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ABSTRACT

The most common type of thyroid cancer, differdetiathyroid cancer (DTC), is
diagnosed by radioactive iodine whole body scannfigBS) and treated with
radiotherapy using iodine-131%)). The success of this diagnosis/treatment approac
relies on the relatively selective localisationtbé sodium/iodide symporter (NIS) in
cells of the thyroid gland. However, in some ddeaidntiated thyroid cancers, NIS
expression is lost. This results in the inabiliM@BS to stage the disease and it also
decreases the effectiveness of treatment #ith A number of reports have shown that
de-differentiated thyroid carcinomas, however, oarg to express thyroid stimulating
hormone receptor (TSHR). TSHR is, therefore, ami@ktarget for the diagnosis and
treatment of radioiodine resistant de-differentlatkyroid carcinoma. In this study an
anti-TSHR monoclonal antibody (mAb9) and human nelsmant TSH (rhTSH) were
radiolabelled and evaluated for their potential usehe diagnosis and treatment of
radioiodine resistant thyroid cancer. A number adiolabelling methods and quality
control experiments were initially carried out tosare high purity radiolabelled mAb9
and rhTSH were producedln vitro studies were conducted to assess the binding
affinity of **1-mAb9, *in-mAb9 and*?1-rhTSH to the TSHR in thyroid cancer cell
lines, TPC-1, FTC-133, and FRTL5, and in a TSHRnhdfected cell line, GPI.
SPECT/CT animal studies were performed in micent@stigate whethel?3-mAb9,
n-mAb9 and'*1-rhTSH bound to TSHR in the thyroid of migevivo.

129-mAb9, *in-mAb9 and*?3-rhTSH bound to GPI cells but did not bind spexifiy

to the TSHR in FTC-133, TPC-1 and FRTL5 cells adl a® to the thyroid of normal
micein vivo. Radiolabelled mAb9 and radiolabelled rhTSH &exéfore unlikely to be
of use in the diagnosis and treatment of radioedisistant de-differentiated thyroid

cancer.
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AP2: Adapter protein 2

ATC: Anaplastic thyroid carcinoma

ATP: Adenosine tri-phosphate

Barr: B-arrestins

Bmax: number of receptors

bTSH: bovine TSH

BSA: Bovine serum albumin

Bz-DOTA-mAb9: Benzyl- Tetraazacyclododecanetetraacetic acid-mAb9
C: Constant region of antibody

CA: Carbonic anydrase

cAMP: Cyclic adenosine monophosphate
cDNA: complementary DNA

CDC: Complement-dependent cytotoxicity
Chloramine T: N-chloro-p-toluene sulphonamide
CHO: Chinese hamster ovary cells

CPM: Counts per minute

CT: Computed tomography

Ct: Threshold cycle

Da: Dalton

DAB: Diaminobenzidine

DMEM: Dulbecco's Modified Eagle Medium
DTC: Differentiated thyroid cancer

DTPA: Diethylenetriamine-penta-acetic acid
DOTA: Tetraazacyclododecanetetraacetic acid
DIT: Diiodotyrosine

ECD: Ectodomain

EDTA: Ethylenediaminetetraacetic acid

EtOH: Ethanol

Fab: Fragment antigen binding

FACS: Fluorescence activated cell sorting
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FBS: Foetal bovine serum

Fc: Antibody fragment crystallisable region

FDA: Food and drug administration

FDG: Fluorodeoxyglucose

FITC: Fluorescein isothiocyanate

FSC-H: Forward scatter

FSH: Follicle-stimulating hormone

FTC: Follicular thyroid carcinomas

GADPDH: Glyceraldehyde 3-phosphate dehydrogenase
GPCR: G protein coupled receptor

GPKs: G protein coupled receptor kinases

HBSS: Hank's Balanced Salt Solution

HCL: Hydrochloric acid

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPLC: High pressure liquid chromatography

HRP: Horseradish peroxidase

hTSHR: Human thyroid stimulating hormone receptor
IC 50 Inhibitory concentration at 50%

IgG: Immunoglobulin G

IHC: Immunohistochemistry

IMS: Industrial methylated spirits

IP: Intraperitoneal

ITLC: Instant thin layer chromatography

IVS: In vivo scope

IV: Intravenous

IRF: Immune reactive fraction

KI: Potassium’f’] iodide

Kd: Dissociation constant

kDa: Kilodaltons

keV: Kiloelectron volt

LH: Luteinising hormone

LET: Linear energy transfer

MADb: Monoclonal antibody

MEM: Non-Essential Amino Acids Solution Monoiodotyrosine
MFU: Mean fluorescence units

MIT: Monoiodotyrosine

Mwt: Molecular weight

mMRNA: Messenger ribonucleic acid

NIS: Sodium iodide symporter
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NTC: No template control

PBS: Phosphate buffer saline

PCR: Polymerase chain reaction

PET: Positron emission tomography

PFA: Paraformaldehyde

RAI: Radioactive iodine

rhTSH: Human recombinant thyroid stimulating hormone oyrdlgen®
ROI: Region of interest

RP-HPLC: Reverse phase HPLC

RT: Retention time

RT-PCR: Real time PCR

SE-HPLC: Size exclusion HPLC

scFv:single variable fragment chain

SCID: Severe combined immunodeficiency

SDS: Sodium dodecyl sulfate

STD: Standard tandom repeat

SPECT: Single photon emission computed tomography

SPECT/CT: Single photon emission computed tomography withpaed tomography

SSC-H: Side scatter

T1: Monoiodotyrosine

T,: Diiodotyrosine

T3: Triiodothyronine

T4 Thyroxine

TCA: trichloacetic acid

TEAA: Triethylammonium acetate
TEMED: Tetramethylethylenediamine
TFA: Trifluoroacetic acid

Tg: Thyroglobulin

THOX: Thyroid oxidase

TI: Trypsin inhibitor

TPO: Thyroid peroxidise

TRH: Thyrotropin releasing hormone
TSH: Thyroid stimulating hormone
TSHR: Thyroid stimulating hormone receptor
TTF-1: Thyroid transcription factor 1
UV: Ultra violet

V: Antