing a 20% effe@&AU (Figure 22a). Finally, mode 1 is
constructed by plotting the pairs of concentratiohagents A and B whose combined
effect adds up to 50% (Figure 22d). The circledndiad corresponds to the pairsh@f
agent A (3 AU) combined with the }gof agent B (0.8 AU) as calculated in Figure 22a.

4.3.6.2 Modell isobologram analysis

In mode I, both agents reduce the surviving facin a non-linear fashion. Therefore, as
the concentration increases by a constant incrertienteduction of the surviving fraction
varies. Modes lla and Ilb assume non-linearityhaf ¢ffect of agents A and B with
increasing concentration, respectively. In ordeslitain mode lla in an isobologram

constructed at the 50% level of effect, a seriesooicentrations of agent B that produces a
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series of levels of toxicity up to 50% (0%, 10%%2®8B0%, 40% and 50%) is calculated.
This series of effects is then used as the ird\a| of cytotoxicity from which the
increment of the concentration of agent A that poa$ a total level of toxicity of 50% is
calculated (Figure 22b). For example, the concaatraf agent B that produces a 20%
cell kill is 2.2 AU and the increment concentratmmagent A that allows the overall
toxicity to increase from 20% to 50% is 1.2 AU (8.8) (Figure 22b). Finally, mode lla is
constructed by plotting the concentration of adeagainst the increment concentration of
agent A whose combined effect adds up to 50% (Eig@@e). The circled triangle (Figure
22e) corresponds to the pairsG 1Cyo of agent A (1.2 AU) combined with the J§of

agent B (2.2 AU) as calculated in Figure 1b.

In order to obtain mode IIb in an isobologram canded at the 50% level of effect, a
series of concentrations of agent A that producs=rias of levels of toxicity up to 50%
(0%, 10%, 20%, 30%, 40% and 50%) is calculateds $hries of effects is then used as
the initial level of cytotoxicity from which the amement of the concentration of agent B
that produces a 50% effect is calculated (Figui®.Z2or example, the concentration of
agent A that produces a 20% effect is 6.8 AU ardribhrement concentration of agent B
that allows the overall toxicity to increase fro@2 to 50% is 1.4 AU (3.6 — 2.2) (Figure
22c). Finally, mode llb is constructed by plottiing increment concentration of agent B
against the concentration of agent A whose combafiedt adds up to 50% (Figure 22e).
The circled square (Figure 22e) corresponds t@#irelC, of agent A (6.8 AU) combined
with the 1G; - ICy of agent B (1.4 AU) as calculated in Figure 1c.
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Figure 22 The deter mination of additivity by model, Ilaand I1b in the construction of an isobologram
at the 50% level of cytotoxicity

The example given for the construction of mode®)| la (b) and llb (c) is a combination of t
concentration of one agent thaoduce a 20% effect with the concentration of th@ed agent producing
30% effect. (d) Mode | defines the line of additwvi(e) Modes lla and Ilb define the envelope ditidity.

4.3.6.3 Determination and interpretation of theisoeffect points

The following method describes the determination of the isoeffeints at the 50% lev
of toxicity. Firstly, the surviving fractions aréopted against the concentrations of aget
in the absence and in the presence of 4 diffemtentrations of agent B. Tl
concentrations of agent A producing a 50% effecso) in the presence of 2, 4, 6 ani

AU of agent B are calculated using the median éffeaciple [Figure23a). In this
example, they are 6.34, 4.85, 3.83 and 2.68 AUbaesrely Figure23a). Therefore, 6.34
AU of agent A in combination with 2 A of agent B produces a 50% reductiot
clonogenicity. The pairs of AU values (6, 2), (4.85, 4), (3.8%) and (2.6, 8) are the
coordinates of four isoeffect points at the 50%elef cytotoxicity Figure 23a). Secondly,
the analogous procedure is performed to deterrhmeffect of agent B on the surviy
fraction in the absence and in the presence dffdreint concentrations of agent Figure
23b). The concentrations of agent B producing a 5@&ee(I1Csg) in the presence of 3,

7 and 9 AU of agent A are calculated using the areeffect principle Figure 23b). The
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pairs of AU values (, 12.68), (5, 9.69), (7, 7.66) and @36) are the coordinates of fc
isoeffect points at #8150% level of cytotoxicityFigure 23Db).
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Figure 23 Deter mination of isoeffect points

(a) The effect of agent A on the survival fractiorthe absence and in the presence of 4 concenrtsabif
agent B. (b) The effect of agent B on the survivattion in the absence and in the presence
concentrations of agent A. The median effeinciple is used to calculate the concentration poity a
particular effect of agent A in the presence ofois concentrations of agent B, avice versaof agent B
in the presence of various concentrations of agefihe effect of 50% is chosen ihe case of an

isobologram constructed at the 50% level of cytimlitx

The isoeffect points generated from the combinatmiragent A and B are then ploti
onto the isobologram chart, as showiFigure 24 If the isoeffect points lie to the left
the envelope of additivity, the response is s-additive. If the isoeffect points lie with
the envelope of additivity, the response is additi¥the isoeffect points lie to the right
the envelope of additivity but within the squarelté doses of the single agents produ:
the same effect, the response is -additive. If the isoeffect points lie outside tlsguare

the response is protece (Figure 24).
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Figure 24 The significance of plotted isoeffect pointsrelative to the envelope of additivity

4.3.6.4 Drug treatment
Isobologram analysis was performed on the datatsatned for the evaluation of t|
combination of DSF:Cu or DSF wiy-radiation using the lineaguadratic mode

Methodology is described in Secti4.3.4.4.

4.3.7 Combination index analysis

4.3.7.1 Combination index analysis

Combination index analysis was performed accortbrthe method of Chou ar
Talalay*’. In this method, the doses of each agentin the combination that prodt a
given level of cytotoxicit are compared with those producing the same lev
cytotoxicity as single agents. The median effectadignis used to calculate tl
parameters m and §gof the single agents and the combinations as detinSection
3.3.5 Knowing m and I, the median effect equation could be rearrangedltulate ¢

dose D corresponding to a given effect u equation (12):
D = ICso x (fa/fu)’™  (12)

in whichfa is the fraction of clonogens affected by a cD, fuis the unaffected fractic
of clonogens, 16 is the dose required to reduce the effect by 508aaimsthe coefficient
of sigmoidicitydescribing the shape of the d-effect relationshipwhere m=1, m > 1,
and m < 1 indicate hyperbolic, sigmoidal, and $igimoidal dos-effect curves,

respectivel§™.
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For combination treatments, the calculated dosgthd sum of the doses of each agent.
The contribution of each agent to the combinatsocalculated using a constant ratio (P/Q)
of the doses of each agent. For instance, theldagehe combination is split into the
concentration of agent A () and the dose of agent B{DP is the proportion of the total
dose D of the combination which corresponds tactireeentration of agent 1, whereas Q is
the proportion of the total dose D of the combim@tivhich corresponds to the dose of

agent B:

Da =D x P/(P+Q) (13)

Dg = D x Q/(P+Q) (14)

The dose reduction index (DRI) was then calculéde@ach agent of the combination by

dividing the dose within the combination by the @as a single agent that induced the

same Kkill:

DRI = D within the combination / D as single agen{15)

The combination index (CI) was the sum of the DRéach agent of the combination:

Cl = DRlagent1+ DRlagent2 (16)

The interpretation of the CI value for the deteration of infra-additivity, additivity or

supra-additivity is given in Table 5.
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Range of Combination Index

Deseription

<0.1

0.1-0.3

0.3-0.7

0.7-0.85

0.85-0.90

0.90-1.10

1.10-1.20

1.20-1.45

1.45-3.3

d.3-10

=10

Very strong synergism F++++
Strong synergism b4+
Synerrism PRFRI
Moderate synergism

Slight synergism

Nearly additive

Slight antaponism

Moderate antagonism

Antagonizm

Strong antagonism

Very strong antagonism

Table5 Theinterpretation of the combination index (Cl) according to Chou®*
Supra-additivity (synergy) is defined by CI valleser than 0.90, additivity is defined by CI values
comprised between 0.90 and 1.10 and infra-addjt{@ibtagonism) is defined by CI values greater thag.

4.3.7.2 Drugtreatment

The combination index method of synergy analysis a@plied to a data set different from
the one used for the analysis of radiosensitisdfyothe linear-quadratic method and
analysis of synergy by the isobologram method. SBE{2c) and UVW/NAT cells were

treated with DSF:Cu, DSF arneradiation as single agents and with combinatidns o

DSF:Cu or DSF witly-radiation. DSF:Cu and DSF treatments were caoigdn serum-

free medium for 24 h. DSF:Cu and DSF were combiwmad y-radiation in a constant ratio

based on the I§g concentrations of each agent. The selected comnnmnaeatment of

highest intensity was a mixture of the 50% inhikyjtooncentrations of each agent{§jC

The altered combination treatments consisted oft@atie one-quarter and one-eighth of

the maximum combination treatment ddé¢Table 6).

Toxicity level | Agent A (M) | Agent B (M)
ICo 0 0

1Cs0/8 ICs0.4/8 1Cs0-/8
ICso/4 ICs0.4/4 1Cs0.-6/4
1Cs0/2 ICs0.4/2 1Cs0.-/2

ICso ICs0.a ICs0.8

Table 6 Experimental design of the combination treatment intensitiesin combination index analysis

The 1G; values of DSF:Cu and DSF were determined prewoiiisgure 15 and Figure

16). The IGo values ofy-radiation will be described in Figure 25. SK-N-BE] cells were
treated with a ratio of 3 Gyradiation to 0.34M DSF:Cu or 3 Gy-radiation to 15uM

DSF. UVW/NAT cells were treated with a ratio of ¥ radiation to 0.34M DSF:Cu or 3
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Gy y-radiation to 24uM DSF. For the combinations, the cells were treat#d the drug:s
and irradiated immediately afterward. Clonogensagsvas performed immediately af

the 24 hincubation period in the prence of drugs.

4.4 Results
44.1 Mathematical modelling of the effect of y-radiation as a single agent using the
linear -quadr atic model
The effect ofy-radiation as a single agent in -N-BE(2c) and UVW/NAT cells was firstl
investigated in order to determine rradiation dose range to use in combination \
DSF:Cu or DSF. SN-BE(2c) and UVW/NAT cells were exposed to variouseoty-
radiation and clonogenic assay was performeh later. The doses «y-radiation which
killed 50% of clonogens (lsg) were 2.82 and 2.77 Gy for SK-BE(2c) and UVW/NAT
cells, respectivelyHigure25). The smallep value inUVW/NAT cells than SK-N-BE(2c)
cells indicated that UW/NAT cells were more resistant yeradiation teatment than SK-
N-BE(2c) cells Figure25). Based on this result, tirgadiation dose range 0-3 Gy was
employed for the study of the combinatiory-radiation with DSF:Cu or DS

L) SK-N-BE(20) b 1) UVWINAT
=
£ g X
§ 3
= -
w01 - B0 0]
£ £
-E lE
4 5 X
@ a  002Gy! » o  0.14Gy!
B 0.08Gy! B 0.04Gy"!
IC,, 2.82Gy IC., 277Gy
0.01 . . . : . . . 0.01 ‘ . . , : : :
6 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
Dose (Gy) Dose (Gy)

Figure 25 The effect of y-radiation on the clonogenic survival of SK-N-BE(2c) and UVW/NAT cells
The clonogenic survival of S-N-BE(2c) (a) and UVW/NAT (b) cells was determinedh aftery-radiation

treatment using a cob@t external beam irradiator. Data are means + SEM.

4.4.2 Determination of theradiosensitising effect of disulfiram using thelinear-
quadratic model

The effect oDSF:Cu and DSF on radiation cell kill was assess#ag the clonogeni

assay. SK-NBE(2c) and UVW/NAT cells were irradiated with vangy-radiation doses in
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the presence and in the absence of various coatients of DSF:Cu and DSF. The
concentrations of DSF:Cu and DSF and the dosgsaidiation were selected so that the
maximum treatment intensity corresponded to thg V@lue of each modality. The linear-
guadratic equation was fitted to the data in otderalculaten, 3, ICso and DEF values at

the 25%, 50% and 75% cytotoxicity levels. Thesei@salwere then used to characterise the

radiosensitising potency of DSF:Cu and DSF.

4.4.2.1 Theeffect of DSF:Cu on thesurvival of y-irradiated SK-N-BE(2c) clonogens
DSF:Cu enhanced theradiation-induced kill of SK-N-BE(2c) cells (Figru6a). The g
value decreased from 3.22 Gy in the absence of ©s# 0.76 Gy in the presence of 0.3
UM DSF:Cu (Figure 26b). The DEF values of Qi DSF:Cu were 5.42, 4.24 and 3.59 at
25, 50 and 75% cytotoxicity, respectively (FiguGb® Moreover, the value increased
with increasing concentrations of DSF:Cu (Figurb)2@ his indicated that DSF:Cu
increased the proportion gfradiation-induced cytotoxicity caused by breakafsingle
strands of DNA. Finally, thg value increased with increasing DSF:Cu concewinati
indicative of the increase by DSF:Cu of the projporof y-radiation-induced cytotoxicity
caused by multi-event DNA damage (Figure 26b).

4.4.2.2 Theeffect of DSF on the survival of SK-N-BE(2c) clonogens following y-
radiation treatment
Similarly, DSF enhanced theradiation-induced kill of SK-N-BE(2c) cells (Figp6c).
The 1G value decreased from 3.04 Gy in the absence oftD®F2 Gy in the presence
of 15uM DSF (Figure 26d). The DEF values of @Bl DSF were 5.03, 3.72 and 3.29 at
25, 50 and 75% clonogenic kill, respectively (Fg@6d). Moreover, the andf3 values
increased in responseygadiation treatment with increasing concentratiohBSF
(Figure 26d). This indicated that DSF increasedptfo@ortion ofy-radiation-induced
cytotoxicity caused by both single and multi-evBMA damage (Figure 26d).
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a(Gyl) 006 005 053 073 a(Gy) 007 023 050 078
B(Gy) 005 007 005 024 B(GyY) 005 004 008 008
IC,(Gy) 322 273 117 076 IC, (Gy) 3.04 225 117 082
DEF,, NA 115 372 542 DEF,, N/A 166 337 503
DEF, N/A 118 276 424 DEF, NA 135 259 372
DEF,, N/A 119 221 359 DEF,, NA 126 235 329

Figure 26 The radiosensitising effect of DSF:Cu and DSF in SK-N-BE(2c) cells

The clonogenic survival of S-N-BE(2c) cells was determined 24 h afgaadiation treatment in the abser
or in the presence of various concentrations of:B8Ka) or DSF (c). The data were fitted to thedi-
quadratic equation using GraphPad Prism versiord 6ata are means + SEM; n=3. The vala, 3, I1Cs,
DEF,s, DEF;o and DERs were calculated for DSF:Cu (b) or DSF (d) as désctiir Section 4.3.4.

4.4.2.3 Theeffect of DSF:Cu on the survival of UVW/NAT clonogensfollowing y-
radiation treatment
UVW/NAT cells were more resistant than -N-BE(2c) cells to the radiosensitising effi
of DSF:Cu (Figure7a). The IGo value decreased from 3.75 Gy in the absence of O
to 1.87 Gy in the presence of (uM DSF:Cu (Figure 23). The DEF values of OuM
DSF:Cu were 55, 2.00 and 1.62 at 25%, 50% and 75% cytotoxiogypectivelyFigure
27b). Moreover, the value increased with increasing concentrations ®F Cu (Figure
27b). This indicated that DSF:Cu increased the priopoiof y-radiatior-induced
cytotoxicity caused by single event DNA damagealyn the 3 value decreased from O.!
to 0.01in response y-radiation treatment with increasing concentratiohBSF:Cu,
suggesting that the proportiony-radiationinduced cytotoxicity caused IDSB of DNA
decreased (Figure BYin response ty-radiation treatment with increasing contrations
of DSF:Cu. This may explathe reduced radiosensitising effect of DSF:Cu in\/MAT
cells compared witlsK-N-BE(2c) cells.
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4.4.2.4 Theeffect of DSF on the survival of UVYW/NAT clonogens following y-
radiation treatment
UVWI/NAT cells were also more resistant than-N-BE(2c) to the radiosensitising effe
of DSF (Figure 2€). The 1(5o value decreased from 4.67 Gy in the absence oftD2FL6
Gy in the presence of zuM DSF (Figure 2d). The DEF values of ZuM DSF were 2.48,
2.17 and 1.90 at 25%, 50% and 75% clonogenicresipectively Figure 27d). Moreover,
thea values were increased with increasing DSF condgonisaiFigure27d). This
indicated that DSF increased the proportioy-radiation-irduced cytotoxicity caused |
single event DNA damage. There was no change i3 value derived from this mode
suggesting thag-radiatior-induced cytotoxicity caused by muéitent DNA damage we
not affected (Figur@7d). Again, the absence of a modification of y-radiation-induced
clonogenic cell kill due to mu-event DNA damage may explain the redu
radiosensitising effect of DSF in UVWAT compared with SKN-BE(2c) cells.

a 1 C 1
=
g g
g T
g £
b B0
g E
£ E
£ —6— 0 uM DSF:Cu = —6— O uM DSF
|7 ]
-8- 0.1 uM DSF:Cu —B- 8 uM DSF
—A— 0.2 uM DSF:Cu & 16 UM DSF
—%— 0.3 uM DSF:Cu —»— 24 uM DSF
0.1 ' . - 0.1 . . :
0 1 2 3 0 1 2 3
Daose (Gy) Dose (Gy)

b DSF:cu opM  0.1pM 02pM 0.3 pM d DSF OpM 8uM  16uM 24 pM
a(Gyl) 009 0.11 0.19 0.35 a(Gyl 0.10 0.17 0.26 0.30
B(Gyl 003 0.02 0.02 0.01 B(Gyh 001 0.01 0.01 0.01
IC., (Gy) 375 3.75 2.72 187 IC., (Gy) 4.67 3.40 2.45 216
DEF, N/A 1.06 1.57 2.35 DEF,; N/A 1.49 216 2.48
DEF,, N/A1.00 138 2.00 DEF,, N/A 1.38 1.90 2.17
DEF. N/A 097 125 1.62 DEF,; N/A 1.29 1.70 1.90

Figure 27 The radiosensitising effect of DSF:Cu and DSF in UVW/NAT cells

The clonogenic survival of UVW/NAT cells was deténed 24h aftery-radiation treatments in the absel
or in the presnce of various concentrations of DSF:Cu (a) or @§FThe data were fitted with the lin-
quadratic equation using GraphPad Prism versiod 6The valueq, 3, ICsq, DEF,5, DEFRsg and DEFRs were
calculated for DSF:C(b) or DSF (d) as explained in Secti4.3.4 Data are means + SEM; n:
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4425 Conclusions

These data demonstrated that both DSF:Cu and BSfadiosensitisers as indicated by
the leftward shifts of their respective radiatiemsval curves. However, the peak plasma
concentration after oral administration of a typidaily dose (250 mg) of DSF ispM**,
The radiosensitisation induced by DSF:Cu occurtasbacentrations achievable in
patients (0.1 to 0.aM) whereas the radiosensitisation induced by DSfuwed at
concentrations greater thamubl. Thus, only the radiosensitisation induced by BISFis

expected to be clinically applicable.

Thea andf values measure the proportion of radiation kil doi SSB and DSB,
respectively. The observed variationsiandf values allow for the formulation of an
hypothesis concerning the mechanism of radioseasitn by DSF:Cu. The value of the
radiation kill was increased 12.2-fold and 3.9-faelden SK-N-BE(2c) and UVW/NAT
cells, respectively, were irradiated in the presenic0.3uM DSF:Cu. This indicated that
the radiosensitising mechanism of DSF:Cu is theegme of SSB incidence or the
inhibition of repair of SSB. Furthermore, the prapmm of SSB after radiation treatment in
the presence of DSF:Cu was increased to a gredtnten SK-N-BE(2c) compared to
UVW/NAT cells. The latter observation suggests thatSSB repair machinery was more
efficient in UVW/NAT cells than in SK-N-BE(2c) call

Similarly, thef3 value of the radiation kill was increased 4.8-fallden SK-N-BE(2c) cells
were irradiated in the presence of QN DSF:Cu compared with the 3-fold decrease of
the3 value observed in UVW/NAT cells. This indicateattt VW/NAT are also more
efficient at repairing DSB than SK-N-BE(2c) celaurthermore, since UVW/NAT are
more efficient at repairing SSB than SK-N-BE(2d)s;eas indicated by the smaller
increase in the value, fewer SSB will be converted into DSB duriDiyA replication.
This is consistent with the absence of an increafiee3 value after treatment of
UVWI/NAT cells with radiation in the presence of DSH.

4.4.3 Determination of the nature of the radiosensitising effect of DSF:Cu and DSF
The effect of a radiosensitiser on the responseks toy-radiation is the enhancement of
y-radiation kill compared witly-radiation alone. DEF values are calculated asasnore of
radiosensitisation. However, a comparison of DEEesdoes not enable the assignment
of additive, supra-additive or infra-additive irdetions between agents in a combination

treatment. Moreover, the DEF values only quantify potentiating effect of a drug on the
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clonogenic cell kill ofy-radiation. The extent to which radiosensitisatiesults from an
additive or a supra-additive interaction is invgated by isobologram and combination
index methods of synergy analysis. These proceduraisle the determination of the effect
of DSF:Cu or DSF on radiation cell kill and theeeff ofy-radiation on cytotoxicity

induced by DSF:Cu or DSF.

4.4.3.1 |sobologram analysis

4.4.3.1.1 |sobologram analysis of DSF:Cu or DSF in combination with y-radiation in
SK-N-BE(2c) cdlls

The effect ofy-radiation and DSF:Cu on the survival of SK-N-BE(2lonogens is shown
in Figure 28a. The corresponding median effect phat the parameters of the median
effect equations are shown in Figure 28b and Fig8re Similarly, the effect of
radiation and DSF on the clonogenic survival of S#8E(2c) is shown in Figure 28d. The
corresponding median effect plot and the parameffiefse median effect equations are
shown in Figure 28e and Figure 28f. The isobologaaalysis of the combination of
DSF:Cu or DSF witly-radiation at 25%, 50% and 75% toxicity levels sinewn in Figure
29.

At the 25% level of toxicity, one isoeffect poirlbtied above the envelope of additivity
whereas the second isoeffect point plotted belodicating synergistic or antagonistic
interactions between DSF:Cu apdadiation depending on the relative contributién o
each agent (Figure 29a). That is, wiygladiation made a minor contribution to kill of 25%
of clonogens, the interaction with DSF:Cu was amggfic whereas the interaction
between DSF:Cu andradiation was synergistic when DSF:Cu made a nioatribution
to kill of 25% (Figure 29a). At the 50% and 75%ad&s/of toxicity, the isoeffect points,
with one exception (Figure 29b), plotted below athi the envelope of additivity,
demonstrating respectively supra-additive and addibhteractions between DSF:Cu and
y-radiation depending on the relative dose of egemi(Figure 29b and Figure 29c). The
combination of a large dose pfadiation with a small dose of DSF:Cu resulteddiadlitive
interactions. Likewise, the same result was obskfolowing combinations of a small

dose ofy-radiation with a large dose of DSF:Cu.
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Figure 28 M edian effect analysis of the combination of DSF:Cu or DSF with y-radiation in SK-N-
BE(2c) cells

The clonogenic survival of S-N-BE(2c) cells was determined 24 h afgeladiation treatment in the abser
or in the presence of various concentrations of lB8Ka) or DSF (d). The corresponding median ef
plots and parameters are shown in (b, c) and.(8, lihear regression of the median effect equatias
carried otias explained in Sectic4.3.7in order to calculate the parameters m, t-axis intercept (y-int),
the dose required to kill 50% of the clonos (ICs) and thecoefficient of determinatic R>. Data are means
+ SEM; n=3.

The isobologram analysis of the combination of D&tk y-radiation in Si-N-BE(2c)

cells demonstrated an additive effect at the 258650196 toxicity levels, as indicated by
outof 8 isoeffect points plotting within the envelopleadditivity (Figure 29d, Figure 29e).
At the 75% level of toxicity, 5 isoeffect pointstaaf 6 plotted below the envelope
additivity, demonstrating synergisiFigure 29). At the 75% level of toxicity, on

isoeffect point corresponding to a high dosiy-radiation combined with a lo
concentration of DSF, lay above the envelope oftalgt, demonstrating antagonisrn

this particular conditiol
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Figure 29 I sobologram analysis of the combination of DSF:Cu or DSF with y-radiation in SK-N-BE(2c)
cells

The isobologram charts for the combination of DSFafdy-radiation are shown at the 25% 50% (b)

and 75% (c) levels of toxicity. Similarly, the ismlbgram charts for the combination of DSF -radiation
are shown at the 25% (d), 50% (e) and 75% (f) Eewéloxicity. If the isoeffect points lie belowaio the
left of the envelope addditivity, the combination is synergistic; if trmeffect points lie above and to
right of the envelope of additivity, the combinatis antagonistic; and if the isoeffect pointsvighin the
envelope of additivity, the combination is addit

The trend toward decreased synergy following comatimn treatment comprising a sm
dose of one agent with a high dose of the secoedtagay be explained as follows. T
example considers an isobologram constructed d&afetoxicity level Figure 30). In the
design of such an experiment, the dose D1 of ayendy be selected so that the to
effect of agent A alone is significantly less th#%6 In this case, there is a wide range
doses of agent B which could produce synergy asatetl by the red arrovFigure 30).
As the selected conceation of agent A is increased toward itso value, the range of
doses of agent B which could produce synergy inlipation decreases as indicated
the blue arrowKigure30). There is less scope for synergy as the contobwtf one ager
markedly exceeds the contribution of the secondiagea combination treatment. Tt

phenomenon may have biological relevance. As theemtration of one ant of the
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combination increases, the dose of the second agguitred to produce a combined 5

kill decreases.

40 -

30 - —— Envelope of additivity
S 4
< 20
)
=
g6
< 10

O T ‘r T T T 1

Dl D2

[Agent A] (AL])
Figure 30 The effect of imbalancein the contribution of two agents on synergistic interaction
An idealisedsobologram constructed at the 50% toxicity legeshiown for the combination of agent A w
agent B. Two hypothetical doses of agent A, D1 RAdare selected such that D1 < D2 <, The red and
blue arrows illustrate the range of doses of aBewhich could produce synergy in combination with

dosed1 and D2 of agent A, respective

The doses of therapeutic agents in combination s&exted so that the majority of
survival curves encompassed the 50% toxicity lelieis design also proded satisfactory
information for the determination of the correspoigdcombination effects at the 7=
toxicity level. However, the selected doses wess laformative at the 25% toxicity lev
Only two or three of the resulting survival curveterseced the 25% toxicity leve
resulting in the construction of 5 isobologram charts with two or three isoeffect p®

only.

4.4.3.1.2 |sobologram analysis of DSF:Cu and DSF in combination with y-radiation

in UVW/NAT cells

The effect ofy-radiation and DSF:Cu olhe survival of UVYW/NAT clonogens is shown
Figure 3&. The corresponding median effect plot and thamaters of the median effe
equations are shwvn inFigure 31b and Figure 81Similarly, the effect cy-radiation and
DSF on the clonogenic survival of UVW/NAT is showrFigure31d. The corresponding

median effect plot and the parameters of the megfi@aet equations are shownFigure
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31e and Figure 31The isobologram analyses of the combination SFBCu or DSF witt

y-radiation at 25%, 50% and 75% toxicity levels dreven inFigure32.
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Figure 31 Median effect analysis of the combination of DSF:Cu or DSF with y-radiation in UVW/NAT

cells

The clonogenic survival of UVW/NAT cells was deténed 24h aftery-radiation treatments in the absel

or in the presence of various concentrations of:B8Ka) or DSF (d). The corresponding median el

plots are shown in (b, c) and (e, f). A lineegression of the median effect equation was caoigcs

explained in Sectiod.3.7 in order to calculate the parametargthe yaxis intercep(y-int), the dose

required to kill 50% of the clonogens o) and thecoefficient of determinatic R%. Data are means + SEM;

n=3.

At the 25% level of toxicity, the isoeffect poings above the envelope of additivi
demonstrating an antagonisinteraction between DSF:Cu apdadiation Figure 32a).
However, 11 isoeffect points out of 12 plotted witthe envelope of additivity at the 5C
ard 75% levels of toxicity, demonstrating a predomihaadditive interaction betwee

DSF:Cu andiradiation Figure 32b and Figure 32c).

The isobologram analysis of the combination of R&By-radiation in UVW/NAT cells
demonstrated antagonism at the 25% level of tgxias indicated by all isofect points
lying above the envelope of additivitFigure 321). However, 9 out of 12 isoeffect poir

plotted below or within the envelope of additivéy50% and 75% levels of toxicit
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demonstrating the mainly additive nature of the boration of DSF any-radiation in
UVW/NAT cells.
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Figure 32 I sobologram analysis of the combination of DSF:Cu or DSF with y-radiation in UVW/NAT
cells

The isobologram charts for the combination of DSFa@dy-radiation are shown at the 25% (a), 50%
and 75% (c) level of toxicity. Siilarly, the isobologram charts for the combinatafrDSF ancy-radiation
are shown at the 25% (d), 50% (e) and 75% (f) lefi&bxicity. If the isoeffect points lie below and the
left of the envelope of additivity, the combinatisrsynergistic; ifhe isoeffect points lie above and to

right of the envelope of additivity, the combinatiis antagonistic; and if the isoeffect pointsvii¢hin the

envelope of additivity, the combination is addit

4.4.3.2 Combination index analysis

4.4.3.2.1 Combination index analysis of DSF:Cu in combination with y-radiation in
SK-N-BE(2c) cdlls

The toxicity of DSF:Cuy-radiation or their combination to SK-BE(2c) cells is shown in
Figure 33a, Figur83b and Figure 38 respectively. The resultant median effect
shown in Figure 3@ and the parameters of the me: effect equation are given Figure
33e. The Cl valueare shown irfFigure 33. The Cl values decreased from 1.07 at a
level of toxicity to 0.61 at 95% level of toxicit§aince a Cl value comprised between |

and 1.1 indicates additivity and a Cl value lesstf.9 indicates synergism accordto
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the criteria of Chou and TalalaTable 5§ these data indicated an additive eff
between DSF:Cu ary-radiation at toxicity levels less than 15% and éasing suja-

additivity at toxicity levels of 15% and higheFigure 33f).
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Figure 33 The combination index analysis of the combination of DSF:Cu with y-radiation in SK-N-

BE(2c) cells

The clonogenic survival of S-N-BE(2c) cells was determined 24fier exposure to DSF:Cu (a), h after
y-radiation treatment (b) or zh after treatment with various intensities of bagents in a constant ratio of 3
Gy to 0.3uM (c). Data are means = SEM; n=3. The median efftattof the single agents and 1
combination is shown in (d) and the parameterdmy-axis intercept (ynt), the dose required to kill 50

of the clonogens (1) and th« coefficient of determination fare shown in (e). The relationship betw:
combination index (CI) and intensity of treatmdet€l of toxicity) is shown in (f). Cl values lesan 0.9C
indicate synergism; Cl values greater than 1.1@&atd aragonism; and Cl values between 0.90 and

indicate additivity.

4.4.3.2.2 Thecombination index analysis of DSF in combination with y-radiation in
SK-N-BE(2c) cdlls

The toxicity of DSFy-radiation or their combination to SK-BIE(2c) cells is shown i
Figure 34a, Figur84b and Figure 3@ respectively. The resultant median effect
shown in Figure 3d and the parameters of the median effect equatiengiven irFigure
34e. The Cl valueare shown irFigure 34. The Cl values decreased from 1.20 at

toxicity level to 0.76 at 95% toxicity level. Thedata indicated antagonism between [
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andy-radiation at toxicity levels leshan 15%, additive effect at toxicity levels betw:
15% and 60% and increasing st-additivity at toxicity levels of 60% and higheFigure
34f).
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Figure 34 The combination index analysis of the combination of DSF with y-radiation in SK-N-BE(2c)
cells

The clonogenic survival of S-N-BE(2c) cells was determined 24afier exposure to DSF (a), h aftery-
radiation treatment (b) or zh after treatment with various intensities of bothdalities in a constant ratio
3 Gy to 15uM (c). Data are means + SEM; n=3. The median efftattof the single agentind the
combination is shown in (d) and the parameterdmy-axis intercept (ynt), the dose required to kill 50
of the clonogens (1) and thi coefficient of determination fare shown in (e). The relationship betw:
combination index (CI) and intensity of treatmdet€l of toxicity) is shown in (f). Cl values lesan 0.9C

indicate synergism; Cl values greater than 1.1@&atd antagonism; and Cl values between 0.9(1.10
indicate additivity.

4.4.3.2.3 Thecombination index analysis of DSF:Cu in combination with y-radiation
in UVW/NAT cells

The toxicity of DSF.Cuy-radiation or their combination to UVW/NAT cellsshown in
Figure 35a, Figur85b and Figure 3& respectively. The resultant median effect
shown in Figure 3% and the parameters of the median effect equasiangiven irFigure
35e. The ClI valueare shown itFigure 3%. The CI values decreased from 2.78 at

toxicity level to 0.27 at 95% toxicity level. Thedata indicated antagonism ween
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DSF:Cu andiradiation at toxicity levels less than 25%, addliyiat toxicity levels
between 25% and 35% and increasing s-additivity at toxicity levels of 35% and high
(Figure 35f).
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Figure 35 The combination index analysis of the combination of DSF:Cu with y-radiation in
UVW/NAT cells

The clonogenic survival of UVW/NAT cells was deténed 24h after exposure to DSF:Cu (a), h aftery-
radiation treatment (b) or zh after treatment with various intensities of bothdalities in a constant ratio
3 Gy to 0.3uM (c). Data are means + SEM; n=3. The median efftattof the single agents ance
combination is shown in (d) and the parameterdmy-axis intercept (ynt), the dose required to kill 50
of the clonogens (1) and thi coefficient of determination fare shown in (e). The relationship betw:
combination index (CI) and intensiof treatment (level of toxicity) is shown in (f)l €alues less than 0.¢
indicate synergism; Cl values greater than 1.1@&atd antagonism; and Cl values between 0.90 d®

indicate additivity.

4.4.3.2.4 Thecombination index analysis of DSF in combination with y-radiation in
UVW/NAT céls

The toxicity of DSFy-radiation or their combination to UVW/NAT cellsshown in
Figure 36a, Figur86b and Figure 36 respectively. The median effect plot is show
Figure 16d and the parameters of the median effipcations are given Figure 36e. The
Cl valuesare shown itFigure 36. The Cl values decreased from 1.93 at 5% toxiewg|

to 0.93 at 95%uxicity level. These data indicated antagonism betwDSF any-
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radiation at toxicity levels less than 70% and dditave effect at toxicity levels of 70¢
and higher (Figur86f).
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Figure 36 The combination index analysis of the combination of DSF with y-radiation in UVW/NAT
cells

The clonogenic survival of UVW/NAT cells was deténed 24h after exposure to DSF (a), h aftery-
radiation treatment (b) or zh after treatment with various intensities of bothdalities in a constant ratio
3 Gy to 24uM ratio (c). The combination dose is the dimensigrlsum of the dose y-radiation and the
concentration of DSF. D¢ are means + SEM; n=3. The median effect plot ofihgle agents and tl
combination is shown in (d) and the parameterdmy-axis intercept (ynt), the dose required to kill 50
of the clonogens (1) and thi coefficient of determination fare shown in (e). The relationship betw:
combination index (CI) and intensity of treatmdet€l of toxicity) is shown in (f). Cl values lesan 0.9C
indicate synergism; Cl values greater than 1.1@&atd antagonism; and Cl values between 0.9(1.10

indicate additivity.

4.43.3 Conclusions
The data from the isobologram analyses demongtratsupr-additive nature of th
combination of DSF:Cu ary-radiation in SK-NBE(2c) cells at 50% and 75% toxic
levels. Similarly, DSF without Cu supplementatsynergised witly-radiation at the 75%
toxicity levels. UVW/NAT cells were more resistahain Sk-N-BE(2c) cells to th
radiosensitising effect of DSF:Cu or DSF. In UVW/NA&ells, the combination of DSF:(
or DSF withy-radiation sterilised clonogens in additive fashiorat 50% and 75%
toxicity levels.
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The results from the combination index analysesaretnated that supra-additivity
between DSF:Cu andradiation occurred at toxicity levels greater tli&8 and 35% in
SK-N-BE(2c) and UVW/NAT cells, respectively. Combtions of DSF witty-radiation
were less effective than those of DSF:Cu witladiation, as indicated by ClI values, in the
presence of DSF, greater than those obtained iprés=nce of DSF:Cu at similar levels of
toxicity. Overall, UVYW/NAT cells were more resistahan SK-N-BE(2c) cells, manifest

by greater Cl values, to the combination of eifd&F:Cu or DSF witly-radiation.

4.5 Discussion
It was demonstrated that DSF:Cu and DSF are bdibsansitisers, as indicated by the
leftward shift of the radiation survival curve tmetpresence of DSF:Cu or DSF compared
to the radiation curve after radiation treatmennal (Figure 26 and Figure 27). Moreover,
DSF:Cu and DSF increased the cytotoxicity-eédiation in a dose-dependent manner. For
instance, the DEJg values were 1.18, 2.76 and 4.24 following treatnoéisK-N-BE(2¢)
with y-radiation in the presence of 0.1, 0.2 andi{MBDSF:Cu, respectively (Figure 26b).
Following treatment of SK-N-BE(2c) cells withradiation in the presence of 5, 10 and 15
UM DSF, the DEEyp values were 1.35, 2.59 and 3.72, respectivelyufei@6d). Similarly,
the DEFRs values were 1.00, 1.38 and 2.00 following treatnoétVW/NAT with y-
radiation in the presence of 0.1, 0.2 andyVBDSF:Cu, respectively (Figure 27b).
Following treatment of UVW/NAT cells witlgradiation in the presence of 8, 16 and 24
UM DSF, the DEE values were 1.38, 1.90 and 2.17, respectivelyuf€i@7d). Similar
increases in the DEF values were obtained at tbre &% 75% kill in both cell lines and
for both DSF:Cu and DSF (Figure 26 and Figure Zig classical method of displaying
the effect of radiation modifiers (linear-quadragi@luation of-radiation survival curves
in the absence and in the presence of a drug)isamoplete because it only measures the
effect of a drug on the radiation survival curvleTeciprocal effect, the effect of radiation
on the cytotoxicity of the drug, is ignored. Theatgxic effect of a combination results
from the mutual interaction of both agents whictyrha infra-additive, additive or supra-
additive. The interaction of two agents in combimais more thoroughly examined by the
isobologram and combination index methods of syynar@lysis rather than by the
quantification of the leftward shift of the rad@ti survival curve. With respect to
therapeutic application, the demonstration of sigalditivity over additivity has
implications for the control of side-effects andmal tissue toxicity. The administration
of DSF has been associated with vomiting, drowsinless of coordination and loss of
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consciousnes§’ whereas radiotherapy may have side effects sufdtigae, skin changes,
diarrhoea, xerostomia and haematotoxicity. Theegfeynergistic interaction between DSF
and radiotherapy is expected to result in the dejiwf reduced dose with concomitant

improvement of the quality of life of cancer patgn

The isobologram and combination index methods néryy analyses have been
developed to determine supra- or infra-additivityen both agents of the combination
have an effect of their ovtf. In these methods, the effect (potency and thpesbfithe
dose-response curve) of each single agent is mesghand taken into account in order to
construct the theoretical additive effect of thenbination (the envelope of additivity in
the case of the isobologram and CI = 1 in the casiee combination index analysis). The
observed experimental effect of the combinatiaién compared with the theoretical
additive effect. Both methods were used to andlysenteraction between DSF:Cu or
DSF withy-radiation. There was an overall agreement betwlsetwo methods: both
demonstrated greater synergism betweeadiation and DSF:Cu or DSF at increasing
intensity of treatment. Specifically, the CI valuwecreased with increasing levels of
toxicity and the isobologram showed a trend frofreiadditive or additive interaction at
the 25% level of toxicity to additive or supra-aild interaction at the 75% level of
toxicity (Table 7). Furthermore, both the isobokgrand the combination index analyses
indicated that the combinations of DSF:Cu or DSthwdradiation were more effective in
SK-N-BE(2c) than UVW/NAT cells. The CI values wene average higher for
UVW/NAT than for SK-N-BE(2c) cell and the isobol@gn analysis demonstrated that
either DSF:Cu or DSF in combination wigradiation induced additive responses in
UVWI/NAT cells at toxicity levels which correspondemsupra-additivity in SK-N-BE(2c)
cells (Table 7).
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a

C

SK-N-BE(2c) UVW/NAT
DSF:Cu 25% 50% 75% DSF:Cu 25% 50% 75%
DEF 542 424 3.59 DEF 2.55 2.00 1.62
Isobologram N/A Supra-additive | Supra-additive Isobologram | Infra-additive Additive Additive
CI 0.80 £ 0.12 0.71 £ 0.11 0.65 £ 0.10 CI 1.17 £ 0.44 0.76 £ 0.13 0.53 £+ 0.08
b SK-N-BE(2c) d UVW/NAT
DSF 25% 50% 75% DSF 25% 30% 5%
DEF 5.03 372 329 DEF 2.48 217 1.90
Isobologram Additive Additive Supra-additive Isobologram | Infra-additive Additive Additive
CI 1.02 £ 0.12 0.94 £ 0.09 0.86 + 0.09 CI 1.40 £ 018 1.21 £ 0.10 1.07 £ 0.09

Table 7 Comparison between DEF, isobologram analysis and combination index analysisfor the
evaluation of the interaction between DSF:Cu or DSF with y-radiation

This table summarises the data frFigure 26 to Figure 36The DEF values signify the fold decrease of
y-radiation dose that can be applied, in the preseh®e8uM DSF:Cu, to achieve the same killy-
radiation alone. In the case of isobologram ang)ysthe majority of isoeffect poinlay within the envelope
of additivity, the combination was considered agditSimilarly, if the majority of isoeffect pointay to the
left and below or to the right and above the enwelof additivity, the combination was considereprs- or

infra-adlitive, respectively. The combination index (Clyéported as mean + SEM; n

The lineargquadratic evaluation of the effect of DSF:Cu or D8Rhe radiation survivi
curve suggested that UVW/NAT cells were also mesgstant to the combinatic
treatment due to the less appreciable increase of thergtia componenip) of radiation
cell kill than observed in the case of-N-BE(2c) cells. An increase in tIf value of the
radiation kill induced by a radiosensitiser maydoe to the increase in trncidence of
DSB or to the inhibition of their repair. The ability 8K-N-BE(2c) and UVW/NAT cells
to repair DSBhas previously becinvestigated by comet assay after treatment witt
radiopharmaceutica*JmIBG alone or in combination with the topomerase | inhibitor
topotecarf. It was shown that more DSB were produced by &gt alone,*ijmIBG
alone or theombination of both in UVW/NAT cells comparwith SK-N-BE(2c)
immediately after the treatm2 However, UVW/NAT ells repaired 100% of the DS
24 hafter treatments with topotecan alor**ijmIBG alone or the simultaneol
combiration of both agents compared with ¢ 7090% of DSB repaired in S-N-BE(2c)
cells’. This study demonstrated the greater ability oMUMWAT cells to repair DSE
compared to SK-NBE(2c) cells, which was consistent with the inceeimsthef3 value in
SK-N-BE(2c) cells but not in UVW/NAT cells after irradii@n in the presence of DSF:(
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Although both the isobologram and the combinatia@thads of synergy analysis indicated
a more synergistic interaction betweeradiation and DSF:Cu or DSF at increasing levels
of toxicity, the DEF values decreased with incregdevels of toxicity (Table 7). This
contradictory result may be explained as followse DEF values are calculated based on
the linear-quadratic equation which describes eftevard shift of the radiation curve
provoked by the addition of a radiosensitiser. €fiect of a radiosensitiser is likely to be
due to an increase in the lineal) or quadratic[§) components of radiation cell killing or
both.

Firstly, we consider that the effect of a radiosser is solely to increase the linear
component of the radiation cell killing while thaaglratic component remains constant
(Figure 37a). Treatment with such a radiosensitis®ild increase and straighten the
initial slope of the radiation survival curve, witlsulting higher DEF values at the initial
levels of Kill. Since the contribution of the quatic component is greater than the linear
component in response to radiation alone thanspamse to combination treatment, it
follows that, with increasing radiation dose, thevssal curve of radiation treatment alone
starts bending at lower radiation dose than irstirgival curve of the combination. This
results in lower DEF values at higher levels of. ldh increase in the value, with a
constanf3 value, resulted in radiosensitisation, manifestigyDEF values greater than 1
(Figure 37a). Furthermore, DEF values decreasdtingreasing toxicity levels (Figure
37a). For instance, in the radiation survival cusbéained in the presence of a
radiosensitiser characteriseddoy= 0.95 and3 = 0.04, the DEF values were 7.12, 5.06 and
3.84 at the 25%, 50% and 75% level of toxicitypexgively (Figure 37a).

Secondly, we consider that the effect of an altereaadiosensitiser is solely an increase
of the quadratic component of radiation cell kijjrwhile the linear component remains
constant (Figure 37b). Treatment with such a ralissiser increases the curvature of the
radiation survival curve. The result is that theioaensitiser plus radiation curve departs
more from the radiation alone curve with increasiagjation dose. Therefore the DEF
values increase with increasing toxicity levelseTicrease of thg value, with a constant
a value, showed a radiosensitising effect as indotéity DEF values greater than 1 (Figure
37b). Moreover, DEF values increased with incregasixicity levels (Figure 37b). For
instance, in the radiation survival curve obtaiirethe presence of a radiosensitiser
characterised by = 0.05 and3 = 0.24, the DEF values were 2.14, 2.24 and 2.30eat
25%, 50% and 75% level of toxicity, respectivelyg{ife 37b).
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The linear component of the radiation cell kill wasreased by DSF:Cu and DSF to a
greater extent than the quadratic component (Figérand Figure 27). For instance, 0.3
UM DSF:Cu induced a 12.2- and 3.9-fold increasé@utvalue in SK-N-BE(2c) (Figure
26b) and UVW/NAT cells (Figure 27b), respectivdlycontrast, th§d values were only
increased 4.8-fold in SK-N-BE(2c) cells (Figure 2@bd decreased 3-fold in UVW/NAT
cells (Figure 27b). The greater increase inchalues compared to tlfievalues by
DSF:Cu may account for the decreasing DEF valuagetasing toxicity levels despite
the demonstration of increased additivity at gnetiteicity levels, as demonstrated by the
isobologram and the combination index methods négsyy analysis. This discrepancy was
explained by the strong reliance of the calculaiohthe DEF values on the shape of the
linear-quadratic curve. The relative contributiafishe linear ¢) and quadraticfi)
components of radiation cell kill, which may beféientially affected by different
radiosensitisers, introduced a bias for the detsaition of radiosensitising potentials at
different toxicity levels. These data demonstrdted the degree of radiosensitisation
(additivity or supra-additivity) cannot be relialdgsessed by the calculation of DEF
values. Instead, the isobologram and the combinatidex methods of synergy analysis

are particularly suited to this purpose.
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Figure 37 The effect of the modification of the linear (a) or the quadratic () component of radiation
cell killing on the survival curve

The surviving fraction SF of radiation survival ves were calculated by computing radiation dosésa
andp values into the line-quadratic equation SF £%*°)_(a) The linear componera) of radiation cell
kill was increased from 0.05 to 1.25 * by 0.3 increments. The quadratic componp) of radiation cell
kill was kept constant at 0.04 "1 The DERs, DER;, and DERs values were calculated at the 25, 50
75% kill, respectively. (pThe quadratic componerf) of radiation cell kill was increased from 0.040@4
Gy™ by 0.05 increments. The linear compona) of radiation cell kill was kept constant at 08§ . The

DERs, DERsg and DERs values were calculated at the 25, 58 #@6% kill, respectivel

The dataset also showed a discrepancy betweeadhelogram and the combinati

index analysis for the UVW/NAT cell line. The isdbgram method indicated an additi
interaction between DSF:Cu ay-radiation at the 50% and Z®levels of toxicity wherea
combination index analysis indicated synergisnhasé¢ levels of toxicityTable 7c).
However, the isoeffect points cesponding to the combination of DSF:Cu wy-
radiation at the 75% level of toxicity plotted hetborder between additivity and st-
additivity (Fig. 12). Moreover, in the case of camdiions of DSF any-radiation,
isobologram analysis revealadditivity at the 50% level of toxicity whereas doimation
index analysis disclosed an ir-additive interaction (Tabledj. The observediscrepancy
between the isobologram and the combination indexyaes may derive from tl

differences in drug treatment used in the two mathén combination index analysis
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fixed ratio of drug concentration teradiation dose was used. In contrast, for isolalwg
analysis, the doses of drug apdhdiation were both variable. Therefore, it isgbke that
the incongruities observed between the isobologradhcombination index analyses may
be due to differences in the relative contributiohsach agent to the effectiveness of the
combination. That is, variable ratios of dose @ tlvo modalities are applied in the
isobologram procedure whereas a fixed ratio of a@dske two treatments is used in the

combination index analysis.

DSF without Cu was also found to be a radiosemsjtas indicated by DEF values greater
than 1 (Table 7b and Table 7d). However, the camnagons of DSF between 5 and g
examined in this study cannot be achieved in hupt@sma. It was shown that the peak
plasma concentration measured after oral admitistraf a 250 mg DSF tablet was 1
ML Therefore, radiosensitisation of a tumour usifgFDs impossible. These results
demonstrated that DSF-induced enhancemeptadiation treatment only occurred when

the DSF concentration was high enough to inducetayic effects as a single agent.

Since it has been argued that DSF acts as a Cphone, and that Cu alone exerts
cytotoxic effects™ it could be hypothesised that Cu itself is asadnsitiser. The results
demonstrating radiosensitisation of SK-N-BE(2c) &hdN/NAT cells were obtained in
physiological conditions, namely 5% Q0% Q and 75% N. It has previously been
shown that CuGlradiosensitises the bacterial str&imgella Flexneri Y6k hypoxic
conditions but not in aerated cultuf&sFurthermore, it has been hypothesised that the
radiosensitising effect of Cu is due to the radiatinduced conversion of &linto the
highly toxic CU in hypoxia. In aerated cultures; @as able to convert Ciback to the
less toxic C6' resulting in the loss of the radiosensitising eff€. These two reports
suggest that Cu is not a radiosensitiser in aeminditions. Therefore, the hypothetical
radiosensitising effect of Cu alone in the experitaearried out in aerobic conditions in

this chapter is unlikely.

Isobologram analysis demonstrated that combinateatment was less effective when the
contribution of one agent became greater thandh#&ibution of the second agent (Figure
29 and Figure 32). In patients, the distributiomafrug within the tumour is uneven
because all parts of the tumour are not homogehewascularisetf®?*° Therefore
differential distribution of DSF:Cu within a tumodue to uneven vascularisation may

result in sub-optimal additive or supra-additiveeefs. Preclinical evaluation should be
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conducted to determine the optimal doses of DSkiah must be administered in order

to avoid this complication.

Together, these data demonstrated the benefiting tise isobologram and the
combination index methods of synergy analysis ¢ivercalculation of the leftward shift of
radiation curves for the determination of the degaed type of interaction (additivity or
supra-additivity) between therapeutic modalitielseJe data also demonstrated that
DSF:Cu sensitised monolayers of cancer cells tereat beany-radiation treatment in a
supra-additive fashion at toxicity levels greateart 50%. The evaluation of the
radiosensitising effect of DSF:Cu using the lingaadratic model unearthed an hypothesis
regarding the mechanism of radiosensitisation. ihtite greater increase mivalues
compared with the increasefrvalue following irradiation in the presence of DG&
suggested that DSF:Cu increased the amount of 8i8Bving radiation treatment. The
DSF:Cu-mediated increase in SSB following radiatr@atment might be due to the
abrogation of the cell cycle delay by DSF:Cu othte inhibition of the SSB DNA repair
machinery. In the next chapter, the former hypathes! be tested.
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5 A hypothesised mechanism for the radiosensitisation induced
by DSF:Cu

51 Introduction

The study described in chapter 4 has demonstragechtiosensitising capacity of
DSF:Cu. However, its mechanism of radiosensitisateanains unknown. The results of
the analysis of the radiosensitising effect of B@&Fby the linear-quadratic model predict
that DSF:Cu may increase the proportion of SSBdceater extent than DSB after
radiation treatment, as indicated by the greaiaemse in the than the values (Section
4.4.2). The increase in SSB and DSB following ira#idn in the presence of DSF:Cu
could be due to the inhibition of DNA repair by DSk or to the abrogation of cell cycle
checkpoints which does not allow enough time ferrgpair of SSB and DSB. Since cell
cycle arrest at the G2 checkpoint, which contraksyeto mitosis, is considered a hallmark
of the cellular response teradiatiorf”, it is hypothesised that DSF:Cu may inhibit G2

arrest following irradiation.

Serum starvation has been shown to arrest cankigircéhe G1 phase of the cell cytie

It has also been reported that serum starvati@s@rthe cell cycle in G2, especially in the
case of a deficient G1 checkpditit In such studies cells were serum-starved foeastl

24 h before the observation of cell cycle aff8&f> The treatment of cells with DSF:Cu
requires serum-free conditions in order to stuayefiect of Cu. It was anticipated that
serum starvation may influence the cell cycle respdo radiation at a timepoint earlier

than 24 h - used for the determination of clonogeril kill (Figure 26).

The accumulation of cells in G2 followinygradiation treatment in the presence and in the
absence of DSF:Cu will be carried out in this ckapy FACS analysis of Pl-stained cells.
It will be shown that DSF:Cu abrogates theadiation-induced G2 arrest in LNCaP, SK-
N-BE(2c), UVW/NAT, HCT116 p53+/+ and HCT116 p53e&lls.

52 Aims
The aims of this chapter were:
- determination of the time after radiation treatnregjuired for maximal cell cycle
arrest in G2
- determination of the effect of serum starvatiorttwndistribution of cells

throughout the phases of the cell cycle

124



- determination of the effect of DSF:Cu on cell cyateest in G2 following radiation

treatment

53 Materialsand methods

53.1 Tissueculture

LNCaP, SK-N-BE(2c) and UVW/NAT cells were maintaine culture as described in
Section 3.3.1. HCT116 p53+/+ (parent) and HCT11®%-p%ells were generously gifted
by Dr Jane Plumb. The two alleles of the p53 geaeewsequentially disrupted in the
parent HCT116 cell line by homologous recombinatitime p53 sequence was replaced by
a geneticin resistance sequefiteBoth cell lines were grown in Dulbecco’s modified
essential medium (MEM) supplemented with 10% (WE&S (Autogen Bioclear) and 2
mM L-glutamine. All media and supplements were otgd from Invitrogen (Paisley,
UK). HCT116 p53-/- cells were maintained in cultanedium containing 1 mg/ml
geneticin for the selection of p53-/- muté&fits

5.3.2 y-radiation treatment
Section 4.3.2.

5.3.3 Serum starvation

SK-N-BE(2c) and UVW/NAT cells were washed in PB&thtimes and incubated in fresh
serum-complemented culture medium or serum-frei@medium for 2, 4, 8, 12 and 24
h. At the end of the incubation period, the celesewvashed in PBS and fixed in 70%
ethanol at -20°C.

5.3.4 DSF:Cu treatment in combination with y-radiation

LNCaP, SK-N-BE(2c) and UVW/NAT cells were exposedt3 or 1uM DSF:Cu in
serum-free culture medium. The cells were irradiatéh 5 Gyy-radiation immediately
after exposure to DSF:Cu. All treatments were edraut in serum-free conditions
(untreated controls, radiation, DSF:Cu and the dgoatlon of both). The cells were fixed
in 70% ethanol at -20°C, 12 h after irradiationeTdnoice of this timepoint was based on
results presented in Section 5.4.2.

5.3.5 Cdl cycleanalysis
See Section 3.3.8.
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53.6 Statistical analysis
See Section 3.3.9.

54 Results

54.1 Theeffect of serum starvation on cell cycle distribution

SK-N-BE(2c) and UVW/NAT cells were cultured in serdree culture medium for 2, 4, 8,
12 or 24 h. In UVW/NAT cells, there was no accurtiolaof cells in the G2/M nor in the
GO0/G1 phase of the cell cycle up to 24 h exposusetum-complemented culture medium
(Figure 38a). Similarly, there was no redistribotaf cells throughout the phases of the

cell cycle after exposure to serum-free conditifmm24 h (Figure 38b).

In SK-N-BE(2c) cells, there was no accumulatioreifs in the G2/M nor in the GO/G1
phase of the cell cycle after exposure to serumptemented culture medium for 24 h
(Figure 38c). Although serum starvation appeara@doce the percentage of cells in the S
phase of the cell cycle with a concomitant increagte proportion of cells in the G2/M
phase of the cell cycle, these modifications wertestatistically significant (p > 0.05)
(Figure 38d). A true G2/M arrest would result iniacreased G2/M associated with a
decreased GO/G1 population. These features wergsetved in Figure 38d. Therefore,
these data indicated that serum-starvation foouth did not influence the distribution
of UVW/NAT or SK-N-BE(2c) cells throughout the plessof the cell cycle. Nevertheless,
in the following experiments, all treatments (uatezl controls, radiation, DSF:Cu and
combination treatments) were conducted in serumdomnditions whether DSF:Cu was

present or not.
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Figure 38 Absence of an effect of serum starvation on the distribution of SK-N-BE(2c) and UVW/NAT
cellsthroughout the phases of the cell cycle

UVW/NAT (a and b) and S-N-BE(2¢) (c and d) were exposed to sercmmplemented culture medium
and c) or to serurfree culture medium (b and d) for 2, 4, 8, 12 24 h At the indicated timepoint after tl
start of the exposure to the different culture ragthie cells were trypssed and fixed in 70% ethanol-
20°C. FACS analysis d?l-stained cells was then carried out to determinaigieibution of cells throughot
the phases of the cell cycle. The software Flowds used to quantify the proportion cells in eachspiol

thecell cycle. Data are mean + SEM; n

54.2 Cél cyclearrest in responseto y-radiation treatment

In all three cell lines, there was a ti-dependent increase in t&2/M populatiol 12 h
after irradiation, followed by a decrease of théNbspopulation from 1 to 24 h after
irradiation (Figure3€). The accumulation of cells in G2/M B2 I after irradiation was
statistically significant irall three cell lines compared with namadiated controlsFigure
39). The accumulation of cells in the G2/M phasehef ¢ell cycle was accompanied b
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decrease in the proportion of cells in G1, dematisig that irradiated cells were unable

exit G2, prgress through mitosis and enter the G1 phase afetheycle

These data indicated that LNCaP,-N-BE(2c) and UVW/NAT cells were all able
arrest in G2 following irradiation. The maximal GRproportion of cells was observed
h after irradiation Eigure39). Accordingly this timepoint was selected for
investigation of the effect of DSF:Cu on radia-induced cell cycle arrest. Furthermc
the impact of the p53 status on the effect of D&FO@ radiatio-induced cell cycle arre
was investigated by comparison of the HCT116 p52elis with the HCT116 p*-/-

cells.
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Figure 39 Time-dependency of G2 arrest after y-radiation treatment

LNCaP (a), SK-NBE(2c) (b) and UVW/NAT cells (c) were fixed in 708thanol a-20°C at various
timepoints aftey-radiation treatment. The cell cycle profiles webtained by FAC analysis of Pl-stained
cells. The quantification of e percentage of cells in each phase of the celé ¢@&0/G1, S, G2/M) wa
carried out using FlowJo softw: (BD Biosciences, Mountain View, CApata are means- SEM; n=3.
Independent samplegdst was used to compare the mean percentagadiairedcultures with that of
unirradiated controls. One symbol indicates p $0t@o symbols indicate p < 0.01 and three sym
indicate p < 0.001.

5.4.3 Theeffect of DSF:Cu on G2 arrest following y-radiation treatment

The effect of DSF:Cu on the cell cycle resse of SK-NBE(2c) cells tcy-radiation
treatment is shown iFigure 40 In these experiments, there was a statisticajlyifecant
increase in the G® population aftey-radiation treatment compared with untree
controls (p < 0.05)Higure40a). There was a statistically significant reductia the G2/M

population followingy-radiation treatment in the presence @il DSF.Cu, but not 0..
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UM DSF:Cu, compared with the G2/M population ay-radiation treatment alone (p
0.05). The percentages of cells in G2/M were 53arh23.1% followingy-radiation

treatment alone and afty-radiation treatment in the presence UM DSF:Cu,

respectively (FigurdCb).
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Figure 40 The effect of DSF:Cu on theredistribution of SK-N-BE(2c) cells throughout the phases of
the cell cyclefollowing y-radiation treatment

SK-N-BE(2c) cells were fixed in 70% ethanol-20°C, 12 h aftey-radiation treatment in the absence o
the presence of 0.3 (a) ouM DSF:Cu (b). The cell cycle profile was obtaingdHACS analysis aPI-
stained cells. The quantification of the percentafgeells in each phase of the cell cycle (GO/GIG3/M)
was carried out using FlowJo softw (BD Biosciences, Mountain View, QAData are mean + SEM; n=

One symbol indicates p < 0.l

The effect of DSF:Cu on the cell cycle respons&\@W/NAT cells toy-radiation is
shown in Figure 41There was a statistically significant increas¢éhie G2/M populatiol
aftery-radiation treatment compared with untreated cosfifpk 0.001)Figure 41a).
There was a statistically significant reductionthe G2/M population followiny-radiation
treatment in the presence of 0.3 (uM DSF:Cu compared with the G2/M pulation
aftery-radiation treatment alone (p < 0.01). The percerday cells in G2/M were 56.2
and 38.3% aftey-radiation treatment alone ay-radiation treatment in the presence «

UM DSF:Cu, respectivelyFigure 41b).

The effect of DSF:Cu on the cell cycle responseMEaP cells tcy-radiation is shown in
Figure 42 There was a statistically significant increaséhien G2/M population aftey-
radiation treatment compared with untreated costfjpl< 0. 01) Figure42a). There was a

statistically significant reduction of the G2/M pdation followingy-radiation treatment in
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the presence of iM DSF:Cu (p < 0.01)Figure 4d), but not 0.3uM DSF:Cu (Figure
42a), compared with the G2/M population aly-radiation treatment alonehe
percentages of cells in G2/M were 25.7% and 18.6&ft&6y-radiation treatment alone a

y-radiation treatment in the presence M DSF:Cu, respectivelyFigure 42b).
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Figure 41 The effect of DSF:Cu on theredistribution of UVW/NAT cells throughout the phases of the
cell cyclefollowing y-radiation treatment

UVW/NAT cells werefixed in 70% ethanol &20°C, 12 h aftey-radiation treatment in the absence or in
presence of 0.3 (a) ortM DSF:Cu (b). The ce cycle profile was obtained tFACS analysis of Pl-stained
cells. The quantification of the percentage ofx#lleach phase of the cell cycle (GO/G1, S, G2isl
carried out using FlowJo softwi (BD Biosciences, Mountain View, QAData are mean + SEM; n=3. T\

symbols indicate p < 0.01 and three sols indicate p < 0.001.

The effect of DSF:Cu on the cell cycle responselGT116 p53+/+ cells ty-radiation is
shown in Figure 43There was a siistically significant increase in the G2/M popudat
aftery-radiation treatment compared with untreated cosfifiok 0. 001)Figure 43a).
There wa a statistically significant reduction in the G2fdpulation followingy-radiation
treatment in the presence of 0.3 (p < 0.01) uM DSF:Cu (p < 0.001), compared with t
G2/M population aftey-radiation treatment alone. The percentages of relB/M were
57.27% and 41.87% afty-radiation treatment alone agdadiation treatment in tr

presence of UM DSF:Cu, respectivelyFigure 43b).
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Figure 42 The effect of DSF:Cu on theredistribution of LNCaP cellsthr oughout the phases of the cell
cycle following y-radiation treatment

LNCaP cells were %ied in 70% ethanol -20°C, 12 h aftey-radiation treatment in the absence or in
presence of 0.3 (a) oriM DSF:Cu (b). The cell cycle profile was obtaingdFACS analysis cPl-stained
cells. The quantification of the percentage ofx#lleach phase of the cell cycle (GO/G1, S, G2isl
carried out using FlowJo softw: (BD Biosciences, Mountain View, CApata are mean + SEM; n=3. T\

symbols indicate p < 0.C
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Figure 43 The effect of DSF:Cu on theredistribution of HCT116 p53+/+ cells throughout the phases of
the cell cyclefollowing y-radiation treatment

HCT116 p53+/+ cells were fixed in 70% ethanc-20°C, 12 h aftey-radiation treatment irhe absence or
in the presence of 0.3 (a) ouM DSF:Cu (b). The cell cycle profile was obtaingdHACS analysis aPI-
stained cells. The quantification of the percentafgeells in each phase of the cell cycle (GO/GIG3/M)
was carried out using FldJo software (BD Biosciences, Mountain View, CBpta are mean + SEM; n=

Two symbols indicate p < 0.01 and three symbolgatd p < 0.00:

The effect of DSF:Cu on the cell cycle responselGT116 p5-/- cells toy-radiation is

shown in Figure 44There was a statistically significant increas¢éhi; G2/M populatiol
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aftery-radiation treatment compared with untreated cosifpk 0. 01 (Figure 44a). There
was a statistically significant reduction in the/®2opulation followingy-radiation
treatment in the presence ouM DSF:Cu (p < 0.01) (Figure &4, but not in the presen:
of 0.3uM DSF:Cu Figured4a), compared with the G2/M population afy-radiation
treatment alone. The percentages of cells in G28vV65.60% and 35.13% afy-
radiation treatment alone ay-radiation treatment in the presence uM DSF:Cu,

respectively (Figurd4b).
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Figure 44 The effect of DSF:Cu on theredistribution of HCT116 p53-/- cells throughout the phases of
the cell cyclefollowing y-radiation treatment

HCT116 p53-/cells were fixed in 70% ethanol-20°C, 12 h aftey-radiation treatment in the absence o
the presence of 0.3 (a) ouM DSF:Cu (b). The cell cycle profile was obtaingdHACS analysis aPI-
stained cells. The quantification of the percentafgeells in each phase of the cell cycle (GO/GIG3/M)
was carried out using FlowJo softw (BD Biosciences, Mountain View, CAData are mean + SEM; n=

Two symbols indicate p < 0.(

These data demonstrated that DSFprevened the G2 arrest followiny-radiation
treatment in LNCaP, S-N-BE(2c) and UVW/NA' cells. Furthermore, the presence or
absence of functional p53 did not affect the intili of the G2 arrest by DSF:Cu
HCT116 cellsas indicated by thcomparable abrogation of tyeadiation-induced G2
arrest by DSF:Cu in HCT116 p53+/+ aHCT116 p53-/- cells.

55 Discussion
Cell cycle checkpoints at ttG1/Sand G2/M transitions are activated in responsy-
radiation treatment. The resulting delay in progi@s into the S phase and mitosis allc

for the repair of radiatic-induced DNA damadé’. If SSBare not efficiently repairet
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they are converted into DSB during DNA replicatiorthe S phase. DSB are strong
signals for apoptosi€. The inappropriate entry of cells into mitosiglie presence of

DNA damage leads to mitotic catastrophe. Mitotiasaophe is not clearly defined. It is a
cell death mechanism which results from aberratdtiactivity of cells which have been
damaged by chemotherapeutic drugs or radiatiotntexg*®. Therefore, cells must
undergo cell cycle arrest in order to avoid entrynitosis (G2 arrest) or to the S phase (G1
arrest) if their DNA has been damaged. In the erpanrts presented in this chapter,
DSF:Cu inhibited/-radiation-induced G2/M arrest in a variety of diles (Figure 40 to
Figure 44), resulting in progression to mitosisha presence of DNA damage. Therefore
the suggested radiosensitising mechanism of DSE.@wereased cell death, through
mitotic catastrophe, following exit from the G2/Mase of the cell cycle after the

inefficient repair ofy-radiation-induced damage of DNA.

Radiosensitisation by DSF:Cu in combination witadiation treatment was demonstrated
in SK-N-BE(2c) and UVW/NAT cells (Section 4.4.2h these experiments, the cells were
irradiated and then incubated with DSF:Cu for 2#efore clonogenic assay. At 24 h after
irradiation, all SK-N-BE(2c) cells had undergone &gest, progressed to mitosis and
entered G1 (Figure 39b). This indicated that 24tér &radiation, the majority of cells had
re-entered the cell cycle following G2 arrest.He tadiosensitisation experiments using
SK-N-BE(2c) cells (Section 4.4,2DSF:Cu was present in the culture medium for 24 h
following irradiation. Thus, the majority of celghich would otherwise have arrested in
G2 in order to repair their DNA, were preventediirdoing so by DSF:Cu. These cells
then entered mitosis carrying the burden of unrepgddNA resulting in mitotic

catastrophe.

However, the percentage of UVW/NAT cells in G2/MI24fter irradiation was 45%
versus 25% for the control, indicating the preseasfce population of UVW/NAT cells still
arrested in G2 24 h after irradiation (Figure 39d)is observation was consistent with the
finding that the value was lower in UVW/NAT cells following treatmiewith y-radiation
compared with SK-N-BE(2c) cells. The greater apitit UVW/NAT cells than SK-N-
BE(2c) cells to repair DSB, indicated by the loygeralue (Section 4.4.2), may be a result
of the longer cell cycle delay in G2. UVW/NAT cebgenefit from more time to repair
DNA damage following radiation. This could explémver radiosensitivity of UVW/NAT
cells compared with SK-N-BE(2c) cells.
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The inhibition of G2 arrest followingradiation treatment occurred regardless of the p53
status of the cell line, as indicated by the corapkerabrogation of G2 arrest in HCT116
p53+/+ cells (Figure 43) and HCT116 p53-/- cellg(Fe 44). Also, the inhibition of G2
arrest followingy-radiation treatment occurred regardless of thatttur of the G2 arrest
produced by-radiation treatment. For instance, all SK-N-BE(2e)ls had re-entered the
cell cycle 24 h after irradiation (Figure 39b) wias 20% of UVW/NAT (Figure 39c) cells
were still arrested in G2 24 h following irradiatid-or instance, DSF:Cu abrogated G2
arrest followingy-radiation treatment in both SK-N-BE(2c) and UVW/RAells. These
observations may indicate the generality of thebimdry effect of DSF:Cu on G2 arrest
after irradiation. Thus it may be hypothesised thatmechanism by which DSF:Cu
inhibits G2 arrest is not through the specific lagan of the phosphorylation of key
effectors of the G2 arrest. Instead, it may betdueemore general effect on the level of
expression of proteins involved in cell cycle redidn. Experiments are currently being
performed to elucidate the mechanism of DSF:Cuosalisitisation via inhibition of the
G2 arrest machinery. Furthermore, the consequdrte @abrogation of the cell cycle
arrest in G2 by DSF:Cu following irradiation shote an increase in SSB and DSB, as

indicated by the increase enandf values. Such conjectures are currently beingdeste

This series of experiments demonstrated the aboogat G2 arrest following external
beam radiation treatment by DSF:Cu which resultecdiosensitisation of cells cultured
as monolayers. However, two-dimensional monolagezsnadequately representative of
tumours. The ensuing chapters will describe theathearisation of multicellular tumour
spheroids as models for the study of the sensdrsaf avascular metastases to targeted
radiotherapy by DSF:Cu.
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6 Characterisation of multicellular tumour spheroids(MTYS)

for the study of combination treatments

6.1 Introduction

6.1.1 Spheroids

For the purpose of cancer research, malignant eelisbe kept in their proliferating state
attached to plastic surfaces as two-dimensionalotagers. Alternatively, they may be
grown as multicellular tumour spheroids. Thesespieerical multicellular aggregates of
malignant cells proliferating freely in suspensinrculture medium. A range of spheroid
models have been described to study many typesnofees such as breast cafter
prostate cancét’, gliom&>? colon cancér?and lung cancét’. Spheroids bear greater
similarity to tumours than monolayers because eif tB-dimensionnal morphology. For
instance, the 3-D organisation of spheroids enghkefvestigation of the ability of a
chemotherapeutic agent to penetrate the spherditbaget deeply located cells.
Compounds with a high molecular weight or with lgpophilicity will penetrate less
deeply inside a tumour than small lipophilic mollesuthus resulting in lower toxicity to

tumours. Such dependency cannot be evaluated iole@rs.

Culture medium contains oxygen and nutrients esddat spheroid cells’ survival and
proliferation. Upon attaining a diameter of approately 300um, a decreasing gradient of
nutrient and oxygen forms from the outer layethi® inner cor€*. The core of spheroids
is accordingly hypoxic and exhibits low p13?*° The cells in the outer layer of a spheroid
are in a proliferating state because they are rmdeguately supplied with oxygen and
nutrients. Although drug penetrability accountsdbemoresistance of spheroids, it has
also been demonstrated that the proliferating stamal the microenvironment (nutrient
availability, hypoxia and pH) of the various lay&ghin the spheroid influence sensitivity
to treatmerf®’. For instance, the proliferating outer layer isrensensitive to
antimetabolites such as doxorubicin or F3taMoreover, the alkylating agent mitomycin
is known to be more cytotoxic in hypoxic céffs It was shown that mitomycin was more
toxic to cells located within the core of sphergicisnsistent with the hypoxia-specific

cytotoxicity of mitomycirf>®

Furthermore, the indirect effect of radiation treaht was described in Section 1.1.5.1.
ROS, formed by ionisation of oxygen-containing cannpds, can damage DNA in the
same way as its direct irradiation. The indireé¢@fof radiation relies on the presence of

oxygen in the irradiated milieu. It follows thatggxic regions are more resistant to
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radiation than normoxic tisstf This is supported by the demonstration that large
spheroids are more resistant to radiation treatrmamt small spheroids due to the presence

of a hypoxic corg®*%%?

Tumour microenvironment plays an important rol¢hia sensitivity to therapy. Therefore
spheroids allow for a more accurate predictiorhefdutcome of chemotherapy and
radiotherapy than monolayers. It was demonstrdiatiat human ovarian carcinoma cell
line grown as xenografts and spheroids resembladuus with respect to growth rate,
necrotic region, hypoxia and radiation sensit&fityHowever, there are differences
between spheroids and tumours. For instance, daogegradients of nutrients and oxygen
exist from the outside to the innermost regionspiferoids in a concentric layer fashion.
This is in contrast to tumours where gradientsugfiants and oxygen form according to
the blood supply within the tumour. Tumours coutdrbpresented by a “mosaic” of
microenvironments whereas a spheroid could be septed as concentric circles of
microenvironments. Furthermore, spheroids faikjoresent the complete
microenvironment in which the tumour is confinedrBblasts, endothelium and
components of the immune system communicate wahuimour through secretion of
growth factors and cytokines. Although spheroidk ldlnese features, they do represent a
useful alternative to xenografts in experimentaets by recreatingn vitro the

heterogeneity of microenvironments observed imaotur®

6.1.2 Considerationsfor targeted radiotherapy

Radiopharmaceuticals exert their cytotoxic effgctllvect deposition of energy in targeted
cells and by cross-fire to neighbouring cells. T18+® aggregates of cells such as
spheroids, in which cross-fire occurs to a greexéent than in monolayers, constitute a

better model to study therapeutic radiopharmacaistic

Targeted radiotherapy is able to reach all maligiesions expressing the specific
molecular target regardless of the size or morghold the target tissue. Spheroids are
models of avascular micrometastases and have Iseelnas models for the investigation of
the effect of drugs or the penetration of agenthiwiavascular malignant tissdes*®®
Spheroids are perfectly suited for the investigatbradiopharmaceuticals in the context

of targeted radiotherapy.
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6.1.3 A mathematical approach to the quantification of spheroid growth delay

One index of treatment-induced growth delay of spids is the time required for an x-

fold increase in volumer)?®?2’ Alternatively, the incorporation of fluorescernyes may

be used to measure cellular viability at a paréictimepoint after treatment. However, the
effect of a treatment may be the reduction of tteevth rate of the spheroid or the increase
of the growth delay before the proliferating phasée spheroid. Thus, the measurement
of cellular viability at a particular timepoint ot the optimal method of determining the
effect of experimental therapy of spheroids. Indt¢le kinetics of growth were measured
over a period of 3 to 4 weeks which corresponddtiéghase of exponential growth of
LNCaP spheroidé".

The mathematical equation for the dose-responagarship is given by the median effect
principle. The median effect principle is basediumadetermination of a surviving fraction
(unaffected by the treatment) and an affecteditvacthus, in order to apply the median
effect principle to the investigation of spherombgth, it is necessary to derive the
surviving fraction from growth delay experiments.this chapter, the most appropriate
index of the effect of a treatment that enablesctieulation of surviving fraction - area
under the volume-time curve or the time requiradafo x-fold increase in spheroid volume
- will be evaluated. Furthermore, it will be assgsshether the median effect principle
can be applied to spheroid growth delay experimentietermine the nature of the

interaction between two agents in combination.

6.2 Aims
- investigation of the morphology of the spheroidgmyitreatment and during their
growth
- determination of the growth characteristics of splus
- the establishment of an analytical method to datesrthe dose-response

relationship in spheroid growth delay experiments

6.3 Materialsand methods

6.3.1 Spheroid initiation

The prostate carcinoma cell line LNCaP, the gliamlhline UVW/NAT and the
neuroblastoma cell line SK-N-BE(2c) were culturedspheroids using the liquid overlay
techniqué’® The monolayers were trypsinized and 3%délls were seeded into a 25cm?
plastic flask coated with 1% agar. The agar satuivas prepared by dissolving 1g of agar

powder (Melford Laboratories Ltd, Ipswich) into &0 of distilled water and heated in a
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microwave before the addition of 80 ml culture nuediat 50°C. The cells were incubated
for a period of 3 to 4 days in 95% air and 5%,@0D37°C. At the end of this period,

spheroids had formed and were used for treatment.

6.3.2 DSF:Cu treatment

After 3 to 4 days of incubation in 95% air and 5%.@Gt 37°C, the spheroids were
centrifuged at 300 rpm for 3 min and resuspende&tmi fresh serum-free culture medium
containing DSF:Cu in universal tubes. Universaksitivere used in preference to agar-
coated flask used for initiation because it wascgdated that agar may interfere with the
availability of drugs. Spheroids did not attachtte sides of the universal tube. At the end

of the treatment period, the spheroids were watiree times in PBS.

6.3.3 Spheroid volume measurement

At the end of the treatment period, spheroids pfaxmately 10Qum in diameter were
manually selected under a magnifying lamp and iddiily transferred into agar-coated
wells of a 24-well plate (Fisher Scientific UK Ltdpughborough). The growth of
individual spheroids was monitored twice per wesikg an inverted phase-contrast
microscope connected to an image acquisition syster orthogonal diametersyg and
dmin (UM), were measured using the image analysis softinageJ and the volume, V

(10° pm®), was calculated using the formtfta

V =1 X Gnax X Gnin? / 6,000,000  (17)

Alternatively, the volume, V, of a single spherads divided by its initial volume ¢/

(VIV ), to enable comparison between treatments.

6.3.4 Calculation of the growth delay (t2) and the doubling time (DT)

Linear regression analysis between the logariththefold increase of individual
spheroid volume (logV/y) and time t was performed using the method oft leqsares.
The linear regression equation was fitted to thmoaential part of the spheroid growth
curve. The slope, b, and the y-intercept, a, ofittear regression equation log\WW¥ bt +
a were used to calculate the timg,required for an 2-fold increase in spheroid vadum

from day O:

T,=(log2-a)/b (18)
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Alternatively, DT was efined as the time required for ddd increase in volumin the

exponential part of the spheroid growth c.. DT was calculated using equati20):
DT=log2/b (20)

TheTt, values represent a measure of the growth delaywind DT values reprent a
measure of the growth rate. Indeed, the effecttod@ment may be the delay of the s
of the proliferating phase wittn ensuingoroliferating phase parallel to that of t
untreated control. Alternatively, the effect ofr@eatment may be ttreduction of the
growth rate (i.e. reduction of the slope of the-transformed growth curveFigure 45
shows the growth curves of an untreated spheFigure 4%) and that of a spherc
treated with 3.7 MBg/ml of the radiopharmaceutf™*]MIP-1095 Figure 45b). The
untreated spheroid icharacterised byt, = 3.50 days and DT 2.82 days (Figure 45a).
Note that, in this particular example, the probfemg phastof the untreated sphercstarts
from day O without a lag phasFigure 4%). On the other hand, the spheroid treated
3.7 MBa/ml [*4]MIP-1095 is characterised by an increasg(8.77 days) but a simil:
DT vdue (3.31 days)Figure 45b). This indicatdbat this radioactivity concentration
[**4]MIP-1095 delas the start of the proliferating phase but doetsalter the growth rate.
This is consistent with a proportion of cells bekilied by the treatment and the remain
cells able to proliferate at the same rate asdhéal. This example demonstrates the r
to report both values in order to ess the effect of treatment on the growth of sptsi

37 27
a y=0.11x - 0.07 b y =0.09x - 0.50
251 R>=099 R>=0.99 X

T, = 3.50 days 1519 1,=8.77days
2 1 DT=282days - DT =331 days
E 15 E 1 - 0.301 inerement
-11]
é” 0.301 merement =
1 -
05 4+—»
0.5 1
Log2 ~0.301
0 X T T T T 1 O X T T T 4 !
o © 7 14 21 28 0 7% 14 21 28
Time (days) Time (days)

Figure 45 Comparison between 1, and DT valuesfor the measure of spheroid growth
Two spheroids were evaluated: one untreated (apaadreated with 3.7 MBg/m™*4]MIP-1095 (b). The
logarithm of the V/\§ values was calculated in order to obtain a linekationship between logV,, and

time. The volume against time data were fittedibgdr regression using the method of least squahe=t,
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value was defined as the time required to achi2«fadd increase in spheroid volume from day O #red
DT value was defined as the time required to aeh@&®-fold increase in spheroid volume during the
exponential growth of the spheroid. Thevalues are represented graphically by the redwsrmwhereas the
DT values are represented graphically by the bitmns. In both panels, the equation of the linear

regression, the coefficient of determinatioh fRet, and the DT values are reported.

6.3.5 Calculation of the area under the curve (AUC)

The area under the V{Wersus time curve (AUfgea) Was calculated for individual
spheroids using trapezoidal approximation. SimylaHe area under the logVgVersus
time curve (AUGyg) was also calculated for individual spheroids ggiapezoidal

approximation.

6.3.6 Statistical analysis

The logarithmic transformation of the VifWalues (logV/\§) linearises the growth curve,
I.e. each timepoint is equally weighed in the clattan of AUG.g. In contrast, the

AUCinear Value is relatively more dependent on the 3Wdlues at the later timepoints than
at the earlier timepoints because of the exporlantieease in volume. Therefore, the

AUC o4 values were chosen over the AldG: values for the statistical analyses.

The distributions of,, DT or AUG,q4 values were not normal therefore non-parametric
testing was performed using the statistical analgsftware SPSS v.19 (IBM). The
Kruskal-Wallis test was used to determine whetlxpeemental data indicated a
significant level of difference between the mediahthe groups. If the p-value of the
Kruskal-Wallis test was less than 0.05, the Mannitidy test was used for pairwise
comparisons. The statistical analysis of the efdéanhcreasing doses of a treatment was
performed as follows. First, the median of the grineated with the highest concentration
was compared with that of the control. If the pesateturned by the Mann-Whitney test
was less than 0.05, the difference between thegteops was considered significant and
the median of the group treated with the next lsghencentration was then compared
with that of the control. This stepwise proceduseswvapplied to each drug concentration
with 0.05 as the significance level until the medd a group was not significantly
different from that of the control. When a companiseturned a p-value greater than 0.05,
the effects of treatment with lower concentratisigse considered not statistically
significant. The assumption was made that incrgadose increases the effect, thus an
observation of a more significant effect at a los@ncentration was considered to be due

to random variation.

140



6.3.7 Regression analysis

The significance of the correlation between thepaaters,, DT or AUGqy and the initial
spheroid volume at day 0 was determined usingtttestcal analysis software SPSS v.19
(IBM). A linear regression equation was calculdbydhe software and an analysis of
variance (ANOVA) was performed to determine whethercorrelation was statistically

significant.

6.3.8 Immunocytochemistry

Spheroids were stored at 4°C overnight in formahd delicately processed into a wax
block. Wax sections gm thick were cut using a microtome (ThermoFisheei&dic,

Hemel Hempstead, UK). These sections were placedpmty-lysine coated slides and
baked in an oven at 60°C for at least 1 h. Immustobhemistry was performed using an
automated staining platform. The sections were deed in Xylene and re-hydrated by
successive immersions in 100% (v/v) alcohol, 75%)(alcohol and distilled water.
Endogenous peroxidase activity was quenched byatmn in 0.3% (v/v) KO, solution

in methanol for 30 min. For epitopic exposure, kiadticed retrieval was performed in a
10 mM sodium citrate, 0.05% (v/v) Tween 20, pH6fbutising a pre-treatment module
(DAKO, Cambridge, UK) set to 98°C for 25 minutesielsections were then washed using
Tris-buffered Tween before being exposed to anG7KiThermo, 1:100) or anti-
phosphorylated caspase 3 (pCASP3) (Cell Signallirigf)). The anti-rabbit EnVision™
system (DAKO, Cambridge, UK) was used in conjunciith the 3, 3’-diaminobenzidine
(DAB) substrate kit for peroxidase (Vector Laboras, Burlingame, CA) to visualise
epitope positivity. The spheroid sections were tb@mterstained with haematoxylin and
immersed in Scotts tap water for 1 min in ordemprove the contrast with eosin staining.
Finally, the sections were dehydrated and rewayeslibcessive immersions in 75% (v/v)
ethanol, 100% (v/v) ethanol and xylene before appilbn of DPX mountant (VWR, UK)
and a glass coverslip.

6.3.9 Pimonidazole treatment

The hypoxic status of spheroids was determinedyubia hypoxyprobe™ kit
(Hypoxyprobe Inc, Burlington, MA). Live spheroidsve treated for 24 h with 2QM
pimonidazole in culture medium. Pimonidazole bita#hiol groups of proteins in the
absence of or in the presence of low levels of ex§/d Therefore, pimonidazole adducts
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are markers of anoxia and hypoxia. After treatnvgttt pimonidazole, the spheroids were

fixed in formalin for 24 h before processing.

6.3.10 Staining of pimonidazole adducts

Spheroid sections were de-waxed and rehydrateddnessive immersions in xylene,
100% (v/v) ethanol, 75% (v/v) ethanol and distillgdter. Firstly, endogenous peroxidase
activity was quenched by incubation in 0.3% (v/¢Okisolution in methanol for 30 min.
The sections were then blocked in 10% (v/v) goatrean Tris-buffered EDTA (TBE) for
30 min. Secondly, the sections were incubated % {@Vv) goat serum in TBE containing
monoclonal mouse anti-pimonidazole adducts antil{etyyppoxyprobe, Inc, Burlington,
MA, 1:5,000 or 1:1,000 dilutions as indicated) fon. The spheroid sections were then
incubated in 10% (v/v) goat serum in TBE contairangbbit biotinylated polyclonal anti-
mouse secondary antibody (DAKO, Cambrifge, UK, D)1for 45 min. For visualisation

of the pimonidazole adducts, the spheroid sectieere incubated in TBE containing
avidin and biotinylated horseradish peroxidase oractecular complex (Vectastatin Elite
ABC kit, Vector Laboratories, Burlingame, CA) fob &in at room temperature followed
by incubation in distilled water containing DAB (&er Laboratories, Burlingame, CA)
for 10 min at room temperature according to theufeturer’'s protocol. The spheroid
sections were then counterstained with haematorylthimmersed in Scotts tap water for
1 min in order to improve the contrast with eogairsng. Finally, the sections were
dehydrated and rewaxed by successive immersions%(v/v) ethanol, 100% (v/v)

ethanol and xylene before application of DPX mooh{&WR, UK) and a glass coverslip.

6.3.11 Heamatoxylin and eosin

Firstly, the sections were de-waxed in xylene antlydrated by successive immersions in
100% (v/v) alcohol, 75% (v/v) alcohol and watereTstaining procedure involved
successive immersions in haematoxylin (Cell Patk, Umin), 1% (v/v) acid alcohol,
Scott’s tap water (1 min) and eosin (made in-ho&isain) with intermediate washes in
water. Finally, the stained sections were dehydret&5% (v/v) and 100% (v/v) alcohol
solutions and immersed in xylene before applicatibBPX mountant (VWR, UK) and a

glass coverslip.

6.4 Results
6.4.1 Themorphology of spheroidsisdependent on their size
Spheroids were initiated using the liquid overlegtinique for 3-4 days. Single spheroids

were transferred into individual wells for monitagiof their size. The timepoint at which
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the first spheroid image was captured was deted day 0. At day 0, spheroids were
average 10@m in diameter whereas they were on averageym at day 21. The H&lI
staining of spheroid sections was used to reveal thternal morphology. Day 0 LNCe
spheroids stained homogeneously for H&E. Maurple nuclei surrounded by a pi
cytoplasm demonstrated a dense and homogeneoukspopwf viable cellsFigure 46).
On the other hand, 21 cs old LNCaP spheroids stained heterogeneously for H&ie.
outer layer was constituted of densely locatedeistirrounded by a cytoplas
reminiscent of the morphology of day O spheroidse ihner core was composed of ar
of cells staining predominantlynk and possessing nuclei smaller than those iouker
layers. Both of these features were consistent egthdeath in the core and an are:
proliferating cells in the outer layeFigure 46§"*

LNCaP spheroids were also stained for markersaliferation (Ki67) and hypoxis
(pimonidazole adducts). Day O LNCaP spheroids aoatha su-population of Ki67-
positive, proliferating cells scattered randomisotighout the spheroiFigure 46).
Moreover, hypoxia was not evidelFigure 4§. In contrast, 21 days old LNCaP spherc
showed heterogeneous staining for Ki67 and hypdtiare was an outer layer of K-

positive proliferating cells and an inner populataf hypoxic cells Figure 46).

Pimonidazole Kic?7 H&E
adducts

Day 0

Day 21

No
pimonidazole Pimonidazole

|

Figure 46 Hypoxic core and proliferative outer layer in LNCaP spheroids
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LNCaP spheroids of diameter -150um (day 0) or 50Qum (day 21) were exposed to 2uM of
pimonidazole for 24 khen fixed in formalin and stained with an i-pimonidazole adduct antibot
(Hypoxiprobe™, 1:5,000) as described in Sec6.3.10 Ki67 staining was used to reveal proliferat
regions within spheroids. Hematoxylin and eosin @ &taining was used to reveal the internal momin

of the spheroids. The bars indicate ‘um.

Day 0 SK-NBE(2c) spheroids containea homogeneous population of normoxic .
proliferative cells Figure47). On the other hand, day 21 SKB¥(2c) spheroids consist:
of a heterogeneoympulation of cells: a hypoxic core surrounded W§i@7-positive
proliferating outer layerFigure 473. H&E staining revealed an outer layer com|ng
numerous densely organised nuclei whereas the aanercontained fewer nuclei
chaotic morphology, indicative of a healthy outgydr surrounding a dying corFigure
47).

Day 0 UVW/NAT spheroids showed a homogeneous-hypoxic and proliferativi
population of cellsKigure48). On the other hand, day 21 UVW/NAT spheroids stda
heterogeneous population of cells: there was aigmmre surrounded by an outer la
of Ki67-positive proliferating cellsFigure 48. The hypoxic core stained positively
pCASP3, signifying apoptosiFigure 48).

Pimonidazole Kic?7 H&FE
adducts

g > & -
& will

Day 0

Day 21

No
pimonidazole Pimonidazole

Figure 47 Hypoxic core and proliferative outer layer in SK-N-BE(2c) spheroids
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SK-N-BE(2c) spheroids with a diameter of approxiehatl00um (day 0) or 50@um (day 21) were exposed
to 200uM of pimonidazole for 24 h, then fixed in formalmd stained with anti-pimonidazole adduct
(Hypoxiprobe™, 1:5,000) as described in Sectionl®.3Ki67 staining was used to reveal the prolifeea
status of the spheroids. Hematoxylin and eosin (H&E&re used to reveal the internal morphology ef th

spheroids. The bars indicate 15.

A significant observation was the presence of aokigring of greater staining intensity
located at the periphery of the hypoxic core andheninternal edge of the outer layer.
This feature was present in LNCaP (Figure 46), SRE2c) (Figure 47) and UVW/NAT
spheroids (Figure 48). The greater intensity ahgtg for pimonidazole adducts at this
location could not be due to lower oxygen tensiogesthis would be contrary to the
depth-dependent oxygen gradient. A proportion 8§ ¢ecated on the internal edge of the
outer layer which was defined by the H&E stainisgaadensely organised viable
population of cells also stained positive for pint@zole adducts. The illusion of greater
intensity arose from the pimonidazole adduct stgjraf the more densely packed
population of the outer layer compared with thathaf dying core. This suggested there
was a population of cells deemed viable accordirtpe H&E staining which was also
hypoxic. Finally, the width of the Ki67-positivegliferating ring was thinner than that of
the H&E-stained viable outer layer (Figure 48). Khé7-positive proliferating ring did
not overlap with the hypoxic ring on the interndbe of the H&E-stained viable outer
layer (Figure 48). These observations suggesteprdsence of a non-dividing or
quiescent population of live cells located withie tspheroids. The latter conclusion is
speculative because a similarly hypoxic yet viabgon was less apparent in LNCaP
(Figure 46) or SK-N-BE(2c) spheroids (Figure 47).
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Day 0
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pimonidazole Pimonidazole

Figure 48 Hypoxic core and proliferative outer layer in UVYW/NAT spheroids

UVW/NAT spheroids with a diameter of approximat&§0um (day 0) or 50(um (day 21) were exposed to
200uM of pimonidazole for 2:h, then fixed in formalin and stained with aptimonidazole adduc
(Hypoxiprobe™, 1:1,000) as described in Sec6.3.10. Ki67 staining waused to reveal the proliferati
status of the spheroids. Hematoxylin and eosin (H&Ere used to reveal the morphology of the spler
Apoptosis was detected using an antibody direcgedhat the phosphorylated form of caspase 3 (pCAS
The segmets determine the width of the outer layer of viatddls as defined by the H&E staining. The k
indicate 15Qum.

6.4.2 Spheroid growth rateisdependent on initial size
Thety, DT and AUGyg values of untreated LNCaP, UVW/NAT and -N-BE(2c)
spheroids wereamnpared with their initial diameter. The correlatioetween each of the

parameters and initial volume was investig by regression analy:.

6.4.2.1 LNCaP

Growth curves were constructed for three size eas$ LNCaP spheroi: those of
diameter< 200um, those of diameter 200 to 3jum and those of diamet> 300um
(Figure 49. Analysis of the growth curves indicated that bigger the initial volume, th
slower the growthKigure49a and Figure 49b). A regressiamalysis of the correlatic
betweert,, DT, AUCog and initial volume (¥) wascarried out. Acording to the data

displayed in FigurdSc, 1, values can be defined as follows:

1,=0.04 \j+ 3.10
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The growth delay increased by 0.04 daysevery 1x10 um3 increase of Y5 (p = 0.008).
The R value was 10%, indicating that 10% of the variapitif T, was explained by the
variability of V, (n = 66) Figure 4€). Similarly, according to the d: displayed in Figure

49d, DT values can be defined as follo
DT =0.08 \4 + 3.54

The doubling timencreased by 0.08 days for every 1° um3 increase of \, (p < 0.001).
The R value was 37%, indicating that 3 of the variability of DT was explained by t
variability of V, (n = 66) Figure 4@l). Finally, according to the data displaye(Figure

49e, AUGyq values can be defid as follows:
AUC|og =-0.03 \§ + 2.7(

The area under the logV, versus time curve decreased by 0.03 AU (AU = tin
volume) for every 1x1° um3 increase of Y (p < 0.001). The Rvalue was 75%, indicatin
that 736 of the variability of AU, valueswas explained by the variability of, (n = 27)
(Figure 49e).
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Figure 49 The effect of the initial volume (V) on the growth rate of LNCaP spheroids
Spheroids were sorted according to their initialhdgter ., at day 0. Spheroid volumes are plotted in o

to demonstrate the difference between the initidlimes (a). The V/y values are plotted to demonstrate
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inverse correlation between initial volume and gitovate (b) 1, values are plotted against initial volume (c).
DT values are plotted against initial volume (d)J@\,4 values are plotted against initial volume (e). The
correlations between, DT, AUG,4 and the initial volume were statistically evaluhtesing SPSS; the
regression equation, the coefficient of determamaf®, the number of spheroid N and the p-value arergive

for each parameter.

6.4.2.2 SK-N-BE(2c)

Growth curves were constructed for three size elas$ SK-N-BE(2c) spheroids: those of
diameter< 100um, those of diameter 100 to 20t and those of diameter200um
(Figure 50). Analysis of the growth curves indichtlkat the bigger the initial volume, the
slower the growth (Figure 50a and Figure 50b). dression analysis of the correlation
betweert,, DT, AUCqq and \p was carried out. According to the data displayeBigure

50c, 1, values can be defined as follows:
1,=0.17 \fp+ 1.96

The growth delay increased by 0.17 days for eveﬂ;;t)?Lum3 increase of Y but the
correlation was not statistically significant (9462) (Figure 50c). Similarly, according to

the data displayed in Figure 50d, DT values caddimed as follows:

DT =0.19 \, + 1.96

The growth rate increased by 0.19 days for evenyﬁ[am3 increase of ¥ (p < 0.001).
The R value was 71%, indicating that 71% of the variapidf DT was explained by the
variability of V, (n = 21) (Figure 50d). Finally, according to thealdisplayed in Figure

50e, AUGyq values can be defined as follows:
AUCog=-0.39 \§ +5.46

The area under the logVéWersus time curve decreased by 0.39 AU (AU = time
volume) for every 1><1(i)pm3 increase of Y (p < 0.001). The Rvalue was 67%, indicating
that 67% of the variability of AUy was explained by the variability of,\{(n = 21)

(Figure 50e).
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Figure 50 The effect of the initial volume (V) on the growth rate of SK-N-BE(2c) spheroids

Spheroids were sorted according to t initial diameter ¢.,at day 0. Spheroid volumes are plotted in 0
to demonstrate the difference between the initidlimes (a). The V/y values are plotted to demonstrate
inverse correlation between initial volume and gitovate (b). Thet, values ar plotted against initial
volume (c).DT values ar plotted against initial volume (d). AU values arglotted against initial volume
(e). The correlation betweet,, DT, AUC,q and the initial volume was statistically evaluatsihg SPSE
the regession equation, t coefficient of determination3Rthe number of spheroid N and tt-value are

given for each paramet

6.4.2.3 UVW/NAT

Growth curves were constructed for three size elme$ UVW/NAT spheroids (i) those
diameter< 100um, (ii) those of diameter 100 and 2um and (iii) those of diamete 200
um (Figure 5). Analysis of the growth curves indicated that ingger th initial volume,
the slower the growtlFigure 51a and Figure BL The analysis of the correlation betw:
To, DT, AUGCog and \p was carried out. According to the growth delay ahsplayed ir

Figure 51cj, values can be defined as follo
T, =0.48 \{, + 0.87

The growth delay increased by 0.48 days for eveﬂ;;C6 um3 increase of Y5 (p < 0.001).
The R value was 60%, indicating that 60% of the variapitif T, was explained by the
variability of V, (n = 40) Figure 5k). Similarly, according to the doubling time d

displayed in Figur&1d, DT values can be defined as follows:
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DT =0.26 \j + 2.17

The growth rate increased by 0.26 days for eveﬂ;c6 um3 increase of Y5 (p < 0.001).
The R value was 51%, indicating that 51% of the variapitif DT was explained by tt
variability of V, (n = 40) Figure 54). Finally, according to the ea under the curve data

displayed in Figur&le, AUGy4 values can be defined as follows:
AUC|og = - 0.33 \§ + 3.9¢

The area under the logV, versts time curve decreased by 0.33 AU (AU = tim
volume) for every 1x1° um3 increase of Y (p < 0.001). The Rvalue was 40%, indicatin
that 40% of the variability of AUj,g was explained by the variability ofy (n = 35)
(Figure 51e).
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Figure 51 The effect of theinitial volume (V) on the growth rate UVW/NAT spheroids.

Spheroids were sortextcording to their initial diametel.x at day 0. Spheroid volumes are plotted in o
to demonstrate the difference between the initidlimes (a). The V/y values are plotted to demonstrate
inverse correlation between initial volume and gitovae (b).1, values arglotted against initial volume (c
DT values arglotted against initial volume (d). Aly values arglotted against initial volume (e). Tl
correlation betweem,, DT, AUC,,g and the initial volume was statistically evaluatesing SPSS; th
regression equation, tleefficient of determinatic R?, the number of spheroid N and tt-value are given

for each parameter.
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These data demonstrate the statistically significarrelation between the three
parameters,, DT and AUGyy and the initial volume of LNCaP, SK-N-BE(2c) and
UVW/NAT spheroids. Based on these results, all sgbsent growth delay experiments
have been carried out with spheroids of similaiahsizes in order to minimise the
variation of the growth rate due to variation inial size.

6.4.3 Determination of the dose-responserelationship using the spheroid model

Our goal is to evaluate the radiosensitising paaént a drug in combination with targeted
radiotherapy. For this purpose, spheroid growtlvesimust be analysed to determine the
dose-response relationship. Furthermore, the desmnse relationship must conform to

the median effect principle in order to calculamanbination index for the determination

of supra- or infra-additive Kill.

In order to transform spheroid growth delay data amdose-response relationship, the
growth curve of a particular treatment must be ceduo a single value, which would
represent the measure of the effect of a particteatment. Several parameters have been
described previouslyr,, DT, AUC,y and AUGinear Alternatively, the V/\§ value at a

particular timepoint could be used as a measutieeoéffect of a treatment.

The median effect principle requires the surviVirggtion to decrease with increasing
doses. Thusy,; and DT values, which both increase with increasiegtment dose, are not
suitable for the application of the median effewhqple. On the other hand, the AWg
AUCinear OF the V/\p values at a particular timepoint decrease witheiasing doses. Thus

these three parameters were considered for thecapph of the median effect principle.

An example will be used for the determination @ best parameter for the application of
the median effect principle (Figure 52). The effeicvarious concentrations of the
radiopharmaceuticat{f]MIP-1095 on the growth of LNCaP spheroids is sham a

linear scale (Figure 52a) and on a log scale (Eig2b). The effect of a drug may be
defined as the fractional reduction of the sphevoidime compared with that of the
control, i.e. the affected fraction. The unaffedieattion, or surviving fraction, is given by
1 minus this effect. The surviving fractions (1 mérthe fractional reduction in Vfywere
calculated by dividing the VpAvalue after treatment by that of the untreatedrobat

each timepoint. The resultant DSF:Cu dose-respraatagonship at each timepoint
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demonstrated the variability of the surviving frans amongthe timepointsFigure 52c).
The corresponding median ect plots are shown in Figuredh2l'he median effect plo
demonstrate the applicability of the median efspation at 23 and 27 days, as indic
by the R values greater than 0.Figure 521). However, the variability of the s values
confirmed the unreliability of the arbitrary choioga farticular timepoint for th

application of the median effect principFigure 52d).

a
—6—0 MBq/ml
- —8—0.37 MBq/‘ml
< ——1 MBo/ml
—%—3,7 MBg/ml
—— 10 MBq/ml
c
. Timepoint m IC;, R?
2 —— Gdays 007 1048245 031
=3
E —&— 9days 0.1 212 0.44
=
&b —— 13days 0.16 0.24 0.53
= —— 16days  0.19 0.07 0.63
E —%— 20days 022 032 0.82
£ —o— 23days 026 0.64 0.99
—— 27days 033 3.08 0.97

4 [ 8 10
MIP-1095 activity conc. (MBq/ml)

log dose

Figure 52 The effect of the arbitrary choice of a timepoint on the variability of the surviving fractions
The effect of f41]MIP-1095 on the growth of LNCaP spheroids is shown bnear scale (a) or on a l¢
scale (b). At each timepoint, the \, value of the groufreated with a particula**]MIP-1095
radioactivity concentration was divided by thatleé untreated control in order to obtain a sungviraction
(c). The respective median effect plots were coegtd using the data from panel (c) according ction
3.3.5.

The area under the curve is the average of the¢ values of all timepoints multiplied k
the time, i.e. the area under the cun proportional to V/\§. Thus, the definition of th
surviving fraction at one timepoint (1 minus thadtional reduction of the Vi, value as
compared with that of the control) can be extrajgoldao 1 minus the fractional reducti
of the area under thwrve compared with that of the untreated cor

The comparison of the use of Alinear With AUC,og was performed to determine whetl
the logarithmic transformation of the \p values was needed for the application of

median effect principleFigure 53. Since the surviving fraction was defined as ‘ihus
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the fractional reduction of the area under the versus time curve” but not the ai
under the logV/¥ versus time curve, it was acipated that AUGnea, but not AUGg,

would fit the median effect princip

1 g AT I
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g 08 Pe D) log !- Y= 0285 - 000
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Figure 53 The calculation of | Csy based on AUCinear Or AUC, o vValues

The surviving fractions were obtained by dividilg AUC valuesof the groups treated with a particu
[**4]MIP-1095 concentration by that of the control (a). Téspective median effect plot was construt
according to SectioB.3. (b). The effect of £1i]MIP-1095 on the growth of LNCaP spheroids is shown
linear scale (c). The growth curve representingtieeretical median effect, i.e. obtained in resgoio
treatment with the 1§ dose of **1]MIP-1095, was constructed by plotting the Y, values calculated as
follows: VIV cso= (VIVg controrl) / 2.

The AUGiearand AUGCqq values were divided by those of the control in otdeobtain
surviving fractionstigure53a). The surviving fractions calculated from Ajinear Values,
but not those calculated from the Ao valuesfitted the median effect equation
indicated by Rvalues 010.94 and 0.68, respectively (Figureb33The AUGinear Values
returned an 16 of 1.04 MBg/ml **]MIP-1095 whereas AU, returned an g of
33519.58 MBg/ml, demonstrating a discrepancy betvibe two modes of analys
(Figure 53b).

The maximal effect of a treatment results in aline in a spheroid growth del:
experiment, i.e. the spheroids are sterilised h&uate grow. The I, dose of the effect

of [**4]MIP-1095 should be equivalent to a concentration tigides half the maxim
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effect, i.e. the growth curve resulting from suacheffect should be equidistant between the
growth curve of the untreated control and thatefmaximal effect. Sterilisation is
manifest by a growth curve defined by \(values of 1. Therefore, the theoretical growth
curve obtained in response to treatment with thg d@se of }*]MIP-1095 can be

obtained by plotting the volumes at each timepaatording to:

VIVoics0= (VIVo controi- 1) 1 2 (20)

The growth curve of the theoretical median effeghown in Figure 53c. It plotted
between the growth curves resulting from treatrmétit 0.37 and 1 MBg/mI*f4]MIP-
1095, indicating an 163 value situated within this range (Figure 53c).c8ithe 1Go
concentration calculated using the AldG: values was 1.04 MBg/ml, it was concluded
that the AUG,earvalues were more suited than AliGralues for the application of the
median effect principle. This observation was miadgeveral other experiments not

reported here.

6.4.4 Theinfluence of spheroid size on DSF:Cu cytotoxicity

It has previously been shown that the size of sptieras well as the presence of a non-
dividing and hypoxic population within spheroid§luenced the response to drug
treatmerft®. Therefore, the effect of spheroid size on thetoyticity of DSF:Cu was
investigated (Figure 54). Non-hypoxic spheroidefage of 11Jum in diameter) were
exposed to various concentrations of DSF:Cu. A entration-effect relationship was
observed for the growth delay but not for the dowgbtime. Thert, values were 3.66 +
0.45, 4.21 + 0.48, 6.43 + 1.28 (p < 0.05) and 1#3555 (p < 0.001) days for the
untreated controls, @M, 3.37uM and 10uM DSF:Cu respectively. LNCaP spheroids
were sterilised after exposure to 3fM as indicated by the sub-zero Aldgralue (p <
0.001) (Figure 54a and Table 8a). Interestinglg,D values did not significantly
increase with DSF:Cu concentrations up tqld(Table 8a). This indicated that DSF:Cu
killed a sub-population of cells within the sphekdhe affected fraction, whereas the
unaffected fraction was responsible for the subseggrowth at the same rate as the

untreated controls (Table 8a).
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Figure 54 The effect of spheroid size on DSF:Cu-induced growth delay

LNCaP spheroids, with an average diametel11pm (0.57x16 pm®), and lacking a hypoxicore were
exposed to a range of equimolar concentrationssoffdam and copper (DSF:Cu) for th (a). The first
image at day 0 was obtained at the end of the wre period. LNCaP spheroids were allowed to grov2f
days in order to form a hypoxic core and an outeliferative layer. At day 20, LNCaP sphero- on
average 692m in diameter (V = 136.68x° um®) - were exposed to 3.3 DSF:Cu for 24h. Images
were captured immediately after treatment at dagbR1Alternatively, at day 20, LNCaP spherc- on
average 65im in diameter (V = 121.37x°® um®) - were exposed to 10 or 35uM DSF:Cu for 24 h.

Images were captured immediately after treatmedty 21 (c). Data points are mean + SE

LNCaP spheroids were treated with 3.37, 10 or uM DSF:Cu 21 days after initiatio
At this timepoint, spheroids weon average 65@m in diameter and displayed
organised internal morphology defined byapoptotic and hypoxic core anc
proliferative outer layerFigure 46). The three parametessDT and AUy were not
significantly different from te untreated controls when hypoxic spheroids wesaéc
with 3.37, 10 or 33.uM DSF:Cu (Figure 54b and Figure 54@ble8b and Table 8c).
Therefore, the hypoxic status, the proliferaticatis$ of the cells within the spheroid, -
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acidic pH in the core of the spheroid and/or pextietn within the spheroid may influen
DSF:Cu cytotoxicity

a T2 DT AUC0g
Control 366 +045 234026  2237=+2355
1puM 421 =048 253+015 19.83 + 1.33"
3.37uM 643 £ 128" 244 =0.32 12.93 £ 227
10 uM 11.95 + 1.3 2.19+0.26 3.14 = 0.85%**

33.7uM N/A N/A -1.07 £043™

b s DI AUCiy,
Control 1016 = 1.60  7.62+1.17  6.82+1.14
3.37uM DSF:Cu 930 +0.82 6.75+060  529+1.96

C T2 DT AUCng
Control 10.74 £ 0.99 10.04 £ 087 522049
10 pM DSF:Cu 1265+ 1.76 950134 4352069
33.7uM DSF:Cu 11.82 +0.56 9.04=054  450+059

Table8 The 1, DT and AUC,y values of the effect of spheroid size on the DSF: Cu-induced spheroid
growth delay

T,, DT and AUG,4 valueswere calculated according to Section 6.3.4 andb6lhata are means + SE

6.4.5 Theeffect of confluency on DSF:Cu cytotoxicity

Day 21LNCaP spheroic, on average 65@m in diameter, @ more resistant to DSF:(
treatment thaxday 0 LNCal spheroids, on average 1fith in diamete (Figure 54, Table
8). The sizedependenresistance of LNCaP spheroidsD8F:Cu treatment may be due
inefficient penetration by DSF:Cu or changes associated witke increase in spherc
size, namely acidipH, hypoxia anaeduction of theroliferating rat. It was first
hypothesised that the resistance to DSF:Cu treathesicountered iday 21 spheroids was
due to the presence of a I-dividing population of cells.

The growth rate of monolayers attached to a plastitace decreases t-10% of the
maximalgrowth rate oncconfluence has been attairféd The resulting plateau ase is a
state defined as a balance betwcell growth and cell death. Thereat late plateau-
phase cells are defined as a-dividing population of cells without cell Ic*"®. At
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confluence, density limitation is a signal for cssn or reduction of proliferation. In non-
perfused cell cultures, the lack of nutrients,abheumulation of harmful waste and the
acidification of the culture medium also cause atsa or reduction of the growth
fractior?”. Cellular monolayers in the plateau phase of th@iwth have been used as an
in vitro model for the investigation of the effect of cheéheyapeutic drugs in conditions
found in the core of tumours, but without the pestatn problems encountered in 3-D
aggregates such as spherdid§’® LNCaP cells in the plateau phase of their groaveh

used to determine whether proliferating statusigrices DSF:Cu cytotoxicity.

The MTT assay was used to assess the viabilityN@aP cells in various phases of
growth. LNCaP cells seeded at 2,500 cellé/gnew at a constant rate over 10 days, as
indicated by the increase insA (Figure 55a). In contrast, LNCaP cells seeded=ior
13,000 cells/crhattained maximal formazan formation at day 7 aswyl %l after seeding,
respectively (Figure 55a). The maximaj;Avalue was 0.85, which was indicative of a
plateau phase rather than the upper detectiondinfidrmazan. Indeed, formazan
absorbance increased linearly with cell numberougnt A7 value of 1.2 (Figure 55b).
Furthermore, daily microscopic examination of thenmlayers confirmed that cell

numbers increased until the cultures became cariflue

Three days after initiating LNCaP monolayers, tekscseeded at 2,500, 6,500 or 13,000
cells/cnf started to proliferate (Figure 55a). Treatmerthefcultures at this time point
with 1 uM DSF:Cu significantly reduced the viability of L@ cells by 80-95%
regardless of the number of cells seeded (Figucg 2% day 5, LNCaP cells seeded at
2,500 or 6,500 cells/chwere proliferating and [iM DSF:Cu significantly reduced their
viability by 80-95% (Figure 55d). In contrast, LN€aells seeded at 13,000 cellsfcm
reached the plateau phase at day 5. In this desejability was reduced by only 30%
following treatment with UM DSF:Cu (Figure 55d). This indicated that DSF:Casw
more toxic to proliferating cells. At day 7, LNCaPlls seeded at 2,500 cellsfcmere
proliferating, whereas those seeded at 6,500 ®@003;ells/cm reached the plateau phase
(Figure 55a). At this timepoint, treatment witlul¥1 DSF:Cu reduced the viability of
LNCaP cells by 20-40%, regardless of the prolifgeastatus of the cells (Figure 55e).
This indicated that the proliferating state of LNFCeells was not the sole determinant of
DSF:Cu cytotoxicity since LNCaP cells seeded a®@ &ells/cmi were proliferating at day
7 but those seeded at 6,500 and 13,000 ceffst@re not (Figure 55a). The culture
medium of LNCaP cells was deliberately not repldegdresh medium over the course of

157



the experiment in order to recreate the accumuiatfdharmful waste and the acidification
of the culture medium encountered in the core gitic spheroids or in non-vascularised
regions of tumours. Therefore, it was hypothesteatiacidification of the culture medium
could also be a determinant responsible for the ¢dbsensitivity to DSF:Cu treatments
encountered after 7 days in culture (Figure 55e).

Most cells grow well at pH 7.4, though some catley have shown preferences for pH in
the range 5.5 — 7. In an investigation of the effect of pH (rang®&.2) on the
cytotoxicity of |-(2-chloroethyl)3-cyclohexyl-1-nmbsourea (CCNU), it has been observed
that pH 6 reduced the plating efficiency of mousemmary cells EMT6 by 708% The

pH of the culture medium used for LNCaP cells & Hydrochloric acid was added until
pH 6.0 was reached. Alternatively, sodium hydroxdes added until pH 8.1 was
obtained. Firstly, LNCaP cells seeded at 2,500® 13,000 cells/chwere exposed to
culture media at pH 6.0, 7.2 or 8.1 and the vigbilias measured (Figure 56a). Secondly,
LNCaP cells seeded at 2,500, 6,500 or 13,000 ceffstere used for the investigation of
the effect of pH on DSF:Cu cytotoxicity (Figure 5&ligure 56¢ and Figure 56d).
Exposure to DSF:Cu was carried out 5 days aftatisgeso that the results were

comparable to those presented in Figure 56d.

The decrease of pH from 7.2 to 6.0 reduced thelitiabf LNCaP cells seeded at 2,500,
6,500 or 13,000 cells/chiby 75% (p < 0.001), 60% (p < 0.001) or 40% (p &19.
respectively (Figure 56a). There was a statisticgtinificant correlation between
increasing cell density and decreased toxicityHat® (r = 0.97, p < 0.001), indicating
that increasing seeding density conferred upon LIN@anolayers resistance to acidic pH.
After 5 days in culture, LNCaP cells seeded at@ &06,500 cells/cfwere proliferating
whereas those seeded at 13,000 celfsigene in plateau phase (Figure 55a). Thus, it
could be hypothesised that a slower proliferatatg conferred upon LNCaP cells

resistance to acidic pH.
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Figure 55 The effect of confluency on DSF:Cu-induced toxicity to LNCaP cell monolayers

(a) LNCaP cells were seeded ir-well plates at 2,500, 6,500 or 13,000 cells®. The viability of untreated
LNCaP cells was assessed by formazan absorbang@Q@m) measurements 3, 4, 5, 7 and 10 after
seeding. The culture medium was not replaced Bhfoalture medium at any time throughout the coaf:
the experiment. (b) Thelationshigbetween cell number and formazan absorbance wassestRegression
analysis was applied tbe linearpart of the curve (up to 3,000 cells) using thehodtof least squares. T
equation of the linear regression anc coefficient of determination @Rare reporte( (c, d and e) The
viability of LNCaP cells seeded at 2,500, 6,5008)000 cells/ci® following treatment with JuM DSF:Cu
was assessed by formazan absorbance measuremértsBy days after seeding. 1As7ovalues of
DSF:Cutreated groups were normalised to the mean absoebaatue of the untreated groups for e
seeding density. Dataeamean + SEM; n=3. The independent samr-test was used to compare the m
formazan absorbance values of the DSF:Cu treataepgrwith that of their respective controls at g

seeding density. One symbol indicates p < 0.05tandsymbols indicate < 0.01

Secondly, the increase of pH from 7.2 to 8.1 redube viability of LNCaP cells seeded
2,500 and 6,500 cells/é by 50% (p < 0.01) and 40% (p < 0.01), respectivelyereas
LNCaP cells seeded at 13,000 cells® were not affected by an alkne pH (Figure 56a).
There was a statistically significant correlaticteen increasing cell density &
decreased toxicity at pH 8.1 (r = 0.88, p = 0.008}icating that increasing seedi
density confered upon LNCaP monolayers resistance to alkalinelpidse result
indicated that pH variation within the range - 8.1 reduced the viability of LNCaP ce
and that an acidic culture medium was more cytatthan an alkaline o.. Furthermore, it
was sugested that increased seeding density or a dedrgas@th rate conferred upc
LNCaP cells resistance to pH variation within taege 6.(- 8.1.
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Figure 56 The effect of pH on DSF:Cu cytotoxicity in LNCaP monolayer s

LNCaP cellswvere seeded in “well plates at 2,500, 6,500 or 13,000 cell/cfine viability of LNCaP cell:
was assessed by formazan absorbance measurentays &fter seeding. The pH of the culture mediums
adjusted to 6.0 by incremental additions of hydladc acid or to 8.1 by incremental addition of sodi
hydroxide. (a)The effect of pH on untreated LNCaP cells was agskby formazan absorbar
measurements. Data are mean + SEM,; (b, ¢ and d)rhe effect of pH on the viability of LNCaP ce
seeded a2,500, 6,500 and 13,000 cells? following treatment with UM DSF:Cu was assessed
formazan absorbance measurements 5 days aftengeBdr every pH and seeding density, the n
formazan absorbance value of the DSI-treated groups were normalisedthe mean absorbance value
the untreated control. Data are mean + SEM; n=Bekery pH and seeding density condition,
independent sampleést was used to compare the mean formazan abserkalue of the DSF:(-treated

groups with that of thantreated control. Two symbols indicate p < 0.0d tiimee symbols indicate p < 0.

Next, the effect of pH variation within the rang@ - 8.1 on DSF:Cu cytotoxicity we
studied in LNCaP cells seeded at 2,500, 6,500 @0D3cells/cr®. The viability of LNCaP
cells seeded at 2,500 cells? was significantly reduced by 90% (p < 0.01), 80%:
0.001) or 70% (p < 0.001) after treatment wituM DSF:Cu at pH 6.0, 7.2 or 8.
respectively (Figuréeb). There was no significant difference in the tykacity of
DSF:Cu resulting from altered pH (p > 0.05). Sedpnithe viability of LNCaP cell:
seeded at 6,500 cells/> was significantly reduced by 85¢ < 0.01), 85% (p < 0.001) «
75% (p < 0.01) after treatment wittuM DSF:Cu at pH 6.0, 7.2 or 8.1, respectiv
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(Figure 56¢). Again, there was no significant diéigce in the cytotoxicity of DSF:Cu
resulting from altered pH (p > 0.05). Finally, altigh statistical significance was not
reached, the viability of LNCaP cells seeded ada@3 cells/crfiwas reduced by 15% or
30% after treatment with @M DSF:Cu at pH 6.0 or 8.1, respectively (Figure bddhese
results indicated that DSF:Cu cytotoxicity was dependent on the pH of the culture

medium.

These results suggest that DSF:Cu is more effieiekilling cells within small spheroids
which have not developed an organised internal hwggy (Figure 54, Table 8). Studies
using plateau phase cells have indicated that modkalg cells or cells dividing at a slower
rate than those in the proliferating phase wereemesistant to DSF:Cu treatments (Figure
55). Since plateau phase cells did not receivé fresdium in the course of these
experiments, it was possible that the accumulagsfdmarmful waste, such as lactic acid,
which also causes acidification of the culture madiconferred upon LNCaP cells
resistance to DSF:Cu treatments. However, pH vanstwithin the range 6.0 to 8.1 did
not affect DSF:Cu cytotoxicity. This suggested tiat proliferating state of the cells but
not the pH of the culture medium affected DSF:Ciotxicity. That is, fast growing cells
are more sensitive to DSF:Cu treatment than slawing cells.

The effect of the hypoxic status on DSF:Cu cytatiyiand the capacity of DSF:Cu to

penetrate large spheroids are discussed in Se&ton

6.5 Discussion/summary of theresults

Firstly, this chapter was concerned with the chargation of the cellular aggregates
obtained after seeding single cells onto agar-costiefaces with respect to their
morphology at a juvenile and at a more advancegkstatheir growth. It has long been
known that these cellular aggregates differenfrai@ a homogeneous to a heterogeneous
mass of cells comprising a hypoxic and apoptotre soirrounded by a layer of
proliferating cell§®* These are called spheroids. The finding thatetimesrphological
changes occurred with increasing size (Table 9)ahstnated that the small cellular
aggregates were indeed spheroids, the cell culbotgreviously described as anvitro

model of avascular micrometasta8aé®®
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Staining
Marker
Inner core Outer layer
] Ki67
Day 0 spheroids ) ) yes
(proliferation)
(100-150 pm in i i
. Pimonidazole
diameter) ) yes
adducts (hypoxia)
Ki67
) ) no yes
. (proliferation)
Day 21 spheroids i i
) Pimonidazole
(500-600 pm in ] yes no
_ adducts (hypoxia)
diameter)
pCASP3
) yes no
(apoptosis)

Table 9 Summary of the metabolic characteristics of spheroidsat day 0 and at day 21

Spheroid initiation involves the seeding of singdls onto an agar-coated surface. The
doubling time of LNCaP cell vitro is approximately 60%4°, thus the clonal expansion
from a single cell could only form an aggregate pdsing between 2 and 4 cells after the
initiation period which lasted 3 to 4 days. Therefat is likely that the majority of the

spheroids were formed by aggregation rather thacidnal expansion.

In conditions designed to keep constant the nutaad oxygen concentrations in the
culture medium, the depth to which each moleculénefculture medium can penetrate
into the spheroid is dependent on its physico-chahmroperties such as lipophilicity and
the molecular weight® The result is the formation of gradients of pkygen and

nutrients within spheroid¥’. As the spheroids grow, the oxygen, nutrientsgd
gradients are responsible for the increase intgchid the decrease in concentrations of
oxygen and nutrients at the deepest locations mitieé spheroid. Thus, a layer forms at
the surface of the spheroid within which the pH #rmconcentrations of oxygen and
nutrients are suitable to sustain cellular grovidiggre 46, Figure 47 and Figure 48). The
depth of this layer is directly dependent on thecemtration of nutrients and oxygen in the
culture medium but also on their penetrabilityfoltows that, in conditions designed to
keep constant the nutrient and oxygen concenti&iiothe culture medium, the depth of
the layer capable of sustaining cellular prolifenatremains constant. Therefore, the
relative proportion of proliferative cells withihé whole of the spheroid decreases as the
spheroid grows in size, leading to an apparentedesong growth rate. This phenomenon
was particularly prominent in SK-N-BE(2c) (Figuré)mand UVW/NAT spheroids (Figure
51). It also explains why bigger spheroids grow enslowly than smaller spheroids

(Figure 49, Figure 50 and Figure 51).
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The demonstration that DSF:Cu was more cytotoxaaiyn O spheroids (100-1%0n in
diameter) than in day 21 spheroids (500-660in diameter) may be due to penetration
issues, the presence of hypoxic region, the preseha non-dividing population of cells

or the presence of a region with acidic pH. Ihigprobable that resistance of LNCaP
spheroids to DSF:Cu treatment (Figure 54, Table&) due to a poor penetrability
because of the very small size (360 g/mol) anditophilic character of the DSF:Cu
complex. Furthermore, it was previously demonstirateSection 3.4.3 of this thesis that
DSF:Cu entered the intracellular space withoutesstance of a permeabilising agent
(Figure 14). Therefore it was more likely that the/gen status, the pH or the proliferative
status of the cells within day 21 spheroids infeeshDSF:Cu cytotoxicity. The effect of
hypoxia on DSF:Cu cytotoxicity was assessed in rayeos but the results were
inconclusive and not reported in this thesis. Injes a positive control, monolayers were
irradiated in hypoxic conditions and the clonogéikccompared with that of cells
irradiated in normoxic conditions. There was novpraion of the clonogenic kill in
hypoxia compared with normoxia. The results of éxperiment were not conclusive since

hypoxic conditions were not achieved.

The use of plateau phase monolayers suggesteB8aCu was more cytotoxic to fast-
growing cells compared with slow-growing cells oigscent cells (Figure 55). The
response to DSF:Cu treatment of plateau phaseigditsated that the pH did not affect the
cytotoxicity of DSF:Cu (Figure 56). The demonstatof the increased DSF:Cu
cytotoxicity in proliferating compared with non-giferating LNCaP cells suggested that a
quiescent sub-population of cells within day 21espids which had undergone
morphological reorganisation resisted DSF:Cu treatrand was able to recover and grow
at a rate similar to that of untreated controlg(ifé 54). Evidence of such a sub-population
was found in UVW/NAT spheroids (Figure 48), but wen as obvious in LNCaP (Figure
46) or SK-N-BE(2c) spheroids (Figure 47). Indeedhin UVW/NAT spheroids, there

was a hypoxic ring of cells deemed viable by H&&rshg yet not proliferating as
indicated by the absence of Ki-67 staining (Figi8¢ These results suggested that, in
patients, DSF:Cu may be more cytotoxic to prolifi@gtumour cells than to non-
proliferating healthy tissues.

The resistance to DSF:Cu treatment of day 21 sjdeevehich have undergone internal

morphological changes has implications for theroptiapplication of this compound for
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the treatment of cancer. It suggested that DSH¥Guld be especially effective for the
elimination of undetectable, micrometastatic madigindeposits which have not developed
oxic heterogeneity. It is unlikely that DSF:Cu asirsgle agent treatment will eliminate
larger metastases which have undergone internghotgical changes since a
concentration of more than 334K would be required (Figure 54). This concentrai®n
100 times greater than the peak plasma concentratiDSF resulting from the
administration of a 250 mg oral do8e

The assessment of the interaction between the sgéatcombination treatment (additive,
supra- or infra-additive) requires the use of thmbination index or the isobologram
method of synergy analysis. Synergy analysis igthas the median effect principle
which mathematically relates the surviving fractiorthe dose. In order to apply such an
analysis to a spheroid growth delay experimentgtiog/th curves must be converted into
a single parameter describing the effect of thattnent in terms of a surviving fraction.
The results of this chapter showed that Aldévalues were amenable to the calculation
of a surviving fraction. The surviving fraction afta particular treatment was defined as 1
minus the fractional reduction of the Al value compared with that of the control.
This analytical method will be used in chapter Btfe assessment of the effect of the
combination of DSF:Cu witkradiation or with radiopharmaceuticals in sphesaidich

have not yet undergone internal morphological ckang

164



7 Theenhancement of the effect of radiophar maceuticals by
DSF:Cu

7.1 Introduction

Targeted radiotherapy was introduced in SectiorB1Targeted radiotherapy uses tumour-
seeking radiopharmaceuticals for the systemic dgfiof radiation specifically to

malignant lesions while limiting the toxicity to moal tissues. It has been used
successfully for the palliation of bone metastgdSextion 1.1.4.2) and is a curative
treatment of thyroid carcinoma (Section 1.1.2443*2 However, the treatment of other
diseases such as neuroblastoma by targeted rawdipyhas a single modality is limited by

haematological toxicity and cure rates remain |®e&dfion 1.1.4).

The results of Section 4.4.3 demonstrated the gistar interaction between DSF:Cu and
y-radiation treatments which resulted in radiosésedibn. Thus, the putative synergistic
interaction between radiopharmaceuticals and DSEdTd increase the tumouricidal
effect of targeted radiotherapy, and improve patiericome, without increasing radiation
doses to levels detrimental to the patient. Funtfoee, since a radiation dose is delivered
specifically to the malignant lesions, the putasyeergistic effect would only occur in the
tumour while sparing normal tissue. The combinatbBSF:Cu with targeted
radiotherapy is not expected to result in a symséiincrease in normal tissue toxicity.
The combination of DSF:Cu with radiopharmaceutiealsbe investigated in order to
determine whether a synergistic interaction sintethat of the combination with external

beam radiotherapy occurs between DSF:Cu and ragliogteuticals.

The radiopharmaceutical$fijmIBG and [*4]MIP-1095 were described previously in
Sections 1.1.4.5 and 1.1.4.6. Briefly, mIBG is dis@harmaceutical taken up by cells
expressing the noradrenaline transporter (NAFJJnIBG has been successfully used for
the imaging of neuroblastoma. Clinical trials invgating the therapeutic potential of
[**4)mIBG have yielded overall response rates betv&@¥ and 58% *°. [**}]MIP-1095
has been developed to target PSWAvhich is overexpressed in malignant metastatic
PC&°. CRPC is associated with a poor prognosis desyasive hormonal and
chemotherapeutic treatments. The median survivpabénts with metastatic CRPC is 1 to
2 yeard®®2 Thus alternative strategies need to be develapidprove the outcome of

this subset of patients.
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7.1.1 Study model

The enhancement of the radiation kill was definetha rightward and/or downward
displacement of the spheroid growth curve obtalmedombination treatment compared
with that achieved by radiation treatment aloneDT and AUGy, were used to quantify

potentiation of radiation Kkill.

The study of the combination of DSF:Cu witf'flmIBG was carried out in spheroids
derived from the neuroblastoma cell line SK-N-BB(2¢hich endogenously expresses
NAT, and in spheroids derived from the NAT-transéelcglioma cell line UVW/NAT. The
evaluation of the combination of DSF:Cu ahth[MIP-1095 was performed in spheroids
derived from the prostate carcinoma cell line LNQa&Rich expresses the target PSMA.
LNCaP cells do not form colonies so that the anslgsthe combination of DSF:Cu with
y-radiation using the clonogenic assay could nqtdséormed in chapter 4. Therefore, the
evaluation of the effect of DSF:Cu in combinatiomhw-radiation in LNCaP cells was

conducted using spheroids.

The term “radiosensitisation” will not be used éber to the enhancement of the cytotoxic
effect of radiopharmaceuticals for the followingsen. A “true radiosensitiser” was
defined previously as “[...] a chemical which incresishe cell-killing effect of a given
dose of radiation. This is achieved either by iasezl formation of longer-lived toxic
radiation-induced radicals or modification of vulalele, critical targets in cells, or by
interference with mechanisms of repair of sublethelation damagé®. In assessing the
effect of a combination of a drug with a radiophaceutical in spheroids, the
enhancement of the effect of the radiopharmacdutieg be due to the increase in its
penetrability within tissues or to the increasaading to its target, the increased
expression of transporter genes, as well as rawsdgeng propertieper se Such effects
on penetrability and/or binding of a radiopharmdicaliare independent of the
enhancement of the kill due to the absorption i@daation dose by a cell. Therefore, the
term “radiosensitisation” will be replaced by enbament or potentiation of the growth
delay induced by radiopharmaceuticals.

7.2 Aims
- to evaluate the effect of DSF:Cu on the growth ylelduced byy-radiation in
LNCaP spheroids
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- to evaluate the effect of DSF:Cu on the growth ylelduced by ijmIBG in SK-
N-BE(2c) and UVW/NAT spheroids

- to evaluate the effect of DSF:Cu on the growth ylelduced by F1]MIP-1095 in
LNCaP spheroids

7.3 Materials and methods
7.3.1 Spheroid initiation
See Section 6.3.1.

7.3.2 Spheroid treatments

As a preliminary study, and in order to simplifyafysis of treatment interaction with
hypoxia, acidic pH and heterogeneous proliferasiaius, small spheroids, approximately
150 um diameter, which had not yet undergone internapmalogical changes were used
to assess the toxicity of DSF :Cu in combinatiothwadiopharmaceuticals. Such
spheroids provide a 3-dimensionnal structure wheseiss-fire radiation from

radiopharmaceutical-bound radionuclide will makmatribution to growth inhibition.

7.3.2.1 DSF:Cu treatment
See Section 6.3.2.

7.3.2.2 y-radiation treatment
See Section 4.3.2.

7.3.2.3 Radiopharmaceutical treatment

After 3 to 4 days of incubation at 37°C and 5%,C¥pheroids were centrifuged at 300
rpm for 3 minutes and resuspended in 2 ml frestuimedium. Based on previous
studies demonstrating optimafi]mIBG uptake after 2 h of exposdfd spheroid growth
delay experiments using spheroids grown from SKEZ&) and UVW/NAT cell lines
were exposed td{]mIBG for 2 h at 37°C and 5% GOAt the end of the incubation
period, [*4]mIBG that had not been taken up by the cells reasoved by washing three
times in PBS.

Similarly, after 3 to 4 days of incubation at 372&a& 5% CQ, the spheroids were
centrifuged at 300 rpm for 3 minutes and resuspeid@ ml fresh culture medium. The

optimal duration of exposure of LNCaP spheroidg-$]MIP-1095 was determined
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experimentally. This is described in Section 7.A2the end of the incubation period,
excess TH]MIP-1095 that had not been taken up by the aglls removed by washing
three times in culture medium. Culture medium wsedufor the washes instead of PBS
because Molecular Insight Pharmaceuticals, Increbgethat PBS, but not culture
medium, inhibited the binding offi]MIP-1095 to PSMA (Dr S. Hillier, personal

communication).

7.3.2.4 Combination treatment

In the case of combination treatment consistinBP®F:Cu and/-radiation, spheroids were
exposed to DSF:Cu in serum-free culture medium ichately followed by irradiation.
Spheroids were then incubated at 37°C and 5%fG4 h before removal of excess
DSF:Cu and the start of the monitoring of the sikedividual spheroids. In the case of
combination treatment consisting of DSF:Cu anddsopgharmaceutical, spheroids were
treated with DSF:Cu and radiopharmaceutical simelbaisly and incubated at 37°C and
5% CQ for 2 h. Thereafter excess radiopharmaceuticalwmeshed off. The spheroids
were re-incubated at 37°C and 5% & 22 h in the presence of DSF:Cu before removal
of the excess DSF:Cu by washing three times andttreof the monitoring of the size of

individual spheroids.

733 [PY]MIP-1095 uptake

LNCaP spheroids were treated with various concgatrsof [>4]MIP-1095 for 0.25, 0.5,
1,2 and 8 h at 37°C and 5% &@lternatively, LNCaP spheroids were equilibragedi°C
for 30 min prior to treatment witHT1]MIP-1095 at 4°C and 5% COAt the end of the
treatment, LNCaP spheroids were washed three imadture medium, centrifuged and
the pellets were resuspended in 1 ml fresh cuthedium. Ay-counter (Canberra Packard,
Berkshire) was used to measure the radioactivitgdunt per minute [CPM]) retained in
the pellet. The protein content of the pellet wasasured according to Section 7.3.4 and
the uptake value was expressed as CPM per mg t&ipro

7.3.4 Protein extraction and quantification

Protein extracts of the spheroid pellets were olethby incubation in 100l lysis buffer
[protease inhibitor (Calbiochem), 1.19 g Hepes6 3NaCl and 0.5 ml Nonidet P-40 in
100 ml distilled water, pH 7] for 45 min on ice.d bxtracts were centrifuged at 16,000 g
for 5 min and the protein content of the superrtataras quantified using the Bradford
assa$?. Protein extracts and bovine serum albumin (BS&ndards (0, 0.2, 0.4, 0.6, 0.8,
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1 mg/ml) were mixed in equal ratios with the Bradfeeagent (Bio-Rad) in did and the
absorbance was measured at 595 nggs{AThe absorbance valuessf4 and the protein
concentrations of the BSA standards in mg/ml [B8#&}e used to determine the

relationship between absorbance and protein coatamirding to equation (21):

Asgs = b*[BSA] + a (21)

Linear regression analysis of equation (21) bynie¢hod of the least squares allowed the
calculation of the slope b and the y-intercepttae &mount of proteins in each spheroid

pellet extract [extract] in mg was calculated useggiation (22):

[extract] =0.1* (A595 extract— a) /b (22)

7.3.5 Spheroid measurement
See Section 6.3.3.

7.3.6 Calculation of 1, and DT values
See Section 6.3.4.

7.3.7 Calculation of AUC values
See Section 6.3.5

7.3.8 Statistical analyses

Because the distribution of, DT and AUG,q values were non-normally distributed, non-
parametric testing (the Kruskal-Wallis test follaay the Mann-Whitney test) was
carried out using SPSS (IBM).

7.3.8.1 Statistical analysis of single agent dose-response effects

This procedure was described in more details ii@e6.3.6. Briefly, the medians o4,

DT and AUGq values of the group treated with the highest et intensity were
compared with those of the untreated control by-pammetric testing (Kruskal-Wallis
test followed by the Mann-Whitney test). If a sigrant difference was obtained (p <
0.05), the medians ab, DT and AUGy values of the next highest treatment intensity
were compared with those of the untreated contiidis procedure was carried out until a
pairwise comparison returned a non-significant juedgreater than 0.05).
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7.3.8.2 Statistical analysis of the effect of 2-(phosphonomethyl)pentanedioic acid
(PMPA) on the spheroid growth delay induced by [**!1]M1P-1095
The statistical analysis of the effect of the PSB#ecific binding inhibitor PMPA on the
spheroid growth delay induced bYJMIP-1095 was carried out as follows. The groups
treated with 0.37, 1, 3.7 or 10 MBg/mffJMIP-1095 in the absence of PMPA, in the
presence of 1AM PMPA or in the presence of 1(®1 PMPA were considered a family.
Each family was analysed separately. Firstly, tleeliams oft,, DT and AUGyg values of
the group treated witH]MIP-1095 in the presence of 1¢M PMPA was compared
with that of the group treated witf?fi]MIP-1095 alone. If the p-value returned by the
Mann-Whitney test was higher than 0.05, there wafurther testing of this family. Any
significant difference between the medians of ttwipg treated with'f]MIP-1095 in the
presence of 1AM PMPA and that of the group treated witfJMIP-1095 alone was
considered random variation if there was no sigaiit difference between the medians of
the group treated witH{i]MIP-1095 in the presence of 1pM PMPA and that of the
group treated with'f4]MIP-1095 alone.

On the other hand, if the p-value of the comparisetween the medians of the group
treated with f1]MIP-1095 in the presence of 1Q0 PMPA and that of the group treated
with [**4]MIP-1095 alone was lower than 0.05, then the rmedif the group treated with
[**4]MIP-1095 and 1QuM PMPA was compared with that of the group treatét
[**4]MIP-1095 alone with a significance level of 0.0fhis stepwise analysis was repeated
independently for each family, i.e. for each radtodty concentration of'fJMIP-1095.

7.3.8.3 Statistical analysis of the potentiation of radiation kill

In order to demonstrate the enhancement of thatradtinduced growth delay, the
observed effect in response to a combination treatrof a drug with radiation must be
greater than that induced by radiation alone. Meeeahe effect in response to the
combination treatment must be greater than thtteotirug alone. Even though the effect
of the combination is greater than that inducedaalyation alone, if there is no significant
difference between the drug-induced effect andcctmbination-induced effect, then the
effect of the combination could only be due to thiathe drug alone. Secondly, the
absence of the enhancement of radiation-inducedtgrdelay could be due to either the
intrinsic inability of the drug to potentiate thiéezt of radiation or to the use of a dose of

the drug too low to have any effect at all. Therefohe effect of the single agents
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compared with the untreated control must also laengxed. Thus, the determination of the
presence or the absence of potentiation of thetedferadiation involves a family of four
pairwise comparisons:

1- Drug versus untreated control

2- Radiation versus untreated control

3- Drug + radiation versus drug

4- Drug + radiation versus radiation

The multiple pairwise comparisons (four) requiredthe investigation of the
enhancement of the growth delay induced by radiare susceptible to the family-wise
error. Indeed, the p-value is the probability twifa difference between two groups
assuming there is none. If the significance leve particular test is set at 5%, it follows
from the definition of the p-value that in a famdfcomparisons, there is a 5% chance of
finding a significant result assuming there is nof@s is known as the family-wise error.
The Bonferroni correction was used to overcomeisisige. In order to keep the overall
level of significance of 0.05, the level of signdince of each pairwise comparison was set
to 0.05 divided by the number of comparison, he.gignificance leved was set at 0.0125
(0.05/4 = 0.0125).

7.3.9 Calculation of the combination index CI

7.3.9.1 Calculation of 1Csp and m parameters

The surviving fraction of a treatment group wasakdted as one minus the fractional
reduction of the AUgear Value compared with that of the control. The meditiect

principle was applied to the surviving fractionwas in order to calculate the parameters m

and 1Gg as described in Sections 3.3.5.

7.3.9.2 Calculation of the Cl value

Knowing the values of the igand m parameters, the median effect principlenallthe
calculation of a dose D that produces a particefi@ct (fa/fu) as described in Section
4.3.5 by equation (12):

D = ICso x (fa/ffu)}’™  (12)

The calculation of the CI values was performedattoxicity level obtained following
combination treatment. For instance, if the comibometreatment consisting of agent A

and agent B produced 95% reduction of the conttdCf\ear Value, the Cl value was
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calculated at the 95% toxicity level. The doseagent A andhgent E within the
combination wee selected, hence known. The doseagent Aandagent B that would

induce a 95% effect as single agewere calculated using equatic12).

Secondly, the dze reduction indeDRI of one agent werealculated by dividing the do:
of this agent within the combination by the dos¢hig agent that indud the same effect

as a single treatmeatcording to equation (1:

DRI = dose within the combination / dose as sirglen  (15)

Finally, the CI valuavas calculated i the sum of the DRI values of each agent of

combinationaccording to equation (1:

Cl = DRlagenta+ DRlagents (16)

74 Results
7.4.1 Theradiosensitising effect of DSF:Cu in combination with y-radiation

treatment in LNCaP spheroids
Prior to the study of the combination of DSF:Cu iy-radiation treatment, the effecty-
radiation as single agent on the growth of LNCalfespids was investigated. The effec
DSF:Cu on the growth of LNCaP spheroids was desdrib Sectior6.4.4. To summarise,
the 1G5 value of DSF:Cu was 1.¢uM (Figure 57d).

a 300 p 1000
250 -
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o 20 1M 2
" 150 —4—337uM S 10
—¢ 10 uM
100 1 —-—33.7uM |
50
0 0.1
0 7 14 21 0 7 14 21
Time (days) Time (days)
C L) DT AUCqg d AUCinear SF
Control 366+ 0.45 234026 2237255 Control 98021 +12899 1.00
1uM 4214048 253015 19.83 + 1.33** 1uM 61382+ 56.12 0.63 m 133
3.37uM 643+ 128" 244+032 12.93 £ 227 3.37uM 406 .62 = 81.51 0.41 IC,, 182
10pM  11.95+ 155 219+026  314+085"" 10puM 8498+ 1551 0.09 R 097
33.7uM ® ® -1.95 £ 0.45"* 33.7uyM 1753+233 0.02

Figure 57 The effect of DSF:Cu on the growth of L NCaP spheroids
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LNCaP spheroids were treated with various conceotrsiof DSF:Cu for 24 h. The VjWalues are
displayed on a linear scale (a) and on a logarittsoale (b). Data are mean + SEM.1g)DT and AUG,
values were calculated according to Section 6.8046a3.5 « indicates that there was not a 2-fold increase
in spheroid volume. Data are mean + SEM. The sizissignificance of the differencesip DT and

AUC,yq values between groups was determined by non-parartesting (Kruskal-Wallis followed by
Mann-Whitney tests) using SPSS. The mediarts,dT and AUG,, values of DSF:Cu-treated groups were
compared with those of the untreated control (Y)e@ymbol indicates p < 0.05, two symbols indigate
0.01 and three symbols indicate p < 0.001. (d) Sth&iving fraction (SF) was calculated using the@W\ar
values. The median effect principle was appliethéoSF values in order to calculate m and thg é€Cthe
effect of DSF:Cu according to Section 3.3.5. Thefficient of determination (] is a measure of the

goodness of the fit of the linear regression ofrtteglian effect plot.

Treatment withy-radiation alone increased both the growth delai/the doubling time of
the spheroids in a dose-dependent manner (Figyrd b8t, values were 3.06 + 0.18,
4.21 +0.57 (p < 0.001), 5.34 + 0.28 (p < 0.001368t 0.65 (p < 0.001) and 11.55 + 0.85
(p < 0.001) days for untreated controls and theigsdreated with 2, 4, 6 and 10 Gy,
respectively (Figure 58c). The DT values were 28012, 3.41 + 0.47 (p < 0.001), 5.37 £
0.25 (p <0.001), 11.40 £ 0.98 (p < 0.001) and 452.95 (p < 0.001) days for untreated
controls and the groups treated with 2, 4, 6 an@Gy0respectively (Figure 58c). ThesiC
value fory-radiation was 1.69 Gy (Figure 58d). The growthagleftery-radiation

treatment was due to a reduction in the growth ftes effect is consistent with all the
cells within the spheroids being affectedybadiation. If only a sub-population was
affected by-radiation, the unaffected population would groviteg same rate as the
untreated controls, thus showing a growth delalp¥edd by a parallel growth curve to that
of the untreated control at the later timepointse Tack of a growth delay (Figure 58b)

indicated that all cells were affected yyadiation treatment.

Knowing the effects of DSF:Cu areradiation as single agents, the investigatiorhef t
combination of both was carried out in order teedetine whether DSF:Cu also
radiosensitised LNCaP spheroids (Figure 59). Tatssically significant increase m

and DT values and the statistically significantréase in AUGgq values following
treatment with the combination of DSF:Cu ancdiation compared with either DSF:Cu
or y-radiation alone demonstrated the enhancemeptaiation kill by DSF:Cu. For
instance, the, values were 3.21 £+ 0.14, 5.21 £ 0.43 (p < 0.0014 + 0.28 (p < 0.001)
and 5.47 £ 0.51 (p < 0.001) days for the untreatedrols and the groups treated with 3
Gy, 1uM DSF:Cu and 3.3pM DSF:Cu, respectively (Figure 59c). In comparisie,1,

values were 8.02 £ 0.78 (p < 0.01) days for thelwoation of 1uM DSF:Cu with 3 Gy
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and 14.12 + 1.59 (p < 0.001) days for the combamatif 3.37uM DSF:Cu with 3 G
(Figure 52). However, the increase y-radiation kill by 1uM DSF:Cu did not reac
statistical significance according to both the il &AUC,,4 values Figure 59c). This
indicated that UM DSF:Cu enhancey-radiation kill transiently in the first week aft
treatmentt, = 8.02 + 0.78 days) whers the spheroids grew at a similar rate as thaiea
y-radiationtreated group thereafter. All three paramet,, DT and AU(o4 sShowed a
significant enhancement y-radiation kill by 3.37uM DSF:Cu fFigure59c). The
combination indices were 1.21 and 0.56 for the doations of 3 Gy with {uM and 3.37
UM DSF:Cu, respectivelyFigure 59d), indicative of a supealditive interaction betwee

DSF:Cu andi-radiation treatment only in response to uM DSF:.Cu

300 1000
a b
250
100
200 ——Control
> o -2 Gy
E 150 E 10 —A— 4Gy
100 *~6Gy
1 ——10 Gy
50
0 0.1
0 7 14 21 28 0 7 14 21 28
Time (days) Time (days)
C L") DT AUC]ug d AUClinear SF
Control 306+ 0.18 280+ 012 28.17+ 2.96 1366.45 + 162.96 1.00 m 503
2Gy 421057 341+ 047" 22.55+ 334" 660.54 + 102.36 0.48 IC 169
so L.
4Gy 534+028" 537+ 025" 14.42 + 0.98*** 154.72 £ 16.08 0.11 - 093
6Gy 836=065™ 11.40 = 0.98"* 9.46 = 1.03"* 71.65+ 8.03 0.05
100Gy 11.55+085" 1524+ 095" 7.17 £ 0.68"* 50.66 + 4.60 0.04

Figure 58 The effect of y-radiation on the growth of LNCaP spheroids

LNCaP spheroids were irradiated usin®Co external beam. The V{Walues are displayed on a linear sc
(a) and on a logarithmic scale (b). Data are me&&M. (c)1,, DT and AUG,4 values were calculated
according to Sectiof.3.< and 6.3.5Data are mean + SEM. The statistical significarfcine differences il
T,, DT and AUGq value: between groups was determined by panametric testing (Krusk-Wallis

followed by Mannwhitney tests) using SPSS. The medians ot,, DT and AU(.g values of the irradiated
groups were compared with those of the controlTHree symbols indicate p < (01. (d) The surviving
fraction SF was calculated using the Ao Values according Section 7.3.9The median effect princip
was applied to the SF values in order to calcutatnd the I of the effect oy-radiation according to
Section 3.3.5. Theoefficient of determinatic R? is a measure of the goodness of the fit of theaki

regression of the median effect p
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Figure 59 The effect of DSF:Cu on the growth delay induced by y-radiation in LNCaP spheroids.
LNCaP spheroids were treated with DSF:Cu in s-free culture medium for 2h or irradiated using ¥Co
external beam. In the case of combination treatsyéimé irradiation of the sphero was performed
immediately after the start of the exposure ofgpieroids to DSF:Cu. The V, values are displayed on a
linear scale (a) and on a log scale (b). Data @& SEM. (cT,, DT and AU(4 values were calculated
according to Sectiof.3.< and 6.3.5. Data are mean + SEM. Bhatistical significance of the differences
T,, DT and AUGq values between groups was determined by-parametric testing (Krusk-Wallis
followed by Mannwhitney tests) using SPSS. The mediant,, DT and AU( values of the groups
treated with DSF:Cu of-radiation as single agents were compared with tbb#ee untreated controls (*
The medians of,, DT and AU(4 values of the combinations piadiation treatment with DSF:Cu we
compared with those gfradiation treatment alone () atalthose of the drug treatment alone (1). 1
symbols indicate p < 0.01 and three symbols indipat 0.01. (d) The combination indices were
calculated as explained in Sect7.3.9.2 using the AUfs, values of the combinations. The calculation

based on the parametensand 1G;, calculated for the single agents (Figurel &ndFigure 58d).

7.4.2 Determination of the mechanism of [**}IJM | P-1095 uptakein LNCaP
spheroids

LNCaP spheroids were exposed to 0.37 MBg**4]MIP-1095 at 4°C for 0.25, 0.5, 1,

and 8 h. Tere is no internalisation c**i]MIP-1095 at 4°C, thus, binding only and |

internalisation was investigated in these conditi®inding of **!IJMIP-1095 to PSMA

was maximal (100% CPM) afterh exposure (Figure &). More than 90% of the maxirr

binding was reached within 15 min of exposio [**4]MIP-1095. Based on these resu

exposure to'f4]MIP-1095 for 2 h was used thereafter.

The dosedependent binding 0**1]MIP-1095 to LNCaP spheroids was investigate
4°C. The binding of *1]MIP-1095 to PSMA increased with increasing oactivity
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concentrations of t1]MIP-1095; a tendency toward saturation was inttidaat 10

MBqg/ml by the reduction of the slope (Figure 60R)ere was a statistically significant
reduction of the binding to PSMA in the presencéhefbinding inhibitor PMPA. At 0.1
MBg/ml [*4]MIP-1095, 10pM and 100uM PMPA inhibited 85% (p < 0.001) and 90% (p
< 0.001) of the PHJMIP-1095 binding to PSMA, respectively (Figurel§0At 1 MBg/m
[**4]MIP-1095, 10uM and 100uM PMPA inhibited 55% (p < 0.01) and 75% (p < 0.001)
of the binding, respectively (Figure 60b). At 10 NtBil [**4]MIP-1095, 10uM and 100

UM PMPA inhibited 10% and 40% (p < 0.05) of tH&]MIP-1095 binding, respectively
(Figure 60b). These data indicated the competitaterre of the’fJMIP-1095 binding to
PSMA.

Next, the internalisation of{i]MIP-1095 into the intracellular space of LNCaRise
within the spheroids was investigated at 37°C. LRGpheroids were exposed to 0.1
MBg/ml [**4]MIP-1095 for 2 h. There was a 75% decrease imkgpat 4°C compared
with that at 37°C (p < 0.01) (Figure 60c). PMPAibited 95% of the uptake at 37°C (p <
0.01), indicating that binding is required for imtalisation (Figure 60c). Also, 3.3iM
DSF:Cu had no effect on the uptake GH[MIP-1095 by LNCaP spheroids (Figure 60c),
suggesting that DSF:Cu is unlikely to decrea3#MIP-1095 efficacy.

Potassium cyanide (KCN), an inhibitor of the adem®s$riphosphate (ATP) production by
the mitochondrial respiratory chain, inhibited 76%he uptake of f4]MIP-1095 at 37°C
(p < 0.001) (Figure 60d). This reduction of theakgt by KCN was similar to that induced
by exposure to'P1]MIP-1095 at 4°C (Figure 60d), suggesting thatulet metabolism

and ATP was required for internalisation.

Chloroquine (CHQ) is an inhibitor of lysosomal dedation and of the recycling of the
endosomes back to the cell membrane. It was adaedtaneously with £4]MIP-1095 in
order to determine the involvement of endocytasithe internalisation process of
[**4]MIP-1095. CHQ inhibited 50% of the uptake 6F]MIP-1095 at 37°C (p < 0.001)
(Figure 60d). However, there was a statisticaiyiicant increase in-f{]MIP-1095

uptake when spheroids were exposedit]MIP-1095 with CHQ at 37°C compared with
that at 4°C (p < 0.001) (Figure 60d). This resudtyrbe explained as follows. CHQ was
shown to reduce the uptake of antibodies by iniloibiof the recycling of the endosomes to
the cell membrane, but not by inhibition of thediimg to the antigefi”. Thus, CHQ allows
a first round of binding and internalisation 8#JMIP-1095 but prevents the recycling of
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PSMA receptors back to the membrane, thereby itihgoa second round «
internalisation. This was consistent with the «vation of a significantly greater uptake

[**4]MIP-1095 at 37°C compared with that at 4°C in the pres®f CHQ (p < 0.001
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Figure 60 The binding and inter nalisation of [**!I]M P-1095 to L NCaP spher oids

(a) LNCaP spheroidsere exposed to 0.37 MBg/n™*4]MIP-1095 at 4°C for 0.25, 0.5, 1, 2 and 8 h.
LNCaP spheroids were exposed to various radiofgtgincentrations of*ij]MIP-1095 at 4°C for 2 h. The
inhibitor of the binding of *41]MIP-1095 to PSMA, PMPA, was aed simultaneously witt*]MIP-1095.
(c) LNCaP spheroids were exposed to 0.1 MBg™*4]MIP-1095 for 2 h at 37°C or at 4°C. LNC.
spheroids were exposed simultaneousl**1]MIP-1095 and 3.37uM DSF:Cu or 1(uM PMPA for 2 h.
The pre-treatment congésl of exposure of LNCaP spheroids to DSF:Cu afon82 h immediatel’
followed by exposure for 2 h t**4]MIP-1095 in the presence of DSF:Cu. (d) LNCaP sphensite
exposed to 0.37 MBg/m™4]MIP-1095 for 2 h at 37°C or 4°C. LNCaP spheroids weeated with 5 mM
potassium cyanide (KCN) or 1M chloroquine (CHQ) simultaneously wit™4]MIP-1095 without pre-
treatment. (a, b, c and d) As indicated, the sptieneere pr-chilled to 4°C for 30 min prior to exposure
[**4]MIP-1095 at 4°C in ordito avoid internalisation. () The MTT assay wasiedrout to determine tF
viability of LNCaP monolayers after 2 h treatmeritivd mM KCN or 10CuM CHQ. Statistical analyse
(b) the independent sampl«-test was used to compare the mean bindingeoPtfiP/-treated samples to
that of their respectivé{1]MIP-1095reated samples without PMPA. (c, d and e) Thepaddent sample
t-test was used to compare the mean uptake valuecbfteeatment with that of the control treatmentess

otherwise inétated by the horizontal bar. One symbol indicates0.05, two symbols indicate p < 0.01 :

three symbols indicate p < 0.0
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If KCN and CHQ were toxic to LNCaP cells, the deme in {*1]MIP-1095 uptake
observed after such treatment would be due to dygatoxicity since it was shown that
reduced metabolic activity at 4°C or the lack ofAfroduction reduced¥]MIP-1095
uptake. Thus, the viability of LNCaP monolayers \@asessed using the MTT assay
following treatment with KCN and CHQ for 2 h. Theras no statistically significant
decrease in viability when LNCaP monolayers wezaterd with KCN and CHQ for 2 h
(Figure 60e), thus discounting KCN- and CHQ-inducegibtoxicity as the cause of
reduced 4]MIP-1095 uptake.

These results demonstrated the requirement of ATEhé internalisation of {4]MIP-
1095 by endocytosis. The duration of exposure fainual [**41]MIP-1095 uptake was 2 h

at 37°C. This duration was used in subsequent sgghgrowth delay experiments.

7.4.3 Determination of PSM A-specific [**'1]M | P-1095-induced L NCaP spher oid
growth delay
In order to determine the PSMA-specificity 6¥JMIP-1095-induced delay of LNCaP
spheroid growth,f4]MIP-1095 was administered to LNCaP spheroidhimabsence
(Figure 61a) or in the presence of| i (Figure 61b) or 10uM PMPA (Figure 61c).
There was a significant dose-dependent increasevialues in response to 0.37, 1 and 3.7
MBg/ml [**4]MIP-1095 (Table 10). Apart from the DT value bitgroup treated with 3.7
MBg/ml, the DT values increased in a dose-depenaiemner with increasindfi]MIP-
1095 radioactivity concentrations (Table 10). Samyl, the AUGy4 values significantly
decreased in a dose-dependent manner with incgeR3iMIP-1095 concentrations up to
3.7 MBg/ml (Table 10). The, and AUGy, values demonstrated the absence of a
significantly increased growth delay when the radtivity concentration of‘fiJMIP-
1095 was increased from 3.7 to 10 MBg/ml (Table T0)s was consistent with the
tendency toward a plateau with respect to bindid*4]MIP-1095 at a radioactivity
concentration greater than 1 MBg/ml (Figure 60b).

178



a 400 b 400 c 400

—o— 0 MBg/ml
—=— 0.37 MBqg/ml
300 —A— 1 MBg/ml 300
—¢ 3.7 MBg/ml

—e— 10 MBg/ml

+10 uM PMPA

+ 100 uM PMPA

300

200

E 200 A 200

100 100 100

0 7 14 21 28 0 7 14 21 28 0 7 14 21 28

Time (days) Time (days) Time (days)

d  Dose AUC,.0 SF
0 130121+11424 1
037  76118+10386 058 m 025
1 6170448308 047 R2 054
37 5384127158 041 IC,, 104
10 49292+59.88 038

Figure 61 The effect of [**Y1]M 1 P-1095 on the growth of L NCaP spheroids

LNCaP spheroidwere treated with various concentrations™*1]MIP-1095 for 2h at 37°C in the presence
or in the absence tiie binding inhibitolPMPA. Data are mean + SEM. Spheroids were expaséa)
[**1]MIP-1095 alone, (b)**4]MIP-1095 in the presence of 1M PMPA and (c) **4]MIP-1095 in the
presence of 100M PMPA. (d) SF values were calculated using the Ald&values. The median effe
principle was applied to the SF values in ordegalzculate m and the 5 of the effect of DSF:Cu accordir
to Section 3.3.5. Theoefficient of determinatic R? is a measure of the goodness of the fit of theali

regression of the median effect p

Thet, values of the groups treated with 0.37, 1 and 3Bg/ivhl were significantly
decreased in the presence of 10 anduM PMPA, indicating that binding o*4]MIP-
1095 to PSMA is required for spheroid growth dgTable 1Q. PMPA had no inhibitor
effect on the increase 1, value induced by 10 MBg/mt{1]MIP-1095.

Although statistical significance was not alwayhkiaeed, the DT values of the grcs
treated with 0.37 and 1 MBg/ml were reduced toeatd control levels by -
administration of 10 or 10uM PMPA (Table 1. The DT values of LNCaspheroids
following treatments with 3.7 or 10 MBg/n**i]MIP-1095 were not significantly reduc
by the inclusion of 1(uM PMPA in the incubation mixturel'&ble10). Although the DT
value following treatment with 10 MBg/m**4]MIP-1095 was significantly reduced
100uM PMPA, 100puM PMPA failed to reduce the DT value following tteeent with 3.7
MBqg/ml (Table 10. The latter observatiorwere contradictory anwere most likely due to
experimental error. Given more time, this experitneould be subjected to more rigorc

evaluation.
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Thedecreases in the Al,og values following treatment with 0.37, 1 and 3.7 Mfab
[**4]MIP-1095 alone were significantly inhibited by treatmeith 10 and 10uM PMPA
(Table 10).Treatment wit 10pM PMPA did not inhibit the decrease in Alyy value
following exposure t 10 MBg/ml [*4]MIP-1095. However, an increase in |
concentration of PMPA from 10 to 1(uM resulted in the inhibition of the decre in
AUC),, value following treatment with 10 MBg/m**1]MIP-1095

0 MBq/ml
10 uM PMPA
100 pM PMPA

0.37 MBg/ml
0.37 MBg/ml + 10 pM PMPA
0.37 MBg/ml+ 100 pM PMPA

1 MBq/ml
1 MBg/ml+ 10 pM PMPA
1 MBg/ml+ 100 nM PMPA

3.7 MBq/ml
3.7 MBg/ml + 10 pM PMPA
3.7 MBq/ml + 100 uM PMPA

10 MBqg/ml
10 MBq/ml + 10 pM PMPA

T2
270+ 040
233+022

3.27+0.28

411 £0.38*
277 10327
3.04 20367

111 £ 036"
292 £0.287F

2730277

396 + 057
3.95 0287
33403977
422 0467
183 +043
402 +0.39

DI
319 £0.14
318 £0.19
3.20 £0.28

345 £0.28"
3191023

321024

371 £024™
317 £0.271

3.33 £0.097

3.69 + 039"
343 +£0.16

3.62 £0.39

391 038"
301 £0.33

331 £0.281F

AUCreg
27.31 £ 1.49
28.08 £ 1.76
25.67 £ 0.80

2140 £2.13™
26.52 £2.2071
26.32 + 0.877F

1976 +2.16™
23.06 + 12277

23.57 £2.72%F

2063 £2.04™
1955 £ 1.62

23.18 £2.06'1

10 VIBq/ml + 100 pM PMPA

Table10 The 1, DT and AUC, valuesfrom Figure 61

Thet,, DT and AUy, values were calculated according to Section 6.3.4@&3cE. The statistical
significance of the differences 1,, DT and AUGy4 values between groups was determined by-
parametric testing (Krusk-Wallis followed by Mannwhitney tests) using SP< The medians of,, DT and
AUC,yq values of the groups treated wit*4]MIP-1095 alone were compared with that of the untre
controls (*). The medians ,, DT and AUGgo0f the groups treated with*fi]MIP -1095 in the presence of
PMPA were compared with those of the group treated [**]MIP-1095 alone (). One symbol indicate
< 0.05, two symbols indicate p < 0.01 and threelsymindicate p < 0.00

These results showed that 10 or uM PMPA was able to prevent the inhibition
LNCaP growth following treatment with 0.37, 1 and 81Bg/ml [**4]MIP-1095,
demonstrating that the inhibition of the growthspheroids by**!JMIP-1095 is
dependent on the binding to PSMA at these conderisaHowever the effect of PMP,
was lost at 10 MBg/m**4]MIP-1095. These data were consistent with the studye
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dose-dependent binding dffijMIP-1095 to PSMA (Figure 60b). Indeed, PMPA wasd
efficient at inhibiting the binding of 3.7 and 108d¢/ml [**4]MIP-1095 to PSMA than the
binding of [*4]MIP-1095 at radioactivity concentrations lessrit8a7 MBg/ml (Figure
60b). Based on these data, a radioactivity conataoir of 0.37 MBg/ml was chosen for
the investigation of the effect of DSF:Cu on thewgh delay induced by {1]MIP-1095 in
LNCaP spheroids. This concentration correspondedR8MA-specific growth delay,

indicative of targeted radiotherapy.

It has been shown thdf}]MIP-1095 was a more potent inhibitor of the enafin

activity of PSMA than PMPA: the Kalues in LNCaP cells were 0.24 nM and 2.1 nM,
respectivel{*?®® Based on the greater potency GH[MIP-1095 compared with that of
PMPA and assuming that the difference irv&lues reflected the differences in PSMA-
binding affinity between'fi]MIP-1095 and PMPA, it was anticipated that PMPA
concentration at least 10 times greater than thidf#MIP-1095 would inhibit 50% of the
binding of [*4]MIP-1095 to PSMA. The molar concentration of 1B§Iml [*1]MIP-

1095 was 638 nM. However, 1M PMPA, which corresponded to a 15-fold molar exces
of PMPA compared with'fi]MIP-1095, only inhibited 15% of the binding offijMIP-
1095 to PSMA (Figure 60b). Moreover, 10 PMPA, which corresponded to a 150-fold
molar excess of PMPA, only inhibited 40% of theddiy of [**41]MIP-1095 to PSMA
(Figure 60b). This could be explained by a diffeeem binding affinity between
[**4]MIP-1095 and PMPA greater than that implied bg t values. The Kvalues were
measured using LNCaP cells membr&n&% Thus it was possible that the use of LNCaP
spheroids introduced complicating factors suchpphilicity and penetrability which
affected PMPA to a greater extent th&H[MIP-1095.

7.4.4 Theeffect of DSF:Cu in combination with [***1]M I P-1095 in L NCaP spheroids
The effects of the single agents DSF:Cu dritijIP-1095 on the growth delay of LNCaP
spheroids were described in Figure 57 and Figuree®pectively. The effect of the
combination is shown in Figure 62. The statisticalgnificant increase i, and DT

values and the statistically significant decreas@lCi,q values following treatment with
DSF:Cu in combination with'f4]MIP-1095 compared with eithet1]MIP-1095 or
DSF:Cu alone demonstrated the enhancement§iMIP-1095 kill by DSF:Cu (Figure
62c). For instance, the values were 2.82 + 0.15, 5.62 + 0.24 (p < 0.001)3 + 0.46 and
7.14 £ 0.60 (p < 0.001) days for untreated contaold the groups treated with 0.37
MBg/ml [*4]MIP-1095, 1uM DSF:Cu and 3.3ftM DSF:Cu (Figure 62c). In contrast,
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thet, values of the combination ofuM and 3.37uM DSF:Cu with 0.37 MBg/m
[**4]MIP-1095 were 13.85 + 2.41 (p < 0.001) and 12.37 + {p630.001) daysFigure
62c). The CI valuesorresponding to the mixture oluM or 3.37uM DSF:Cu with 0.37
MBg/ml [**4]MIP- 1095 were 0.05 or 0.25, respectively, indicatiraypre-additive
interaction between DSF:(and {*4]MIP-1095 (Figure 62d).

250 1000 A

—o— Control

—&— 0.37 MBqg/ml

—A— DSF:Cu 1 uM

—>¢— DSF:Cu 1 yM + 0.37 MBg/ml
---f-- DSF:Cun3.37 uM

---%¢-- DSF:Cu 337 iM + 0.37 MBq/ml

0.1

Time (days) Time (days)
c © DT AUCpg d AUCjinear SF CI
Control 282015 284+ 010 24.41 £ 0.98 114382+ 7012 1.00
0.37 MBg/ml  5.62 + 0.24" 391017 14.53 + 0.65*** 301.32+£2672 026
DSF:CulpM 413046 293+ 017 2087+ 1.49 39092+:8230 034
DSF:Cu 1M +0.37 MBg/ml  13.85+ 24171 880+ 15211 .87« 1.02ttm 34.92+ 6.4 003 005
3.37uM DSF:Cu  7.14+ 0.60" 314018 14.26 + 1.09*** 390.92+3516 034
3.37 uM DSF:Cu + 0.37 MBg/ml  12.37+ 163111 g gs. gosttitm 479 = 0.94T 1M 75.36 £ 1488 087 025

Figure 62 The effect of DSF:Cu on the growth delay induced by [**1]M1P-1095 in L NCaP spheroids
LNCaP spheroids were treated wi**ijMIP-1095 for 2 hor with DSF:Cu for 2¢ as single agent. For the
combination of ¥1]MIP-1095 and DSF:Cu, LNCaP spheroids were treated[**]MIP-1095 for 2 h in
the presence of DSF:Cu, washed in culture mediuhtraated with DSF:Cu alone for a furtherh. The
VIV values are displayed on a linear scale (a) andlogaaithmic scale (b). Data are mean + SEM1,,
DT and AUG,q values were calculated rding to Section 6.3.4 and 6.3@atc are mean + SEM. The
statistical significance of the differencest,, DT and AUG,, values between groups was determine:
nonparametric testing (Krusk-Wallis followed by Mann¥hitney tests) using SPSS. The mediant,,

DT and AUG,, values of the groups treated with DSF:Cu**{]MIP-1095 as single agents were compz
with those of the untreated control (*). The mediafit,, DT and AUG,4 values of the groups treated witl
combination of 41]MIP-1095 with DSF:Cu were comparegth those of the group treated wit**]MIP-
1095 alone () and to those of the group treaté BEF:Cu alone (). Three symbols indicate p ©0.@d)
The ClI values werealculated as explained Section 7.3.9.2 using the Ay, values of the combinations.
The calculation was based on the paramen and 1G, calculated for the single agenFigure 57d and
Figure 61d).

7.45 Theeffect of treatment schedules of DSF:Cu and [***1]M I P-1095 on the growth
of LNCaP spheroids

It waspreviously shown, ilFigure 60c, that the preeatment of LNCaP spheroids w

3.37uM DSF:Cu did not alter the internalisation **]MIP-1095. Therefore, the effe

of scheduling DSF:Cu an™*]MIP-1095 administratins on the growth of LNCa
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spheroids was investigated (Figure 63). The simaltias treatment of LNCaP spheroids
with DSF:Cu andf1]MIP-1095 resulted in a significant increaserirand DT values and
a significant decrease in Aygvalues compared with those of the groups treattd w
DSF:Cu or {*1]MIP-1095 as single agents (Figure 63c). For inséa ther, values were
2.10 £0.26, 5.08 + 0.74 and 5.33 £+ 0.43 days faraated controls and the groups treated
with 3.37puM DSF:Cu and 0.37 MBg/mf{4i]MIP-1095, respectively. In contrast, the
value of the group treated with the combinatio3.8f7 uM DSF:Cu and 0.37 MBg/ml
[F*4]MIP-1095 was 14.91 + 2.58 (Figure 63c), indicgtenhancement otfi]MIP-1095-
induced growth delay by DSF:Cu, as already repdrtédgure 62.

The alternative schedules consisting of pre-treatroEDSF:Cu followed by treatment
with [**4]MIP-1095, orvice versaalso resulted in a significant increase4mnd DT
values and a significant decrease in Ald€@alues compared with those of the groups
treated with DSF:Cu ofi]MIP-1095 as single agents (Figure 63c). Furtheenthere
was no significant difference in the mediang.odnd AUGq4 values between the three
combination schedules. However, the median of Ollesaof the combination schedule
consisting of pre-treatment with DSF:Cu was sigaifitly smaller than that of the
simultaneous combination treatment of DSF:Cu aftif1IP-1095 (p < 0.001). This may
have indicated that pre-treatment with DSF:Cu ditipotentiate ]MIP-1095-induced
spheroid growth delay as efficiently as the simnétaus administration of both agents,

which may have resulted in a quicker regrowth efspheroids (Figure 63b).
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Control 2.10 %t 0.25 257+ 018 23.39 + 2,07
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0.37 MBg/ml 533 £ 0.43"" 329 £ 028" 13.25 + 1,15
DSF-Cu+ MIF-1095 1491 £ 2,58™I1I 951 = 1.66MII 293 £ 66T
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[“I]MIP-1095 prior (o DSF-Cu  13.04 & 2147177 7.07 + 1.19™1T 308 + 0 88T

Figure 63 The effect of treatment schedules of DSF:Cu and [**'1]M | P-1095 on the growth of LNCaP
spheroids

LNCaP spheroids were treated with DSF:Cu in s-free culture medium for 2h or with £*1]MIP-1095
for 2 h In the first combination schedule examined, uM DSF:Cu and 0.37 MBg/m™**]MIP-1095 were
co-administered simultaneously foih. Then unbound{]MIP-1095 was removed by three washes \
culture medium and the spheroids were exposecah frulture medium containing DSF:Cu alone f
further 22 h The second combination schedule consisted of-treatment with 3.3 uM DSF:Cu alone for
24 h followed by treatment with 0.37 MBg/n"*]MIP-1095 alone for 2 h. Both drugs were removec
washing at the end of their respective incubatieraal. The third combination schedule consisted of «
treatment with 0.37 MBg/m™*!4]MIP-1095 alone for 2 h followed by treatment with 3uM DSF:Cu for
24 h. Both drugs were removed by washing at theoétigeir respective incubation period. The ', values
are displayed on a linear scale (a) and on a lalg gb). Data are mean + SEM. 1,, DT and AU, values
were calculated according to Sect6.3.4 and 6.3.3ata are mean = SEM. The statistical significanfc
the differences in,, DT and AU(,q values between groups was determined by-parametric testing
(KruskaliWallis followed by Man-Whitney tests) using SPSS. The mediant,, DT and AUGq values of
the groups treated with DSF:Cu[**]MIP-1095 as single agents werermspared with those of tt
untreated controls (*). The medianst,, DT and AUG, values of the combinations [**]MIP-1095
treatment with DSF:Cu were compared with thos[**i]MIP-1095 treatment alone (Y) and to those of

drug treatment alone XiTwo symbols indicate p < 0.01 and three symbulgate p < 0.00.
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7.4.6 Theeffect of DSF:Cu in combination with [***1JmIBG on the growth of SK-N-
BE(2c) and UVW/NAT spheroids
7.4.6.1 Theeffect of DSF:Cu on the growth of SK-N-BE(2c) and UVW/NAT
spheroids
In SK-N-BE(2c) spheroids, tht, values significantly increased in a d-dependent
manner following treatment with DSF:Cu alone. 1, values were 1.11 + 0.10, 1.57
0.21 (p < 0.01pand 2.87 + 0.33 days (p < 0.001) for untreatedroband for the group
treaed with 0.337 and 3.2uM DSF:Cu, respectively (Figure 6% However the DT
values were not significantly increased by treatméth 0.337 or 3.3'uM DSF:Cu,
indicating regrowth after an initial delay in grédwiA concentration of 33.uM DSF:Cu
sterilised SK-NBE(2c) spheroids as indicated by the negative ;o4 value (Figure 64c).
The 1G; value for DSF:Cu treatment of -N-BE(2c) cells was 0.8uM (Figure 64d).

a ® —o—Control b 1000
—8-0.337 uM DSF:Cu
400 1 —A—337 uM DSF:Cu 100

—%—33.7 uM DSF:Cu

. o
E E 10
200
100 1
0 0.1
0 7 14 21 0 7 14 21
Time (days) Time (days)
- DT AUCw, d  AUGH SF
c
Control 1114010 1932012 2531+ 155 1839.27+170.22  1.00 m 114

2273 + 2.0]" 1150.90=150.62  0.63 ICso 0.88
746.63 + 88.52 0.41 R? 0.87
16.23 1.87 0.01

0.337 uM DSF:Cu 157+ 021" 205+ 026
3.37uM DSF:Cu 287+ 033" 213+022 18.60 + 2.00***
33.7 uM DSF:Cu LY o] -0.52+ 0.20"""

Figure 64 The effect of DSF:Cu on the growth of SK-N-BE(2c) spheroids

SK-N-BE(2c) spheroids were treated with various conegioins of DSF:Cu for 24 h. The V, values are
displayed on a linear scale (a) and on a logarittsoale (b). Data are mean = SEM.T,, DT and AUG,
values were calculated according to Sec6.3.4 and 6.3.50 indicates that a-fold increase in spheroid
volume was not attainecuring the course of the experiment. Data are me8EM. The statistice
significance of the differences 1,, DT and AUG,4 values between groups was determined by
parametric testing (Krusk-Wallis followed by Mannwhitney tests) using SPSS. The tians oft,, DT and
AUC,yq values of the DSF:(-treated groups were compared with those of therabft). Two symbols
indicate p < 0.01 and three symbols indicate p090D. (d) SF values were calculated using the jinear
values according to Secti(7.3.9.1 The median effect principle was applied to thev8kies in order t
calculate m and the kgof the effect o'y-radiation according to Section 3.3he coefficient o

determination (B is a measure of the goodness of the fit of thedi regression of the median effect |
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In UVW/NAT spheroids, tha, values were 1.35 + 0.19, 3.34 £ 0(p < 0.001) and 3.44
+ 0.37 days (p < 0.001) for untreated control asrdlie groups treated with 10 anduM
DSF:Cu, respectivelyFigure 65c). Howeveihe DT values were not significant
increased by treatment with 10 anduM DSF:Cu which indicating regrowth after
initial delay in growth. A concentration of 1(uM DSF:Cu sterilised UVW/NA1
spheroids as indicated by the negative 44 value (Figure 6&). The (s value for
DSF:Cu in UVW/NAT spheroids was 10.uM (Figure 65d).

a 400 —— Control b 1000
—&— 10 uM DSF:Cu
300 —&— 20 uM DSF:Cu
—— 100 uM DSF:Cu
3
-
0.1
0 7 14 21 0 7 14 21
Time (days) Time (days)
c © DT AUCq d AUCuzear SF
Control  1.35+0.19 2.13+0.10 2377+ 1.99 1413.09+ 160.03  1.00 m 1.91
10 uM DSF:Cu 334+ 028" 2374019 16.37 + 1.3 703.79 + 108.14 0.50 ICs;  10.01
20 pM DSF:Cu 344+ 037" 252+025 099+ 148" 300.84 + 45.96 0.21 R* 099
100 pM DSF:Cu ® © -0.21+ 031 17.21 = 1.89 0.01

Figure 65 The effect of DSF:Cu on the growth of UVYW/NAT spheroids

UVW/NAT spheroids were treated with various concativns of DSF:Cu for 24 h. The V, values are
displayed on a linear scale (a) and on a logarittsoale (b). Data are mean + SEM.T,, DT and AUG,
values were calculated according to Sec6.3.4 and 6.3.50 indicates that there was not-fold increase
in spheroid volume. Data are mean + SEM. The sizdissignificance of the differencest,, DT and
AUC,yq values between groups was determined by-parametric testing (Krusk-Wallis followed by
MannWhitney tests) using SP< The medians of,, DT and AUGyg values of the DSF:C-treated groups
were compared with those of the control (*). Thegmbols indicate p < 0.001. (d) The surviving frai
(SF) was calculated using the Aji,ear Values according to Section 7.3.9The median effect principle w
applied to the SF values in order to calculate thtar 1(5, of the effect ofy-radiation according to Sectic
3.3.5 The coefficient of determination ?) is a measure of the goodness of the fit of thedi regression «

the median effect plot.

In both SK-NBE(2c) and UVW/NAT spheroids, there was gnificant increase in tht,
values without a significant increase in the DTueal following treatment with DSF:C
This was consistent with the observation in LNCpResoids that DSF:Cu affected a -
population of cells while the unaffected fractioes responsible for regrowth at the le

timepoints (Figur&?7).
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7.4.6.2 Theeffect of [**!1JmIBG on the growth of SK-N-BE(2c) and UVW/NAT
spheroids
The effect of F1]mIBG as a single agent was studied in-N-BE(2c) [Figure 66) and
UVW/NAT spheroid: (Figure 67). In SK-NBE(2c) spheroids, tht, values significantly
increased in a dosgependent manner following treatment w**!IjmIBG alone. Ther,
values were 0.93 £ 0.09, 1.15 + 0.08 (p < 0.05)1.99 + 0.22 days (p < 0.001) f
untreated control and for the groups treated wigmd. 5 MBa/ml **ilmIBG, respectively
(Figure 6&). The increasin DT values and the decrease in Alj@alues were also
directly related to’flmIBG radioactivity concentration (Figu@tc). The 1Go value for
[**4]mIBG in SK-N-BE(2c) spheroids was 1.48 MBgq/nFigure66d).
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1 =%+ 1 MBg/ml + 0.4 mg/ml DMI
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0 : : 5—s : 0.1
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C T2 DT AUC d AUChinear SF
Control 0.93+ 0.09 123011 3592+ 343 4406.28 + 480.20  1.00 m 0.59
0.01 MBg/ml 0.88 + 0.06 125+ 007 3573+ 3.74 414930+ 56860 1.06 ICso 148
0.1 MBg/ml 0.98 + 0.07 128+ 0.07 3479+ 213 3858.10+ 36292 0.88 R? 0.95
1 MBg/ml 1.15+0.08" 1.68+ 009" 2960+ 232" 2260.91 +266.11 0.51
5 MBg/ml 1.99 £ 022 239+ 020" 1032+ 124" 73.28 £ 9.56 0.02

1 MBg/ml + 0.4 mg/ml DMI 084+ 008  129+009T  3519% 3 62H1T

Figure 66 The effect of [*Y1JmIBG on the growth of SK-N-BE(2c) spheroids

SK-N-BE(2c) spheroids were treated wi**ijmIBG for 2 h. Desipramine (DMI), an inhibitor die cellular
uptake of {*1]mIBG, was administered to the spheroids simultarsty with [**jmIBG. Data are mean +
SEM. The V/\§ values are displayed on a linear scale (a) andlogaaithmic scale (b). (ct,, DT and
AUC,yq values were calculated according to Sec6.3.4 and 6.3.5ata are mean + SEM. The statisti
significance of the differences 1,, DT and AUG,4 values between groups was determined by
parametric testing (Krusk-Wallis followed by Mannwhitney tests) using SP< The median of,, DT and
AUC,yq values of the'filmIBG-treated groups were compared with those of therabgf). The medians o
T, DT and AUG,, values of the group treated with 1 MBqg/r**1]mIBG in the presence of 0.4 mg/ml D}
were compared with those of the group treated WithBg/ml [*)mIBG alone (1). One symbol indicates
< 0.05, two symbols indicate p < 0.01 and threel®ymindicat p < 0.001. (d) SF values were calcula
using the AUGe.r Values according to Secti7.3.9.1 The median effect principle was applied to the
values in order to calculate m and theg of the effect ofy-radation according to Sectic3.3.5. The
coefficient of determination? is a measure of the goodness of the fit of thealimegression of the mean
effect plot.
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Secondly, the inhibitor of**4)mIBG uptake, desipramine (DMI), was used to deiee
the NAT-specificity of growth inhibition by**iimIBG. The treatment with 0.4 mg/r
DMI abolished the growth delay induced by 1 MBg[**i]mIBG (Figure 66c). The:
values were 0.93 + 0.09, 1.15 + 0.08 and 0.84 & @dys for untreated controls, the gr«
treated with 1 MBg/mI**ijmIBG alone andhe group treated with 1 MBg/n**4JmIBG
in the presence of 0.4 mg/ml DMI, respectiveFigure 6&). Moreover, the comparison
the medians of,, DT and AUG,q values othe group treated with 1 MBg/m**lmIBG
alone with those ahe group treated with 1 MBg/mr**JmIBG in the presence of 0
mg/ml DMI was statistically significant (p < 0.0I)his result demonstrated the N-
specificity of gowth inhibition by 1 MBg/ml **]mIBG. This radioactivity concentratic
was used in combination with DSF:Cu in subsequepéements

The evaluation of the effect c**)mIBG on the growth of UVW/NAT spheroids
depicted in Figur&7. The statistically significant increasetnand DT values and tt
statistically significant decrease in Alqg values following treatment of UVW/NA
spheroids withricreasing radioactivity concentrations **ijmIBG demonstrated th
dosedependent effect 0™*)mIBG (Figure 67. For instance, tht, values were 1.25 +
0.10, 2.30 £ 0.27 (p < 0.001) and 3.07 £ 0.52 dpys 0.001) for untreated control and"
group treated with 0.5 and 5 MBg/n™*JmIBG, respectively Eigure67c). The IG, value
for [*1]mIBG was 0.46 MBg/ml in UVW/NAT spheroidFigure67d). Based on this
result, 0.5 MBg/mI F1JmIBG was used in combination with DSF:Cu in sulpsent

experiments.
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Figure 67 The effect of [**1]mIBG on the growth of UVW/NAT spheroids
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UVWI/NAT spheroids were treated wit™4]mIBG for 2 h Data are mean + SEM. TV/V, values are
displayed on a linear scale (a) and on a logarittsoale (b). (ct,, DT and AU(4 values were calculated
according to Sectiof.3.< and 6.3.5Data are mean + SEM. The statistical significarfcine differences il
T,, DT and AUGq values between groups was determined tn-parametric testing (Krusk-Wallis
followed by Mannwhitney tests) using SP< The median of,, DT and AUG, values of the’f4)mIBG-
treated groups were compared with those of therabft). Two symbols indicate p < 0.01 and th
symbols indicate g 0.001. (d) S values were calculated using the Al G values according to Sectic
7.3.9.1 The median effect principle was applied to thev8laes in order to calculate m and thisg of the
effect ofy-radigion according to Sectic3.3.5. Thecoefficient of determinatic R? is a measure of the

goodness of the fit of the linear regression ofrttesliar effect plot.

7.47 Theeffect of DSF:Cu in combination with [**1]mIBG in SK-N-BE(2c) and
UVW/NAT spheroids
The combination of DSF:Cu an**)mIBG sterilised SK-NBE(2c) spheroids as indicat
by the failure to attain a doubling in spheroidurak over theourse of the experime
(Figure 6&). The only quantifying parameter of spheroid giowas therefore the ar
under the curve. The Alg value corresponding to treatment with the combamatf
DSF:Cu and P4]mIBG (2.54 +0.97) was significantly smaller than those of theugs
treated with either DSF:( alone (28.70 + 3.15) (p < 0.001) ¢f'[|mIBG alone (29.02 +
2.32) (p < 0.001)Rigure68c), indicating enhancement 6#JJmIBG kill by DSF:Cu. The
combination index was (8, indicative of a strong supeaditive interactionFigure 68d).

1000
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& o —8-1 MBg/ml
® a0 ——3.37 uM DSF-Cu
—%-3.37 uM DSF-Cu + 1 MBg/ml
200
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0 7 14 21 0 7 14 21
Time (days) Time (days)
c - DT AUCi, d AUCHiear SF  CI
Control 115+ 0.13 1624 0.18 36.03 + 4.86 477038+ 731.67  1.00
1MBg/ml 1274015 2.08 + 024" 29.02 + 2,32 202917+ 31311 0.43
3.37uMDSF-Cu  206+025" 184+ 0.16™ 2870 + 3.15™ 276066+ 433.16  0.58
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Figure 68 The effect of DSF:Cu on the growth delay induced by [**1]mIBG in SK-N-BE(2c) spheroids
SK-N-BE(2c) spheroids were treated wi**JmIBG for 2 hor with DSF:Cu for 2+ as single agents. For
the combination of DSF:Cu wit!"*lmIBG, SK-N-BE(2c) spheroids were treated wi**ijmIBG for 2 h in
the presence of DSF:Cu, washed in PBS and treatead8F:Cu alone for a further th. The V/\4 values
are displayed on a lineacale (a) and on a logarithmic scale (b). Datana@an + SEM. (ct,, DT and

AUC4 values were calculated according to Sec6.3.4 and 6.3.9)ata are mean + SEMo indicated that
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the spheroids failed to double their volume. Tladistical significance of the differencest,, DT and
AUC,yq values between groups was determiny nonparametric testing (Krusk-Wallis followed by
MannWhitney tests) using SPSS. The mediant,, DT and AUGyg values of the groups treated w
DSF:Cu or f*1JmIBG as single agents were compared witoseof the control (*).The medians 1, DT
and AUGyq values of the groups treated with a combinatiof**lmIBG with DSF:Cu were compared wi
those of the groups treated wi**]mIBG alone (1) and to thos#f the group treated with DSF:Cu alc
(1). Three symbols indicate p < 0.001. (d) ClI values werealculated as explained in Sect7.3.9.2
using the AUGe.r Values of the combination. The calculation was Basethe paramets m and IG

calculated for the single agenFigure 64d and Figure 66d).

The combination of DSF:Cu an**)mIBG sterilised UVW/NAT spherds as indicated
by the failure to attain a doubling in spheroidurak over the course of the experim
(Figure 62). The AU(q4 value correspondin@tireatment with the combination
DSF:Cu and PH]mIBG (-0.42 + 1.09) was significantly smaller than thoséhe groups
treated with either DSF:( alone (28.50 + 2.89) (p < 0.001) ¢f'[|mIBG alone (33.39 +
4.92) (p < 0.001)Rigure69c), indicating enhancement &tJ]mIBG kill by DSF:Cu. The

combination index was 0.13, indicative of a strengreadditive interactionFigure 69d).
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Figure 69 The effect of DSF:Cu on the growth delay induced by [**!1]mIBG in UVW/NAT spheroids
UVWI/NAT spheroidswere treated with™4]mIBG for 2 hor with DSF:Cu for 2+ as single agents. For the
combination of DSF:Cu witt**4]mIBG, UVW/NAT spheroids were treated wit**]mIBG for 2 h in the
presence of DSF:Cu, washed in culture medium aaded with DSF:Cu alone for a furtherh. The V/\4
values are displayed on a linear scale (a) andlogaithmic scale. Data are mean + SEM.T,, DT and
AUC,yq values were calculated accng to Section 6.3.4 and 6.3.5. Data mean + SEMow indicated that
the spheroids failed to double their volume. Tladistical significance of the differencest,, DT and

AUC,4 values between groups was determined by-parametric testing (Krusk-Wallis followed by
Mann-Whitney tests)sing SPSS. The medianst,, DT and AUGyg values of the groups treated w

DSF:Cu or f*1JmIBG as single agents were compared witoseof the control (*).The medians 1, DT
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and AUGyq values of the groups treated with a combinatiofFdfimIBG with DSF:Cu were compared with
those of the groups treated witfi'flmIBG alone () and to those of the group treatétti DSF:Cu alone

(1) Three symbols indicate p < 0.001. (d) The &lues were calculated as explained in Section .2.3.9
using the AUGeor Values of the combination. The calculation wastam the parameters m anddC

calculated for the single agents (Figure 65d agdrei 67d).

These results demonstrated the strong synergisnebatDSF:Cu and two
radiopharmaceuticals'@f1]MIP-1095 and f*lmIBG) in spheroids derived from three cell
lines, confirming the synergistic interaction beéneddSF:Cu ang-radiation described in
Section 4.4.3. Moreover, the finding of a supratadelinteraction between DSF:Cu and
two radiopharmaceuticals in spheroids supportedtitaegy of using DSF:Cu as an

adjuvant of targeted radiotherapy.

7.5 Discussion and summary of theresults

The effect of *]MIP-1095 on the growth of LNCaP spheroids wasrahterised prior to
the investigation of the combination with DSF:Guwas shown than the maximal PSMA-
specific binding of JMIP-1095 occurred at radioactivity concentratidess than 1
MBg/ml within 2 h (Figure 60a and Figure 60b). Mover, the internalisation of
[**4]MIP-1095 by endocytosis was demonstrated by codiation with CHQ, an inhibitor
of the recycling of endosomes to the cell memb(&igure 60d). The internalisation of
[**4]MIP-1095 within endosomes would indicate that tagention of the
radiopharmaceutical would be of greater durati@m i [**]MIP-1095 only bound to the
PSMA receptor but was not intracellularly conceteita In turn, prolonged intracellular
retention should result in an increased absorbdidtian dose. Secondly, sinc€{]MIP-
1095 is trapped in the intracellular space of trigdted cells, thus reducing leakage,
improved imaging of prostate carcinoma is expeddedordingly, it has been shown that
[*#IMIP-1072 and 23]MIP-1095 were successfully used as imaging agehgsostate

carcinoma¥'.

Moreover, it was also shown that internalisatiors \wapendent on the metabolic status of
the cells since KCN, an inhibitor of mitochondral P production, inhibited intracellular
concentration of £1]MIP-1095 (Figure 60d). This result has therapeiriplications for
the scheduling of' F4]MIP-1095 with radiosensitisers which may be cgtat in their own
right. It is anticipated that a cytotoxic compouadhinistered prior taf]MIP-1095

would reduce the metabolic activity of the targats; thus leading to sub-optimal
internalisation of iJMIP-1095. However, it was shown that 3.8¥ DSF:Cu, which
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was toxic to LNCaP spheroids (Figure 57, Figureb@ Figure 62), did not inhibit the
internalisation of P4]MIP-1095 (Figure 60c). Although pre-treatment.ddCaP
spheroids with DSF:Cu potentiated the growth déldyced by 1*4]MIP-1095 (Figure
63), the enhancement was not as efficient astidaiced by the simultaneous
administration of DSF:Cu and®Hi]MIP-1095 (Figure 63c). This was indicated by the
significantly smaller DT value compared with thétlee combination schedule consisting
of the simultaneous administration of DSF:Cu arid]MIP-1095. Since both, and
AUC o4 parameters did not significantly differ betweea tivo schedules of
administrations, the difference in DT value maydaeen an artefact due to the initial
deep in the growth curve following the combinaticeatment consisting of pre-treatment
with DSF:Cu followed by'F4]MIP-1095 (Figure 63c). Nevertheless, simultaneous
administration of P]MIP-1095 and DSF:Cu induced a greater growth yléian the
alternative schedules of delivery. After a singbsel of disulfiram, maximal plasma
concentration in patients is reached within 1%.Hurther investigation of the scheduling
of administration of DSF:Cu witH{i]MIP-1095 is recommend in order to achieve

optimal tumour concentration of both compound$attame time.

The pattern of growth of spheroids was dependemhemreatment administered. DSF:Cu
induced an initial growth delay followed by a pfetating phase parallel to that of the
untreated control. This was manifest by increaspnalues in response to increasing
DSF:Cu concentrations while the DT values remagwtstant in LNCaP (Figure 57¢),
SK-N-BE(2c) (Figure 64c) and UVW/NAT spheroids (kg 65c). This pattern is
consistent with the initial killing of a sub-poptitan of cells within spheroids whereas the
unaffected cell fraction is responsible for therozgh at later timepoints. In contrag,
radiation treatment did not induce growth delayNCaP spheroids (Figure 58). Instead,
the growth rate of the proliferating phase was cedurom day 0, as indicated by the
concomitant increases 1 and DT values (Figure 58c). This pattern was ctest with

the delivery of a dose of radiation to every célihee spheroid. However, this experiment
may represent a snapshot of the behaviour of thédBNcells soon aftgrradiation
treatment; the spheroids may start to grow at daimgrowth rate as the untreated control
after 22 days (Figure 58).

The spheroid growth pattern following radiatioratreent was dependent on the cell line
used. F*1]MIP-1095 decreased the growth rate of LNCaP spiderfrom day 0 without
sterilising the spheroids up to 10 MBg/ml (Figudg.6The effect of-radiation in LNCaP
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spheroids produced similar growth curve patternghich the growth rate was affected
from day O (Figure 58a). The SK-N-BE(2c) and UVW/NApheroid growth patterns
following [**]mIBG treatment were different from that of LNCapheroids following
[**H]MIP-1095 treatment.’f4]mIBG sterilised SK-N-BE(2c) spheroids one week
following treatment (Figure 66) or sterilised UVWAN spheroids 3 days following
treatment (Figure 67). In both SK-N-BE(2c) and U\NNMWT spheroids, a phase of
spheroid growth preceded sterilisation. This gropattern after treatment witf®*ijmIBG
was also observed after treatment of SK-N-BE(2d) @aW/NAT spheroids withy-
radiation (data not shown). The similarity of sghergrowth patterns between the two
modes of radiation dose delivefy/{-labelled radiopharmaceutical or external beam
radiation) in three cell lines indicated that doste had negligible influence on regrowth
delay of spheroids. LNCaP spheroids are slow grgyimean DT = 2.75 days) compared
with SK-N-BE(2c) (mean DT = 1.36 days) and UVW/NAmean DT = 2.05 days).
Although parameters other than growth rate infleeresponse to radiation, the slower
growth rate of LNCaP spheroids may explain in gagtabsence of sterilisation by 10
MBg/ml [*4]MIP-1095 compared with sterilisation after tre@imh of SK-N-BE(2c) and
UVW/NAT spheroids with 5 MBg/mI’f4]mIBG?®".

A radiosensitisein vitro is defined as an agent which enhances the cktikbf a
particular radiation do& In chapter 4, this definition was applied to eitin survival
curves, in which radiosensitisation was demondrateen the surviving fraction aftgs
radiation treatment in the presence of DSF:.Cu wa®i than that after treatment with the
same dose ofradiation alone. By extrapolation, in a spheraiovgh delay experiment,
radiosensitisation may be defined as the reductidhe area under the curve after
radiation treatment in the presence of a radioieasicompared with the area under the
curve after treatment with the same dose of razhaione. A treatment may affect the
growth of spheroids in various ways. A sub-popolabf cells within a spheroid may be
especially susceptible or resistant to a treatmmdality. For instance, a drug with poor
penetrability would only be toxic to the externallalar layer of a spheroid, thus sparing
more deeply located cells. This mode of action Wdead to an initial delay in the growth
of the treated spheroids compared with that ofeatéd spheroids with subsequent parallel
growth curves. The parallelism of the growth curetEreated versus untreated spheroids
at later timepoints results from the similar growdke of the cells that have been

unaffected by the treatment as that of the cellsntfeated spheroids.
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Alternatively, the totality of the cells within ttepheroid may be affected by a treatment. If
the treatment intensity is high enough, steril@atbccurs. Otherwise, the growth rate of all
the cells in the spheroids is reduced, which resnlthe growth curve of treated spheroids
deviating from that of the untreated control. Wieeta treatment affects all or a smaller
proportion of cells within a spheroid, the resalalways the decrease in the area under the
curve. The effect of DSF:Cu on the growth delayuret by radiation treatment was
investigated in LNCaP, UVW/NAT and SK-N-BE(2c) spbids using the following
parameterst,, DT and AUG,,. DSF:Cu potentiated the effectyefadiation, {*ijmIBG

and [*1MIP-1095 as indicated by a reduction in AldCand an increase in and DT

values compared with radiation treatment aloneNiCaP, SK-N-BE(2c) and UVW/NAT
spheroids.

Moreover, it is the purpose of the combination idad the isobologram methods of
synergy analyses to quantify the effect of ageapBn A and, simultaneously, that of
agent A upon B in the combination A+B. In all thil lines, the CI values ranged from
0.08 to 0.56 for treatments consisting of 3.B87 DSF:Cu with external beagradiation

or targeted radiotherapy. This indicated supratadiyi regardless of the mode of radiation
delivery or the cell line used (Figure 59, Figug Bigure 68 and Figure 69). In LNCaP
spheroids, 1M and 3.37uM DSF:Cu yielded CI values of 1.21 and 0.56, retipely,
when given in combination witjrradiation. This suggested that supra-additivity weore
likely to occur at DSF:Cu concentrations highentiguM. The tendency toward synergy
associated with increased concentrations of DSk&iialso observed in the analysis of
DSF:Cu-induced radiosensitisation in SK-N-BE(2a) &WVW/NAT monolayers (Table
7).

The concentration of DSF:Cu (M), which is achievable in the plasma in patiétts
affected the growth of LNCaP spheroids in a matimatrwas dependent on the mode of
radiation delivery with which it was combined. T@évalue was 1.21 when combined
with externaly-radiation treatment (Figure 59), suggesting irddatitivity, whereas the CI
value was 0.05 when combined with targeted radiaghein the form of P4]MIP-1095,
suggesting supra-additivity (Figure 62). In thespegiments, the effect of 3 Gy gf
radiation and that of 0.37 MBg/mi*H]MIP-1095 were similar with respect to
cytotoxicity. SF values were 0.25 (Figure 59) arb(QFigure 62), respectively. Thus, the
effects of the combinations were comparable. Tleservations suggested that DSF:Cu
was a better enhancer of the efficacy of targedetbtherapy than that of external beam
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radiotherapy. However, in a separate experimemraening the dose-response
relationship of 24]MIP-1095 in LNCaP spheroids (Figure 61), the $#fue obtained
following treatment with 0.37 MBg/mf{]MIP-1095 was 0.58, twice as much as in the
combination experiment (Figure 62). This indicatieat the effect of f1]MIP-1095 as a
single agent, depicted in the combination experin(féigure 62), was greater than that
observed in the evaluation of the dose-responagiaeship of f]MIP-1095 alone
(Figure 61). The ClI value is the sum of the ratibthe doses of each agent within the
combination by their doses which induce the sarfeceés single agents. Since the CI
value was calculated based on an effect3f[MIP-1095 as a single agent which was
underestimated, the Cl value of the combinatiofF8fiMIP-1095 with DSF:Cu was

likely to be overestimated (Figure 62).

The second discrepancy of this dataset was thevsug\raction obtained after treatment
of UVW/NAT with [**4]mIBG. The determination of the dose-responseti@iahip of
[**4]mIBG (Figure 67) and the evaluation of the poteaiiig effect of DSF:Cu in
combination with F*1]mIBG yielded different surviving fraction valuéBigure 69). The
surviving fractions obtained in response to treatméth 0.5 MBg/ml [*4]mIBG alone
were 0.33 and 0.87 in Figure 67 and Figure 69 eesgely. Since the Cl value of the
combination of DSF:Cu and*{JmIBG was calculated based on an effect'iJmIBG as
a single agent which was overestimated (Figureté@)Cl value was likely to be
underestimated. Thus, the combination of 0.5 MBG/flmIBG with 3.37pM DSF:Cu

should be even more supra-additive than indicategli(e 69).

Despite the discrepancies observed in the calonsif the surviving fractions based on
the AUGinear Values, generally there was agreement among exeetal results. For
instance, the surviving fractions in response #&tthatment of LNCaP spheroids with 1
UM DSF:Cu in the three separate experiments wei& 0.68 and 0.74 (Figure 57d, Figure
59d and Figure 62d). Similarly, thig values of the untreated SK-N-BE(2c) spheroids were
1.11, 0.93 and 1.15 days and the DT values wef® 1.93 and 1.62 days (Figure 64c,
Figure 66¢ and Figure 68c). Due to time constrawnery determination of spheroid
response to specific therapy was embodied in desgygperiment. A maximum of 24
spheroids was evaluated in every treatment grough e exception of the evaluation of
the effect of DSF:Cu in combination witFfJMIP-1095 on the growth of LNCaP
spheroids (Figure 62), all other experimental deteations of potentiation of radiation-

induced growth delay constituted single experimedtsetheless, regardless of cell line
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(LNCaP, SK-N-BE(2c) or UVW/NAT), regardless of mooleradiation delivery (external
beam or radiopharmaceutical) and regardless diineur cell culture (spheroids or

monolayers), DSF:Cu consistently enhanced the tiadi&ill in a supra-additive manner.

The lack of reproducibility of the experiments riésd in the variability of the surviving
fractions that was not suitable for the applicatibthe median effect principle and the
subsequent calculation of Cl values. For instatige ,was evident by the discrepancies
between the surviving fraction calculated followingatment of UVW/NAT spheroids
with 0.5 MBg/ml [*JmIBG (SF = 0.33 Figure 67c versus SF = 0.87 Figi®e). Thus, the
calculation of a Cl value based on individual spitegrowth delay experiments is not an
accurate assessment of the efficacy of a combmatatment. A faster alternative method
which measures the potentiation of the radiatidindould be as follows. First, the
spheroids would be treated with drug alone, ramiiadilone or combination of drug and
radiation. Secondly, the spheroids would be enziyalft dissociated into single cells and
clonogenic assay performed. The median effect plmand the calculation of Cl values
would be directly applicable to the surviving fiacis derived from clonogenic assay.
However, LNCaP cells do not form colonies, thushsaienethod is not suitable for the
determination of modulation of the toxicity dfijMIP-1095.

However, the determination of growth delay of splas is valuable in assessing subtle
aspects of the efficacy of combination treatmeat.ifstance, the comparison between the
T, and the DT values was used to elucidate the exastef an anti-tumour effect which

was not immediately apparent but was manifest sédarys after the initiation of drug or
radiation treatment. Spheroids, rather than cellml@nolayers, allowed an assessment of
the potential efficacy of novel therapy of microgimometastases — the type of malignant
disease against which targeted radionuclide traatmexpected to be most effective. In
the final chapter, the use of the spheroid moddéscribed for the comparison of the

ability of various drugs to potentiate radiatiomhirced spheroid growth delay.

196



8 Comparison of the ability of drugsto potentiate the growth
delay induced by y-radiation and [**1]M1P-1095 in spheroids

8.1 Introduction

A promising means of maximising the efficacy ofeted radiotherapy is by combination
with radiosensitisef§°% Clinical trials should be designed based orirthétro

assessment of the radiosensitising potential aincliieerapeutic agents. The latter studies
should be carried out in spheroids which are reqmtadive of micrometastases in their
prevascular stage of development. Moreover, thelbglar aggregates are similar to the
size class of malignant disease which is optimsdiysitive to treatment with targeted

radionuclide®.

The results of the screening of five radiosenssige LNCaP spheroids in combination
with y-radiation treatment and in combination with theiesaharmaceuticalfiJMIP-1095
will be presented. A description is provided of #iagiety of mechanisms underlying the
radiosensitisation engendered by the series ofsciegied. Then, the modification of the
growth delay induced by-radiation or }*]MIP-1095 by each drug will be analysed by
thet,, DT and AUGy parameters as described in Section 6.3.4 and. &3tse last part of
this chapter, an attempt is made to rank the er@maeant ofy-radiation-induced and
[**4]MIP-1095-induced spheroid growth delay by thegiruising the specific growth
delay (SGD) value.

8.1.1 Nutlin-3

The small molecule nutlin-3 (FW 581.49 g/mol) isissimidazoline analogue which
inhibits the interaction between murine double neri(MDM2) and the tumour
suppressor protein p&%. Under unstressed conditions, the binding of MDilzhe
transactivation domain of p53 inhibits p53 transtooinal activity. Furthermore, MDM2 is
an ubiquitin ligase which promotes proteasomal aégion of p53. In response to
radiation, the phosphorylation of p53 results grélease from MDM2. In turn, p53
triggers cell cycle arrest in G1 and promotes #pair of DNA damage. Alternatively, if
the extent of DNA damage is greater than the capatthe DNA repair machinery,
radiation-induced p53 activation may result in aptip cell deatf®’. Once activated, p53
also stimulates the transcription of the MDM2 geftee resulting negative feedback
prevents aberrant p53-induced apoptosis. It has ieewn that the inhibition of MDM2
interaction with p53 by nutlin-3 radiosensitisesmtwr cells, presumably through increased

apoptotic cell deaffi’.
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8.1.2 Olaparib

Poly(ADP-ribose)polymerase 1 (PARP-1) is a sen$&S3B and a signaller to the DNA
repair machinery. PARP-1 is recruited at the sitBA damage where it catalyses the
binding of poly(ADP-ribose) polymers to histonegqracess that requires the reduction of
nicotinamide adenine dinucleotide (NAlo NADH. The branching structure of the
positively charged ADP-ribose polymer opens updfm®matin structure, thus allowing
access of the DNA repair machinery to the damades and preventing DNA
replicatiorf®. The small molecule olaparib (FW 435.08 g/mol) Aasoiety similar to
nicotinamide which confers inhibitory propertiesaaggt PARP-1 enzymatic activity.
Olaparib’s K value is 5 nM*%. Several studies have demonstrated the radiosamgit
properties of olaparib in replicating cells, espéygiin those with a deficiency in the repair
of DSB**#*2 These studies suggest that the radiosensitiseupamism of olaparib was the

increased rate of SSB conversion to DSB during Dalicatiorf®*%

8.1.3 AzZD7762

The small molecule AZD7762 (FW 362.4 g/mol) is epihene carboxamide urea which
inhibits the kinase activity of Chk1 with a #alue of 3.6 nM*®. Although data were not
provided, the authors stated that AZD7762 inhiBit&2 with the same potency as
ChkT*®2. As a result of Chk1/2 inhibition, AZD7762 abroggthe G2 arrest machinery
following treatment with gemcitabifi€. AZD7762 has also been shown to radiosensitise a
wide range of cell lines. In this report, the DEf#ues ranged from 1.05 to 1.2 in cell lines
harbouring wild type p53 whereas the DEF valuegedrfrom 1.21 to 1.7 in cell lines

with a mutated version of p53. The authors suggested that, due to the G2 arrest-
inhibitory property of AZD7762, cells lacking a feironal G1 arrest machinery, such as
p53 mutated cells, would be more readily radiogesesl by treatment with AZD7762.
However, a second study reported the radiosemgtesfifect of AZD7762 in the p53 wild
type cell line H460 (human large cell lung carcirgras indicated by a DEF value of
1.5 The observation of a DEF value of 1.5 in a p5i8wipe cell line, which was in the
same range as the DEF values obtained in p53 mdutatelines (1.21 — 1.7) suggested
that the p53 status of a cancer cell is not thg daterminant of radiosensitisation induced
by AZD7762.

8.1.4 Topotecan
The role of topoisomerase | is to alleviate thsitoral stress generated as the replication

fork advances during replication of DNA. Topoisoas | cleaves one strand of DNA,
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allowing the second strand to pass through thevatgasite, before re-sealing the nick.
During this process, an intermediate state is etehy the formation of a transient
covalent bond between topoisomerase | and theatiestvand of DNA, the so-called

“cleavable complex”.

The small molecule topotecan (FW 457.9 g/mol) deavative of camptothecin, an
alkaloid extract of the tre@amptotheca acuminataith antitumour propertié®®. The fork
collision model has been described to explain tegan cytotoxicit§’’. Topotecan binds to
and stabilises the normally transient cleavablemermconsisting of topoisomerase | and
cleaved DNA. As the replication fork advances, ¢bkision with the stalled cleavable
complex (consisting of topotecan, topoisomerasell@deaved DNA) results in the
formation of DSB, leading to cell cycle arrest aedl death. Furthermore, topotecan has
recently been shown to be a radiosensif€? It has also been observed that
topoisomerase | is involved in the recruitmenthef DNA repair machinery to sites of
DNA strand breakage’. Therefore the radiosensitising mechanism of teqart may not
only result from the generation of DSB during DN&plication but may also be due to the
inhibition of DNA repair.

8.1.5 Bortezomib

The small molecule bortezomib (FW 384.24 g/moB Isoron-based dipeptide with
binding affinity for the 26S proteasome, the ord@nesponsible for the controlled
enzymatic degradation of proteins. Bortezomib iitkithe catalytic activity of the 26S
proteasome with aKalue of 0.56 nN°. Many cellular pathways are regulated by the
proteasome: inflammation, antigen presentatior cgele regulation and cell death. For
instance, proteasomal degradation«® Is required for the activation of the transcipii
factor NFkB which is up-regulated in response to radiatieatiment and is associated
with radioresistanc8”. It has been demonstrated that bortezomib radsitisess cancer
cells via the prevention of NkB activatiori®?, which resulted in apoptosis, and also via

the down-regulation of the DNA damage respdise

8.1.6 Justification of the concentrations of the drugs examined

The concentrations of the drugs used in the evaluaf the modulation of-radiation-
induced or F1]MIP-1095-induced spheroid growth delay were basegublished reports
and on the drug concentrations achievable in thenph of patients (Table 11).
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L owest
Target . L ) .
K radiosensitising Plasma concentration achieved
' concentration tested
7.21-17.03 n\®*
Topotecan | Topoisomerase | 10 nM 2.23-9.06 nM®
24.8 - 108.9 nNf®
0.23 - 2.3 nM”’
ol i PARP-1 1uM
ari 308
ap 5 5 ol M 5.75uM
11 lJM 309
205.60 nM™
] 26S proteasome
Bortezomib 0.56 ANA% 7.5nM
.56 n
580 nMt
Nutlin-3 Mdm2-pS3 10puM clinical trial in progress
80.3 n\®®
AZD7762 Chkl Not radiosensitising at clinical trial in progress
3.6 nM*® concentrations < [iM

Table 11 The plasma concentrations of the evaluated drugs
The K values, the reported peak plasma concentratiacshsheenconcentrations found to be radiosensitiging i
this chapter are presented. The lowest radiossimgjtconcentrations tested for every dwith be described

in the respective results Sections.

82 Aim
- determination and comparison of the capacity obtoptic drugs to enhance the
growth delay of multicellular tumour spheroids &lling treatment witly-
radiation or {*]MIP-1095

8.3 Materialsand methods
8.3.1 Spheroid formation and analysis
See sections 6.3.1, 6.3.3, 6.3.4 and 6.3.5.

8.3.2 Combined treatments of drugswith y-radiation or [**'1]M|P-1095
See sections 4.3.4.4 and 7.3.2.4.

8.3.3 Calculation of specific growth delay SGD
The growth rate of treated spheroids and untreatattols varied between experiments.

Therefore, to enable comparison of the cytotoxioiftgingle-agent treatments between
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separate experiments (drug alone or radiation glome specific growth delay resulting

from single-agent treatment (SGL) was calculated using equation (23)

SGDsa = (T2- T2 contro) / T2 control (23)

where ther, value is the time required for a 2-fold increasgaotume after a particular
treatment, as described in Section 6.3.4,@Rghio IS that of the respective untreated

control.

Similarly, the effect of radiation alone variedween experiments. Thus, to enable the
comparison of the enhancemenyefdiation-induced and{i]MIP-1095-induced growth
delay by various drugs, the specific growth delbg oombination treatment (SGpwas
compared with the effect of radiation F[]MIP-1095 treatment alone and calculated

using equation (24):

SGDx¢ = (T2- T2 radiation / T2 radiation ~ (24)

where ther, value is the time required for a 2-fold increas@alume after a particular
combination treatment amd agiationis theT, value of they-radiation or }*4]MIP-1095

treatment alone.

8.3.4 Statistical analysisof the drug-induced potentiation of y-radiation or
[*MIMI1P-1095
See section 7.3.8.3.

8.3.5 Test for outlying results
According to the Grubb’s teSt, an outlier is defined as a value within a dataggch
deviates from the mean to a significantly greakterm than the standard deviation of the

dataset. The Z-score is calculated according tatemu (25):

Z-score = ABS (mean — value) / SD (25)

where ABS is the absolute value and indicatesttieaZ-score is positive and SD is the

standard deviation of the dataset containing thetevalue.
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Then, if the Z-score is greater than a criticalafire, the tested value is defined as an
outlier. Examples of critical Z values are foundlable 12 and are depend on the number

of observations (n) within the dataset and on ¢hell of statistical significance.

Number of 5% 2.5¢, 1%
Observations Significance Significance Significance
i Level Lovel Level
3 1.15 1.16 1.15
4 1.406 1.48 1.49
5 1.67 1.7 1.75
6 1.82 1.89 1.94
7 1.94 2.02 2.10
B 2.03 2.13 2.22
g 2.11 2.21 2.32
10 2.18 2.29 2.41

Table 12 Critical Z valuesat the 1%, 2.5% and 5% levels of significance for dataset containing n

observations

84 Results
8.4.1 Enhancement of the growth delay induced by y-radiation or [**!I]M1P-1095

8.4.1.1 Nutlin-3

It has been reported that 5 and M nutlin-3 were required for the inhibition of the
interaction of MDM2 with p53 which resulted in threereased expression of the p53-target
gene p21 in LNCaP monolay&ts Secondly, the radiosensitising property of nu8ihas
been demonstrated in monolayers using concentsatib and uM>3**3'® Based on

these studies, the potentiation of the growth disldyced byy-radiation or {*4]MIP-1095

was carried out using nutlin-3 concentration oM (Figure 70).

Increased growth delay by treatment with nutlingswndicated by modification af, DT
and AUG,q values. The toxicities of botaradiation (Figure 70a) and*fjMIP-1095
(Figure 70b) were enhanced by inclusion ofuM nutin-3 in combination treatments. The
AUC g value of the combination of (M nutlin-3 with 3 Gyy-radiation was 3.96 + 1.09
compared with 15.58 + 1.46 for 3 @yradiation alone (p < 0.001) and 21.57 + 1.15 for 1
KM nutlin-3 alone (p < 0.001) (Figure 70c). Simijathe AUGyq value of the

combination of 1M nutlin-3 with 0.37 MBg/ml £*4]MIP-1095 was -3.25 + 0.75
compared with 12.86 + 0.44 for 0.37 MBg/mi'{]MIP-1095 alone (p < 0.001) and 19.20
+ 1.20 for 10uM nutlin-3 alone (p < 0.001) (Figure 70d). Thessavations indicated
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that nutlin3 potentiated the growth delay inducedy-radiation and**JMIP-1095

treatments.
a 90 Jeaadiation
S
40 —o— Control
E’ —a— Nutlin-3 10 puM
< 300 3Gy

—¢ Nutlin-3 10 puM

7 [BIMIP-1093

VIV,

—o— Control
= Nutlin-3 10 pM
—&— 0.37 MBg/ml

+3 Gy —— Nutlin-3 10 pM
100 +0.37 MBq/ml
0 B8 g R
0 7 14 21 28 I i 14 21
Time (Days) Time (Days)
c T DT AUC), SGD
Confrol 218+0.17 237+ 011 2361+ 118
Nutlin-3 10 mpM =~ 3.82 £ 025™ 249 + 011 2157 £ 115 (.75
3Gy ATTEO03ST 3620277 1SS8 = 146™ 18
Nutlin-3 L0mM+ 3Gy 1232 % L9 6 76 & LOSTITN 3,06 + 1091 | sg
d T DT AUC,, SGD
Confrol 299 = (.18 262+ 0.11 2449+ 114
Nutlin-3 10 pM .35 = .23 2750027 1920 + 120" 0.43
0.37MBag/ml 620 % 020 4222017 1286 = 0.44™ 1.07
Nutlin-3 10 pM + 0.37 MB/ml o o 2323+ 075 N

Figure 70 Spheroid growth delay induced by treatment with y-radiation, [**}1]M I P-1095 or nutlin-3 as
single agents or in combination

(a) The potentiation of-radiation kill by nutlir-3 was investigated. LNCaP spheroids were expos&@
UM nutlin-3 and immediately irradiated with 3 (y-radiation using &Co source. The spheids were then
incubated for 24 I culture medium containing JuM nutlin-3. Data are mean + SEM. (b) The potentia
of [**4]MIP-1095 kill by nutlir-3 was investigated. LNCaP spheroids were simultasig@xposed to 1uM
nutlin-3 and 0.37 MBg/mI**4]MIP-1095. After 2 h, excessTi]MIP-1095 was removed and the sphert
incubated in culture medium containing uM nutlin-3 for 22 h. (c) and (dj,, DT and AU(q values were
calculated according to Secti6.3.4 and 6.3.5. Data are mean + SEMndicates that the spheroids fail
to doulle in volume. The statistical significance of thifedtences irt,, DT and AU(qq4 values between
groups was determined by r-parametric testing (Kruskatallis followed by Man-Whitney tests) using
SPSS. The medians of DT and AU(,4 values of the groups treated with single agent®wempared witl
those of the untreated control  The medians of,, DT and AUGq valuesof the combination treatme
werecompared with those of the group treated with ttamtiaalone () and with tise of the group treated
with nutlin-3 alone (). Two symbols indicate p < 0.01 anddlggmbols indicate p < 0.001. The spec
growth delay values corresponding to the si-agent treatments (SGR) and the specific growth delay

the combination traments (SGIc) were calculated according to Section 8.3.3

8.4.1.2 Olaparib
Several authors have reported radioselation byolaparib at concentrations ranging fr«

10 nM to 10uM392%%317:318 Based on these results, fietential modulatioiof y-radiation-
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induced growth delay by olaparib was investigatecbacentrations ranging from 0.1 to 1
UM (Figure 71).

Thet,, DT and AUGyg values of the groups treated with the combinatafriz 1, 0.5 or 1
MM olaparib with 3 Gy-radiation were not significantly different fromae of the group
treated with 3 Gy-radiation alone (Figure 71b). For instance, thealues of the
combinations ranged from 4.43 + 0.37 to 4.76 + @&%s compared with 4.14 + 0.43 days
for 3 Gyy-radiation alone (Figure 71b). This indicated thiaparib was not able to

potentiate the toxicity induced lpradiation at concentrations less thapM.

Olaparib is an inhibitor of DNA damage repair. Téfere, in the absence of a DNA
damaging agent such as radiation, olaparib asgiesagent treatment is unlikely to be
cytotoxic (Figure 71). However, it was also possithlat the absence of a growth delay in
response to olaparib alone was due to insuffi@ententration of drug. It has also been
shown that the administration to patients of alsid@0 mg dose of olaparib resulted in a
peak plasma concentration of i and it was well toleraté®®. Thus, the investigation of
the combination of olaparib with¥]MIP-1095 was carried out with concentrations of
olaparib of 1 and 1AM (Figure 72).
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a 300 —o— Control
250 A —8— Olaparib 0.1 uM
—2&— Olaparib 0.5 uM
200 1 —%— Olaparib 1 uM
§ 150 - e 3Gy
B Olaparib 0.1 uM+ 3 Gy
1007 ;. R b - Olaparib 0.5 uM =+ 3 Gy
50 ‘g;"ﬁ X:-- Olaparib 1 uM + 3 Gy
o BEEet , ,
0 7 14 21 28
Time (days)
T DT AUCog SGD
b Control 3.24 £0.38 298 £0.22 2772+ 226 0.00
Olaparib 0.1 pM  2.73 = 0.39 2.97 £0.40 2912394 -0.16
Olaparlb 0.5uM 297 =0.33 2.86 £0.30 2871 =326 -0.08
Olaparib 1 pM 315 £0.53 208 £0.46 2837471 -0.03
3Cy A11=043"" 3.62+035" 2211=200" 028
Olaparib 0.1 pM+ 3 Gy 476 03377 368 £ 018777 1004 £ 2287 015
Olaparib 0.5 uM+ 3Gy 456 £ 04977 378 £0.3677 1959 +2007"  0.10
Olaparib 1 uM +3 Gy 443 +£0377 39502877 2150+279""  0.07

Figure 71 Absence of enhancement of y-radiation-induced spheroid growth delay by combined
treatment with olaparib

(a) The potentiation of-radiation kill by olaparib was investigated. LNCgheroids were exposed to (
0.5 or 1uM olaparib and immediately irradiated with 3 y-radiation using &°Co source. The spheroids
were then incubated for th in culture medium containing 0.1, 0.5 op olaparib. Data are mean + SE
(b) T2, DT and AUGq values were calculated according to Sec6.3.4 and.3.E. Data are mean + SEM.
The statistical significance of the difference,, DT and AUGq values between groups was determine:
nonparametric testing (Krusk-Wallis followed by Mann¥hitney tests) using SP< The medians of,

DT and AUG,q values of the groups treated with single agent®wempared with those of the untrea
control (*).Themedians ot,, DT and AUG,4 valuesof the combination treatment were compared witlse!
of the group treated with radiation alone and with those of the group treated volaparib alone (1). Two
symbols indicate p < 0.01 and three symbolscate p < 0.001. The specific growth delay val
corresponding to the sinagent treatments (SGp) and the specific growth delay of the combina

treatments (SGE) were calculated according to Sect8.3.3.

The spheroid growth delay induced **4]MIP-1095 wassignificantlyenhanced by
inclusion of 1uM or 10 uM olaparib (Figure 72a), indicatdxy the significan
modifications oft,, DT and AU values following treatment with olaparib
combination with F*!I]MIP-1095 compared with those of the group treated [**]MIP-
1095 alone (Figur&2b). For instance, the values were 2.70 + 0.22, 2.98 + 0.26 and ¢
+ 0.91 (p < 0.001jollowing treatment with :uM olaparib, 10uM olaparib and 0.3
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MBg/ml [*4]MIP- 1095, respectivelyFigure 7). In contrast, tht, values of the
treatments consisting of combination **4]MIP-1095 with 1 or 1(uM olaparib were
11.33 +1.36 and 9.70 + 0.72 days, respectivFigure 72b).

The enhancement of toxicity induced **1]MIP-1095 followingthe inclusion of JuM
olaparib (Figure 7@ was in contrast with the atnce of potentiation cy-radiation-
induced growth delay by uM olaparib (Figure 7&). This indicated that olapar
enhancement of radiation kill waependent on the mode of delivery of radiation (e

beam versus radiopharmaceutical). This will bewdised in further details in Secti8.5.

a 250 7
—<$— Control
200 —8— Qlaparib 1 uM
-
= ¢+ 0.37 MBq/ml
100 .
=Bk QOlaparib 1 pM
s +0.37 MBg/ml
=& Qlaparib 10 pM
+0.37 MBg/ml
0 & -
0 7 14 21 28
Time {(days)
Ts DT AUC)o, SGD
b Control  2.67 +0.26 2,90 +0.25 2840 = 3.00
0.37 MBg/ml 6.32 £0.91*" 433+ 068 15.18 £ 2347 1.36
Olaparib 1 pM 270+£022 292+0.13 2820 £ 1.37 0.01
Olaparib 10 pM 298 £ 0.26 289+£021 2744 + 2091 0.11

Olaparib 1 pM + 0.37 MBq/ml 1133 £ 136777 10.14 = 1.2077™ 783 + | |87 0.79
Olaparib 10 uM + 0.37 MBg/ml ~ 9.70 £ 0.72777 795 £ 07577 839+ 11277 (.33

Figure 72 Spheroid growth delay induced by treatment with [**'1JM | P-1095 or olaparib assingle
agentsor in combination

(a) The potentiation of-{1]MIP-1095 kill by olaparib was investigated. LNCaP spids were
simultaneouly exposed to 1 or 1uM olaparib and 0.37 MBg/mi{1]MIP-1095. After 2 h, exces
[**4]MIP-1095 was removed and the spheroids incubated fareuhedium containing 1 or ;uM olaparib
for 22 h. Data are mean + SEM. 1,, DT and AUG,, values were calculated according to Sec6.3.4 and
6.3.5.Data are mean + SEM. The statistical significanicthe differences irt,, DT and AUGyq values
between groups was determined by-parametric testing (Kruskatallis followed by Man-Whitney tests)
using SPSSThe medians ct,, DT and AUG,q values of the groups treated with single agents"
compared with those of the untreated controThe medians of,, DT and AU(,q values of the
combination treatment were compared with thos@éefgroup treated with radiation alone and with those

of the group treated witblaparit alone (1). Two symbols indicate p < 0.01 and tisyabols indicate p -
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0.001. The specific growth delay values correspomdd the single-agent treatments (S{gCand the

specific growth delay of the combination treatmeg®S D) were calculated according to Section 8.3.3.

84.1.3 AZD7762

The radiosensitisation of monolayers has been dstraiad at AZD7762 concentration of
100 nMF®°, Based on this report, the investigation of thalification of y-radiation-
induced spheroid growth delay by AZD7762 was cdraet at concentrations ranging
from 1 nM to 1uM (Figure 73).

Thet,, DT and AUGyq values of the groups treated with the combinatafrisnM, 10 nM

or 1uM AZD7762with 3 Gyy-radiation were not significantly different fromabe of the
group treated with 3 Gy-radiation alone (Figure 73b). For instance,thealues of the
combinations ranged from 4.05 + 0.27 to 5.33 £ @&ys compared with 5.32 + 0.45 days
for 3 Gyy-radiation alone (Figure 73b). This indicated thaD7762 was not able to

potentiatey-radiation toxicity at concentrations less thanM.
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< &3 Gy
200 | -+ AZD7762 1 nM + 3 Gy
oA AZDT762 10 nM + 3 Gy
- AZDT762 1 uM + 3 Gy
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0
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Time (days)
T2 DI AUC),g SGD
b Control 272019  2.62=008 2381 £0.88

AZD77621nM 333 £0.26 2.66 = 0.03 21.84 £0.71 0.22
AZD776210nM 201 =018  264=0.16 2546+ 159 -0.26
AZD77621uM  3.14 =024  258=0.11  23.07=1.16 0.15

3Gy 532045 349=026"" 1465 + 1.30" 093
AZD77621n0M+3 Gy 507 +050" 335022 15.39 £ 1.40 -0.03
AZD776210nM+ 3Gy 4,05 £ 027777 321 020" 17.72 £ 136" 0.24
AZD77621 uM +3 Gy 533 05211 3732023111 145413777 0.00

Figure 73 Absence of enhancement of y-radiation-induced spheroid growth delay by combined
treatment with AZD7762

(a) The putative potentiation y-radiation kill by AZD7762 was investigated. LNCgbheroids wert
exposed to 1 nM, 10 nM orpM AZD7762 and immediately irradiated with 3 ty-radiation using 8Co
source. The spheroids were then incubated fchin culture medium containing 1 nM, 10 nM ouM
AZD7762. Data are mean = SEM. (1,, DT and AUGq values were calculated according to Sec6.3.4
and 6.3.5Data are mean + SEM. The statistical significaricéae differences irt,, DT and AUGq values
between groups was determined by-parametric testing (Kruskatallis followed by Man-Whitney tests)
using SPSSThe medians ct,, DT and AUGq values othe groups treated with single agents w
compared with those of the untreated controThe medians of,, DT and AU(4 values of the
combination treatment were compared with thoséefgroup treated with radiation alone and with those
of the group treated witAZD776Z alone (T). Two symbols indicate p < 0.01 and tlsygabols indicate p
0.001. The specific growth delay values correspomdd the singl-agent treatments (SCsa) and the

specific growth delay of the combination treatmeg®SLC.) were calculated according to Sect8.3.3.

The effect of AZD7762 on the growth delay inducgd**i]MIP-1095 is depicted in
Figure 74 The spheroid growth delay induced M]MIP-1095 was not significantl
enhanced by inclusion of OuM or 1 uyM AZD7762 (Figure 78). Forinstance, the,
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values were 2.74 + 0.35, 2.95 £ 0.23 and 6.06 Z (p < 0.001)ollowing treatment witt
0.1uM AZD7762, 1uM AZD7762 and 0.37 MBg/mI'P4i]MIP-1095, respectivelyFigure
74b). Similarly, ther, values of the treatments consisting of combinatibf**4]MIP-
1095 with 0.1 or M AZD7762 were 7.23 £ 0.69 and 7.13 + 1.31 dayspeetively
(Figure 74b).

300~
230 —$— Control
—E—A/D7762 0.1 uM
- 200 —&—AZD7762 1 uM
:E 150 - 037 MBg/mil
100 ---EI---AZDZT"L‘S?_ 0.1 pM
+0.37 MBq/ml
50 oA AZDTTE2 1 uM
I 0.37 MBg/ml
0 E
0 7 14 21 28
Time (days)
b T2 D1 AUC1og SGD
Control 213 =023 279 £0.05 27.95 + 181
0.37 MBg/ml  6.06 097" 500 =085 1320=215" 1.49
AZD7762 0.1 pM 274+ 035 2.65+0.22 27.26 +2.90 0.13
AZD7762 1 pM 295+023 268 £0.03 26.73 £ 0.75 021
AZD7762 0.1 pM +0.37 MBy/ml  7.23 £ 0.69 1 6050617 1070 £ 1,047 019
AZD77621 uM +0.37 MBq/ml 713 % 13177 195 £0.9077" 1132 £ 2377 0.18

Figure 74 Absence of enhancement of [**!1]M | P-1095-induced spheroid growth delay by combined
treatment with AZD7762

(a) The putatie potentiation of**i]MIP-1095 kill by AZD7762 was investigated. LNCaP splgsavere
simultaneously exposed to 0.1 opM AZD7762 and 0.37 MBg/mI*fi]MIP-1095. After 2 h, exces
[**4]MIP-1095 was removed and the spheroids incubated inreuhedium containing 0.1 oruM
AZD7762 for 22 h. Data are mean + SEM. 1,, DT and AUG,q values were calculated according
Section 6.3.4 and 6.3.Pata are mean = SEM. The statistical significarfcine differences irt,, DT and
AUC 4 values between groups was determined by-parametric testing (Krusk-Wallis followed by
MannWhitney tests) using SP¢ The medians of,, DT and AUG,q values of the groups treated with sin
agents were compared with those of the untreatettalq(*). The medians of,, DT and AUGq values of the
combination treatment were compared with thoséefgroup treated with radiation alone and with those
of the group treated witAZD776Z alone (). Two symbols indicate p < 0.01 and thlsyrabols indicate p
0.001. The specific growth delay values correspomdd the singl-agent treatments (SCsa) and the

specific growth delay of the combination treents (SGR) were calculated according to Sect8.3.3.

209



8.4.1.4 Topotecan

Topotecan-induced radiosensitisation was demomsitiatmonolayers at concentrations
ranging from 5 to 100 nf°**° However, concentrations of topotecan ranging fidm

nM to 10uM induced a modest reduction in the area unde¥tkig versus time curve of
LNCaP spheroid growth. For instance, the Ald€@alue following treatment with 10M
topotecan was 31.52 + 4.49 days (p < 0.001) condpatth that of the untreated control
(39.57 = 3.14 days) (Figure 75). Based on theserghtons, the effect of topotecan on the
growth delay induced by-radiation was investigated at concentrations ragpffiom 10

nM to 10uM (Figure 75).

The increase im; values and the decrease in Abj@alues following treatment with the
combinations of 10 nM, 100 nM,dM or 10uM topotecan with 3 Gy-radiation were
significant in comparison with the, and AUGyq values of the group treated with 3 Gy
radiation alone and with those treated with topateglone (Figure 75b). For instance, the
T, values of the combinations ranged from 4.51 + ®028.02 £ 1.51 days compared with
3.46 £ 0.29 days for the group treated with 3y@gdiation alone (Figure 75b). This
indicated that topotecan was able to potentiatéakieity induced by-radiation at

concentrations less than i in spheroids.

The conclusion of the analysis of the DT valuesflatied with that obtained by the
analysis of tha,values. For instance, the DT values were 3.70 Z @01 + 0.23 and
3.90 £ 0.39 days for the groups treated with thalmoations of 3 Gy-radiation with 10
nM topotecan, 100 nM topotecan opl¥ topotecan, respectively (Figure 75b). The DT
values of these combination were not significagtiyater than that of the group treated
with 3 Gyy-radiation alone (3.49 = 0.27 days) (Figure 75mjjgating the absence of the
potentiation ofy-radiation toxicity by topotecan at concentratitess than JUM. This was
in contrast to the enhancementyefdiation kill by topotecan at these concentratias
determined by analysis of thgand AUG,g values (Figure 75b). However, the
combination of 1uM topotecan with 3 Gy-radiation resulted in the statistically
significant increase in DT values (6.64 + 1.24 daysnpared with that of the group
treated with 3 Gy-radiation alone (3.49 = 0.27 days) (p < 0.001y(Fe 75b). This
indicated the potentiation gfradiation-induced growth delay at this level giatecan

toxicity (10 uM).
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Figure 75 Spheroid growth delay induced by treatment with y-radiation or topotecan as single agents
or in combination

(a) The potentiation of-radiation kill by topotecan was investigated. LNGgiPeroids were exposed to
nM, 100 nM, 1uM or 10pM topotecan and immediately irradiated with 3 &yadiation using 8°Co
source. The spheroids were then incubated fori24hlture medium containg 10 nM, 100 nM, JuM or
10 uM topotecan. Data are mean + SEM. 1,, DT and AUGq values were calculated according to Sec
6.3.4 and 6.3.%ata are mean + SEM. The statistical significaricth® differences i, DT and AUGy
values between groups was determined by-parametric testing (Kruskatallis followed by Man-
Whitney tests) using SP¢ The medians af,, DT and AUG values of the groups treated with single ag
were compared with those of thetreated control (*).The medians of DT and AU(4 values of the
combination treatment were compared with thoséefjroup treated with radiation alone () and withse
of the group treated with topotecan alone (t). Bymbols indicate p < 0.01 athree symbols indicate p <
0.001. The specific growth delay values correspomdd the singl-agent treatments (SCsa) and the

specific growth delay of the combination treatmeg®SLCc) were calculated according to Sect8.3.3.
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These observations indicated that concentratiomspaitecan ranging from 10 nM tcuM
only transientlyincreased the growth delay inducec y-radiatior treatment. Spheroid
regrowth was manifest from day following combinations treatme consisting of 10 nM,
0.1uM and 1uM topotecan with 3 Gy-radiation (Figure 7B). In contrastthe
combination treatment consisting of uM topotecan with 3 Gy-radiation induced a
significant increase in DT values, indicative giesistent potentiation of growth del
induced byy-radiatior (Figure 75b) These results indicated that radiosensitisaty

topotecan was dostependen

The spheroid growth delay induced *4]MIP-1095 was als@nhanced btreatment
with 0.1uM and 1uM topotecan Figure 7@&). This was manifest by the significe
modification ofty, DT and AU(q4 values following treatment wit0.1 or 1uM topotecan
in combination with **]MIP-1095 compared with those of the group treated
[**4]MIP-1095 alon (Figure 76b). For instance, thevalues were 3.25 + 0.17, 3.27
0.18 and 5.51 + 0.5 < 0.001) following treatment with OlIM topotecan, ‘uM
topotecan and 0.37 MBg/n*]MIP-1095, respectively (Figuréeb). In contrast, the,
valuescorresponding to/resulting frothe treatments consisting of combinatior
[**4]MIP-1095 with 0.1 or uM topotecan were 7.93 + 0.67 and 7.41 + 0.74 ¢
respectively (Figur&eb).
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b T DT AUC1 SGD
Control  3.06=0.17 251 +£0.10 1862 £ 0.73
0.37 MBg/ml 551 =0.55"" 436 £0.49" 10.95 +1.15™" 0.80
Topotecan 0.1 uM  325=0.17 261 £0.08 1737 £0.74 0.06
Topotecan 1 uM 327 =0.1R8 264012 1752 = 0.87 0.07
Topotecan 0.1 pM + 0.37 MBg/ml 793 =067 7" 6140637 77506477 044
Topotecan 1 pM + (.37 MBg/ml 741 = 074777 734 £ 08877 828 £091777 0.34

Figure 76 Spheroid growth delay induced by treatment with [**}1]M 1 P-1095 or topotecan assingle
agentsor in combination
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(a) The potentiation of{1]MIP-1095 kill by topotecan was investigated. LNCaP spids were
simultaneously exposed to 0.1 opM topotecan and 0.37 MBg/mIPfi]MIP-1095. After 2 h, exces
[**4]MIP-1095 was removed and the spheroids incubated inreuhedium containing 0.1 oruM
topotecan for 22 h. Data are mean + SEM1,, DT and AUGq values were calculated according to Sec
6.3.4 and 6.3.9ata are mean = SEM. The statistical significarfcie differences iit,, DT and AUGq
values between groups was determined by-parametric testing (Kruskatallis followed by Man-
Whitney tests) using SP¢ The medians af,, DT and AUG values of the groups treated with single ag
were compared with those of the untreated contjcThe medians of,, DT and AU(4 values of the
combination treatment were compared with thoséefgroup treated with radiation alone and with those
of the group treated wittopoteca alone (). Two symbols indicate p < 0.01 and tisgabols indicate p
0.001. The specific growth delvalues corresponding to the singlgent treatments (SCsa) and the

specific growth delay of the combination treatmeg®SLCc) were calculated according to Sect8.3.3.

8.4.1.5 Bortezomib

The radiosensitising effect of bortezonhas previously beethemonstrate in monolayers
derived fom cervical cancer cell lin at a concentration of 10 r**%, Based on this result,
the effect of bortezomib on the growth delay indlibgy-radiation was evaluated usi

bortezomib concentratiorof 5 and 10 nM (Figure 77).

a 300 7
230 —&— Control
200 —8— Bortczomib 5 nM
= —2— Bortezomib 10 nM
150
- et 3 Gy
100 ---BF-- Bortezomib 5 nM + 3 Gy
50 ---&-- Bortezomib 10 nM | 2 Gy
0 E
Time (days)
b T2 DT ATIC1oq SGD
Control  4.64 £0.56 265 +£0.20 1833192 0.00
Bortezomib SnM 320 =0.42 255029 22.08 £2.59 -0.30
Bortezomib 10 nM 433 £ (.36 259 +0.19 18.96 + 1.52 -0.07
3Gy 955+£155" 545 £0.82" 7.90 £ 1.66" 1.06
Bortezomib SnM + 3Gy 809 £ 10477 50220537 706= 13477 -0.15
Bortezomib 10 aM +3 Gy 1493 L4547 1440 1602777 279 112677 0.56

Figure 77 Absence of enhancement of y-radiation-induced spheroid growth delay by combined
treatment with bortezomib

(a) The putative potentiation y-radiation kill by bortezomib was investigated. LNCspheroids wer
exposed to 5 nM or 10 nM bortezomib and immediaiteidiated with 3 Gy-radiation using &°Co source.

The spheroids were then incubated foih in culture medium containing 5 nM or 10 nM bortedlonData
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are mean + SEM. (lap, DT and AUGq values were calculated according to Section G8d46.3.5. Data
are mean + SEM. The statistical significance ofdliferences irt,, DT and AUG,, values between groups
was determined by non-parametric testing (Kruskalig&/followed by Mann-Whitney tests) using SPSS.
The medians of,, DT and AUG,q values of the groups treated with single agentewempared with those
of the untreated control (*). The medianstgfDT and AUG,q values of the combination treatment were
compared with those of the group treated with ta@hiaalone () and with those of the group treatét
bortezomib alone (1). Two symbols indicate p < Ga@dl three symbols indicate p < 0.001. The specific
growth delay values corresponding to the singleatgeatments (SGE) and the specific growth delay of

the combination treatments (Sg@Dwere calculated according to Section 8.3.3.

No significant potentiation gf-radiation toxicity by simultaneous treatment with
bortezomib was indicated from the analysisoDT and AUGyg values. Thea, values
were 9.55 £ 1.55 (p < 0.01), 3.26 + 0.42 and 8.0904 days for the groups treated with 3
Gy y-radiation, 5 nM bortezomib and the combinatior3 @&y y-radiation with 5 nM
bortezomib, respectively (Figure 77b). Similarlyet, value of the group treated with 10
nNM bortezomib in combination with 3 Gyradiation (14.93 + 4.54 days) was not
significantly higher than that of the group treatdth 3 Gy alone (Figure 77b). However,
the growth delay induced by 3 Gyradiation was unusually high in this particular
experiment; = 9.55 + 1.55 days); the averagevalue following 3 Gy irradiation from
Figure 70, Figure 71, Figure 73 and Figure 75 w48 4 0.40 days. Thus, any further
reduction of the area under the curve induced lsiehomib would have been more
difficult to discriminate from that induced lpradiation treatment alone. The Z-score, a
measure of the deviation of a value from the mearomparison with the standard
deviation of the dataset (Section 8.3.5), was 1whizh was higher than the critical Z-
score (1.71), thus demonstrating thatthealue following treatment with 3 Gyradiation
in this experiment was an outlying result at tHg92 significance levét> Therefore, the
observation of the absence of potentiation ofythediation-induced growth delay by

bortezomib is inconclusive.

The effect of bortezomib on the growth delay indlbg [-*1]MIP-1095 is depicted in
Figure 78. The spheroid growth delay induced B§]MIP-1095 was enhanced by
treatment with 7.5uM and 10puM bortezomib (Figure 78a). This observation was ifieah
by the significant modification af,, DT and AUGyg values following treatment with 7.5
or 10 nM bortezomib in combination witf*fijMIP-1095 compared with those of the
group treated with'f]MIP-1095 alone (Figure 78b). For instance, thealues were 3.08
+0.24 (p <0.001), 4.31 £ 0.30 (p < 0.001) ancb4:8.28 (p < 0.001) following treatment
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with 7.5 nM bortezomib, 10 nM bortezomib and 0.3Bd/ml [**![]MIP-1095,
respectively (Figur@8b). In contrast, the, values of the ratments consisting
combination of f1]MIP -1095 with 7.5 or 10 nM bortezomib were 7.82 + ((p < 0.001)
and 7.39 = 0.69 dayp < 0.001), respectively (Figure 78b).
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0.37 MBg/ml 486+ 028" 340+ 021" 28.07 £ 1.49" 1.72
2.5nM BZM +0.37 MBg/ml 543+ 024111 332013 25.33 + 2 50117 0.12

5nM BZM +0.37 MBg/ml 510+ 041111 375037110 2591+ 1.86!11 0.05
7.5nM BZM + 0.37 MBg/ml 782+ 066111 393+ 0350111 20.93+ 1991110 g6l
10 nM BZM + 0.37 MBg/ml  7.39+ 065111 488+ 04311 17224+ 179711 0,52

Figure 78 Spheroid growth delay induced by treatment with [**Y1]M I P-1095 or bortezomib assingle
agentsor in combination

(a) The potentiation of-{1]MIP-1095 kill by bortezomib was investigated. LNCspheroids were
simultaneously exposed to 2.5, 5, 7.5 or 10 nMezmmib and 0.37 MBg/m**!]MIP-1095. After 2 h,
excess T1]MIP-1095 was removed and the spheroids incubated tareuhedium containing 2.5, 5, 7.5
10 nM bortezomib for 22 h. Datae mean + SEM. (b),, DT and AUG,4 values were calculated accord
to Section 6.3.4 an@.3.t. Data are mean + SEM. The statistical significarfcte differences irt,, DT and
AUC 4 values between groups was determined by-parametric testing (Krusk-Wallis followed by
MannWhitney tests) using SP< The medians af,, DT and AUG,4 values of the groups treated with sin
agents were compared with those of the untreatettald*). The medians otf,, DT and AUG,4 values of the
combination treatment were compared with thos@éefgroup treated with radiation alone and with those
of the group treated withortezomil alone (). Two symbols indicate p < 0.01 and tisgabols idicate p <
0.001. The specific growth delay values correspomdd the singl-agent treatments (SCsa) and the

specific growth delay of the combination treatmeg®SLCc) were calculated according to Sect8.3.3.
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8.4.2 Comparison of enhancement of [**!1]M1P-1095-induced and y-r adiation-

induced growth delay by drugs
Olaparib is an inhibitor of DNA repair in resportsgadiation damage and AZD7762
inhibits the radiation-induced cell cycle arres@G8. Drugs such as olaparib and AZD7762
which fall into the category of inhibitors of thellular responses to radiation-induced
damage exert cytotoxic effects only in combinatiath DNA damaging treatments such
as radiation. Such drugs may be harmless as sagglets at concentrations close to the K
value corresponding to the inhibition of the tangetessary for survival after radiation
treatment (i.e. PARP-1 for olaparib and Chk1 forD¥Z62). On the other hand, drugs
may enhance radiation kill at concentrations wiadhtoxic as single agents. For example,
oxidising agents are toxic to cancer cells viagbeeration of oxidative stress which is
also capable of enhancing radiation kill. Idealhge comparison of the potentiation of
radiation toxicity between two drugs should be perfed at drug concentrations which
induce an equivalent kill as single agents. Howether comparison of drugs which are
cytotoxic as single agents with drug which areaywbtoxic as single agents demonstrates

the difficulty of such a strategy.

The specific growth delay of a combination treattrf®@D- was used as a measure of the
enhancement ofradiation- or {*jMIP-1095-induced growth delay. The calculation of
the SGI} value allowed for the variation of the effect aflration treatment alone among
experiments. The SGfvalues of the combination treatments were caledlaeparately
for every experiment. The graph presenting the S&ues of the combination of the
drugs with 3 Gy-radiation against the SGRvalues of each drug as single agent is
shown in Figure 79a. Drugs, administered as siagénts, that induce similar growth
delays (similar SGE») can be ranked for radiosensitising potency avanglevel of
cytotoxicity. For instance, nutlin-3 and topotesagre equally toxic to LNCaP spheroids
as indicated by the SGlvalue of 0.75 (Figure 79a). At the toxicity lewddfined by
SGDsa = 0.75, the SGPfor nutlin-3 was 1.58 whereas that of topotecas @43, thus
indicating the superior potentiation ypfadiation-induced growth delay by nutlin-3 than by
topotecan (Figure 79a). Similarly, olaparib andotegan were equally toxic to LNCaP
spheroids as indicated by the S§Malue of 0.1 (Figure 79b). At the toxicity level
defined by SGiga = 0.1, the SGPbfor olaparib was 0.79 whereas that of topotecamn wa
0.44, thus indicating the superior potentiatiory-odiation-induced growth delay by
olaparib than by topotecan (Figure 79b).
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Finally, the SGIga values of olaparib in the experiment evaluatinggbtentiation of the
growth delay ofy-radiation Figure 7&) were similar to those in the experiment evahg
the enhancement of the growth delay**4]MIP-1095 (Figure79b). For instance, the
SGDsa values following treatment with 0.1, 0.5 anuM olaparib were-0.16, -0.08 and
-0.03, respectivelyHigure79a), and those following treatment with 1 anduM olaparib
were 0.01 and 0.11, respectivelFigure 7®). This indicated that olapa alone did not
delay the growth of LNCaP spheroids at these cdretgons and that thgrowth delays
induced by olapariin combination witl y-radiation or {*jMIP- 1095 were comparable
between the two experiments. Olaparib failed t@poate the spheroid growth del
induced byy-radiation, as indicated by S( values ranging from 0.07 to 0.1Figure
79), whereas olaparib enhanced the growth delaycetdiby **1]MIP-1095, as indicated
by SGLx: values ranging from 0.53 to 0.7Figure 7®). Reasons for this contradictc

result are discussed in Sect8.5.
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Figure 79 Comparison of the enhancement of y-radiation-induced or [**Y1]M | P-1095-induced the
growth delay by radiosensitising drugs
For every drug concentratiothe SGI value of the combination witirradiation (a) or**]MIP-1095 (b)

was plotted against the corresponding $sa value of the effect of the drug as a sir-agent.

8.5 Discussion and summary of the results

The statistical comparison T, values oftombination treatments with those of sin
agent treatments demonstrated the enhancing effé€&tpuM nutlin-3 (Figure 70b), 1 and
10 uM olaparib Figure72), 0.1 and M topotecan (Figure j6and 7.5 and 10 nl
bortezomib (Figur&8) on the growth delay induced by1]MIP-1095. It also
demonstrated the absence of an enhancing eff€cl @nd IJuM AZD7762 (Figure 74)
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and 2.5 and 5 nM bortezomib (Figure 78) on the ghatrelay induced by{]MIP-1095.
Accordingly, the lowest SGPvalues were calculated for AZD7762 and 2.5 an15 n
bortezomib (SGRBrange 0.05 - 0.19) whereas the highest g@&&)ues were calculated for
10 uM nutlin-3, 1 and 1M olaparib, 0.1 and UM topotecan and 7.5 and 10 nM
bortezomib (SGB > 0.34) (Figure 70 to Figure 78). The agreemetwbéen the analysis

of 1, values and SGPwas expected since the calculation of S&Blues is based an
values. With the exception of topotecan given imbmation withy-radiation, the analysis
of DT values yielded results similar to those dediyromt, values with respect to the
statistical significance of the potentiation of grewth delay induced by{i]MIP-1095
following combination with the drugs. The values are a measure of the early effect of
the treatment since a doubling of the spheroidmelwccurs within 3 to 4 days from the
start of the monitoring period (3 to 4 weeks). DAlues are a measure of the growth rate of
the exponential growth of the spheroids over 3 teeéks. Thus, the significant increase in
DT values following combination treatment companeth single agent treatments
demonstrated the persistence of the enhancemém gfowth delay induced by
[**4]MIP-1095 following combination with nutlin-3, ofearib and bortezomib.

The enhancement of tlyeradiation-induced spheroid growth inhibition b0, 0.1 and 1

UM topotecan was only transient as indicated byfailere of the combination treatments

to significantly increase the DT values (Figure. 13)on increase of topotecan
concentration to 1AM, the analysis of the, and DT values showed that the enhancement
of they-radiation-induced spheroid growth inhibition peted over the course of the
experiment. This example illustrated the meritmdlgsing both the growth delay and the
growth rate of the exponential phase of spheraaavijr for the determination of the

enhancement of radiation treatment in a spher@d/r delay experiment.

Spheroids reaching a diameter of approximately 8@@levelop a non-proliferative,
hypoxic and acidic core surrounded by a prolifematayer of cell®* These features of
spheroids in an advanced stage of their growth baee shown to confer resistance to
therapy>22°1?%2 |n this chapter, LNCaP spheroids on averagepif@iameter were
treated with the drugg:radiation or f*]MIP-1095 as single agents or in combination.
Therefore, the demonstration of the potentiatiothefgrowth delay induced lyyradiation
or [**4]MIP-1095 was limited to spheroids which had net yndergone internal
morphological changes. Therefore, the clinical icgilons of the study reported in this
chapter are that the drugs that enhanced the gmsidy induced by'f1]MIP-1095 may
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also retard the growth of juvenile malignant lesievhich do not contain hypoxic and non-
proliferative regions. Alternatively, the combirats of drugs with'fi]MIP-1095 may be
used as second-line treatments when malignannie$iave been reoxygenated following
cytoreductive therapy. A follow-up study would Ihe tevaluation of the potentiating effect
of the drugs on the growth delay induced BY{[MIP-1095 in spheroids which have
developed a hypoxic core surrounded by a proliiegategion of cells using an
experimental design similar to that used in FigateThis analysis would evaluate the
ability of these combinations to overcome the putatesistance to treatment conferred by
non-proliferative and hypoxic regions.

As explained in Sections 4.1.3, combination indect Bobologram methods of synergy
analysis enable the determination of supra-adddnefra-additive interaction between
the components of combination therapy. The ladkne¢ did not permit the repetition of
these experiments. As explained in Section 7.%tiégns are needed for the accurate
application of the median effect principle and slidsequent calculation of Cl values.
Furthermore, the application of the combinatiorexdnd isobologram methods requires
the determination of a single-agent dose-respalaganship for the two agents of the
combination treatment. This is impossible in theecaf drugs which do not have an effect
on their own such as olaparib (PARP-1 inhibitorpdD7762 (Chk1 inhibitor). These two
drugs are toxic only to cells which have experiehb®& A damage since they specifically
target DNA damage responses. Therefore, the cotntnmiadex and isobologram
methods of synergy analysis were not suitablelfercomparison of the radiosensitising

effects of these drugs.

The purpose of the screening of the radiosengitigioperties of drugs is the treatment of
prostate carcinoma in combination witA']MIP-1095. Therefore, it is important that the
drug concentrations achievable in the plasma oépiat are shown to enhance the growth
delay induced by'f4]MIP-1095. Clinical studies in which the plasmancentrations of

the drugs were measured are listed in Table 1Jpadlaand bortezomib enhanced
[**4]MIP-1095-induced LNCaP spheroid growth delay @i@entrations which are
achievable in the plasma of patients (Table 11)chucal trial involving nutlin-3 or
AZD7762 has been reported. The highest topotecacetdration achieved in the plasma
of patients was 108.9 nM (Table 11). The lowestcentration of topotecan found to
radiosensitise LNCaP spheroids was 10 nM, thoughatiosensitising effect was no
longer observed 2 to 3 weeks after the end ofrtarhent (Figure 75). The enhancement

of the [*]MIP-1095-induced growth delay by topotecan wasesked at a topotecan
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concentration of 100 nM (Figure 76). Topotecan eoti@tion of 100 nM constitutes the
top end of the range of topotecan plasma concémtréfable 11). The investigation of the
radiosensitising effect of topotecan at concerdratiess than 100 nM in combination with

[**4]MIP-1095 constitutes a follow-up experiment te ttiataset presented in Figure 76.

Radiation delivered at a high dose rate (HDR) isenaytotoxic than radiation delivered at
a low dose rate (LDR). TH8Co source of-radiation used in these experiments
corresponded to HDR (1 Gy/min), whereas radiatielivdred using Fi]MIP-1095
corresponded to LDR (typically several Gy per R&ir The linear-quadratic equation
which describes the effect of radiation on the sahof cells was described in Section
4.1.2. Briefly, the initial slope of the radiatisarvival curve results from single hit events
in DNA whereas the bend of the radiation survivale at high radiation doses results
from multiple hit events. HDR results in a highendity of ionisations of DNA compared
with LDR. Thus HDR results in a greater proportafiiethal DSB formatiorf*.

Olaparib is an inhibitor of DNA repair of SSB viaetabrogation of PARP-1 enzymatic
activity. Since LDR radiation predominantly creaB3B, olaparib should be an efficient
radiosensitiser when combined with LDR radiationhsas radionuclide therapy. The
observation that iM olaparib sensitised LNCaP spheroids'tiJMIP-1095 treatment
(Figure 72) but not tg-radiation (Figure 71) treatments was consistettt tiis
conjecture. Recently, the PARP-1 inhibitor PJ34 gla®wvn to be a radiosensitiser in
combination with LDR in the form of {1)mIBG3%*,

However, it has been demonstrated thag®/5olaparib sensitised Hela cells and mouse
embryo fibroblasts (MEF) to HDR (7.5 Gy/mfif) The observation of the radiosensitising
effect induced by olaparib in combination with HRdliation in Hela and MEF
monolayers is in contrast to the absence of a sadsitising effect in combination with
HDR in LNCaP spheroids in the present study. Thecentrations of olaparib used were
similar: 0.5 versus IM. It is suggested that phenotypic differences leetwthe cell lines
arising from their respective genetic backgrounus @so from structural differences

between monolayers and spheroids may explain ibisepancy.

Cancer cells halt their progression through theayele in response to radiation treatment
at the two major cell cycle checkpoints: G1 and B&thermore, the p53 gene is the most

commonly mutated gene in cant@rSince p53 controls G1 arrest, inhibitors of G2str
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were developed in the expectation that they woaltsttute efficient treatments of p53-
mutated tumours in combination with radiotherapypthirer DNA damaging agents.
Indeed, cancer cells with no functional checkpanat more likely to carry DNA damage
through S phase and mitosis than cells with onky famctional checkpoint. Thus, cancer
cells with no functional checkpoint should be m@eiosensitive. Wild type p53 LNCaP
spheroids were not radiosensitised by the ChkbitdriAZD7762 regardless of the mode
of delivery of radiation treatmeny-¢adiation or {*ijMIP1095) (Figure 73 and Figure 74).
This result was consistent with the observatioaroincreased radiosensitising effect by
AZD7762 in p53-mutated cancer cells compared Wi wild type cell§®™. However, it
could be argued that the failure of radiosensitsaby AZD7762 could be due to
inadequate concentration. The evaluated concemtsatf AZD762 depicted in Figure 73
and Figure 74 ranged from 1 nM tquld. However, supplementary experiments using 10
UM AZD7762 in combination with 3 Gy-radiation did not result in the potentiation oéth
radiation-induced growth delay of LNCaP spheroatttg not shown). Furthermore, it has
been demonstrated that 100 nM AZD7762 radioseadifi$3 wild type celf§*?%
Therefore, the concentrations of AZD7762 in FigtBeand Figure 74 (1 nM toldM) are
similar to those previously examined. Moreover, Khealue of Chk1 inhibition by
AZD7762 is 3.6 nM® suggesting that the concentration of AZD7762 tisetle spheroid
studies was sufficient for Chk1 inhibition.

The G2 arrest inhibitor, AZD7762, may still be @&fud compound for the treatment of p53
wild type cancers but only in combination with ibiors of the G1 arrest. For instance,
nutlin-3, an inhibitor of the MDM2/p53 interactiodgmonstrated a strong radiosensitising
effect in LNCaP spheroids (Figure 70). The deteatiam of the radiopotentiating effect of
the perturbation of the G1 arrest mediated by m&lin combination with the inhibition of

the G2 arrest mediated by AZD7762 is worthy ofHartinvestigation.

These data demonstrated that the disruption ofe¢leycle is an efficient enhancing
mechanism of the growth delay induced b{i[MIP-1095. Indeed, targeting the G2
checkpoint by DSF:Cu (Chapter 4 and 5), targetieg@1 checkpoint by nutlin-3 or
inhibiting DNA replication by topotecan, all enhaacthe effect of-radiation or that of
[**4]MIP-1095. The proteasome is involved in the deigtan of proteins, such as cyclins,
involved in cell cycle regulation. Thus, inhibitiah the proteasome may also
radiosensitise through disruption of cell cyclegression. In conclusion, there is a good

prospect for the use off]MIP-1095 in combination with radiosensitising dsufor the
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treatment of metastatic PCa. The demonstratiomteiation of the effect of t1]MIP-
1095 was the objective of the screening progranthEustudies are required to quantify
the enhancing effect of nutlin-3, topotecan angh@atédo using a wider range of

concentrations.

222



9 Summary and futurework

The focus of this thesis was the elucidation ofrttezhanisms of DSF cytotoxicity and its
radiomodifying properties. Furthermore, we have destrated, in spheroids, improved
efficacy of radiopharmaceuticals by combinationhvaytotoxic drugs such as DSF but
also nutlin-3, olaparib, topotecan and bortezomitich potentially constitutes a treatment
strategy in metastatic neuroblastoma and PCa.

The first part of the experimental work of thissfseevaluated the dependence on Cu of
DSF cytotoxicity. It was shown that the biphasispense profile of DSF resulted from
two different mechanisms of action (Figure 8). Eaaliar concentrations of DSF and Cu
(DSF:Cu) induced a hyperbolic dose-response relsttip according to the median effect
principle (Figure 15), which allowed the applicatiof isobologram and combination index
methods of synergy analysis in the ensuing chaptésseover, it was shown that DSF:Cu-
induced cytotoxicity did not result from proteasomigibition because it occurred at
concentrations less tharmuM, which are clinically applicable, whereas protaas

inhibition occurred at concentrations greater tham (Figure 17).

Secondly, the conflicting reports on the radiomyidi properties of DSF were explained
by the wide range of DSF concentrations examinedy® to 3 mM) and the lack of
consideration of the presence of Cu in the cultoeglium. It was demonstrated that
DSF:Cu, at concentrations less thauM, sensitised SK-N-BE(2c) and UVW/NAT cells
to y-radiation treatment delivered by external beara synergistic manner (Table 7). The
hypothesised radiosensitising mechanism was thbiiiam, by DSF:Cu, of DNA repair.
This was suggested by the observation that DSHitagated the G2 arrest followiryg
radiation treatment, thus reducing time for DNAaegchapter 5).

Furthermore, CDK1 is the most downstream moleceifi@ctor of G2 arrest. CDK1
activity depends on its phosphorylation status. QpKosphorylated at tyrosine 15
(pPCDK1™) is a marker of G2 arrest. If the radiosensitisistion of DSF:Cu is the
impediment of G2 arrest, then pCDRActivity should be reduced following irradiation i
the presence of DSF:Cu compared with radiatiortrireat alone. We are currently
investigating how DSF:Cu modulates total level€8fK1 and pCDK1® following
radiation treatment in unsynchronised and synckasheells. If the levels of pPCDK1
appear to be modulated by DSF:Cu, the intentida isvestigate the levels of the kinase
Weel and phosphatase Cdc25C which control the pbogption status of CDK1.
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Moreover, the application of the linear-quadratiocd®l toy-radiation survival curves
allowed the formulation of the hypothesis that D@Fincreases the proportion of SSB but
not DSB. To further investigate this conjecture #malysis of the type of DNA damage
produced by radiation in the presence of DSF:Cudcbe carried out by comet assay in
alkaline versus neutral conditions. Alkaline pH aiemes DNA. Thus, in alkaline
conditions, DNA molecules containing SSB (alkalvila sites) give rise to the presence of
DNA fragments of reduced size. In contrast, the epassay performed in non-denaturing
conditions at neutral pH measures the amount of Di¥3 because DNA molecules
containing SSB do not result in DNA fragments afueed siz&®. The observation of a
“comet tail” in alkaline comet assay, indicativetbé presence of SSB, but not in neutral
comet assay, indicative of the absence of DSBpVetig irradiation in the presence of
DSF:Cu would validate the conjecture formulatedofeing the linear-quadratic evaluation

of radiosensitisation by DSF:Cu.

The third part of this thesis was the investigattbthe enhancement of the efficacy of two
radiopharmaceuticals™*f{imIBG and [*4]MIP-1095, with specificity for neuroblastoma
and PCa, respectively. This study was carriedroutulticellular tumour spheroids)

vitro models of avascular micrometastases, which aimalty suited for the investigation
of the efficacy of radiopharmaceuticals. It waswhahat DSF:Cu potentiated the spheroid
growth delay induced by{i]mIBG or [**}]MIP-1095 in a synergistic manner (chapter 7).
Furthermore, olaparib, nutlin-3, topotecan anddxinib also enhanced the spheroid
growth delay induced by{1]MIP-1095 (chapter 8).

Internal morphological changes in LNCaP spheroidmaadvanced stage of development
were more resistant to DSF:Cu treatment than jleepheroids (Figure 54). An important
follow-up project to this thesis is the evaluatmfrthe efficacy of combination treatments
consisting of DSF:Cu with'f4]mIBG or [**4]MIP-1095 in developmentally advanced
spheroids which had undergone internal morpholdgitanges. This work is important to
understand the impact of hypoxia, pH and heterogeneroliferation status on the
interaction of DSF:Cu with radiation. The putatolemonstration of such a combination
treatment able to sterilise spheroids at a moramckd stage of development would

suggest that this combination may also target radv@nced malignant lesions.

In conclusion, DSF is a promising drug for inclusia combination with1]mIBG or
[**4]MIP-1095 for the treatment of metastatic neursbdaa or PCa, respectively. There

is also a good prospect for the treatment of matias®Ca with F1]MIP-1095 in
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combination with olaparib, nutlin-3, topotecan ortezomib. It was recently reported by
us that DSF enhanced efficacy bf{{mIBG treatment in mice bearing SK-N-BE(2c) and
UVW/NAT xenograft$™. In vitro studies, using monolayers and spheroids, as well a
animal models have suggested the benefit of DSRdpunct to radiotherapy. Furthermore,
since DSF has only been used in the treatmentd&t@ee behaviours in teenagers and
adults, future studies should also include evabmatif the safety of DSF in children before
inclusion of DSF in combination with¥i]mIBG for the treatment of metastatic

neuroblastoma.
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10 Appendix
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(a) The side scatter and the forward scatter weed toselect 93.2% of cellwith homogeneous granularity

and size, respectively. (b) The FL2 laser was tsetbtect propidium iodide fluorescence. The dov

discrimination features (area and width) were usegliminate aggregated cel97.3% of fluorescence

signal was detected frc single cells. (c) Singleetls with homogeneous granularity and size wera

selected to construct a histogram showinir distribution according to intensity of propidiundide

signal, a measure of DNA contenhe mean fluorescence determined fithie G(-G1 peak was set at 200.

58.5% of cells were in the (-G1 phase of the cell cycl&€he mean fluorescence determined from th-M

peak had a value @00.24.7% of cells were in the G2-phase of the cell cycliThe S phase population of

cells (15.4%)s represented kpropidium iodide intensity ranging from 200 to «.
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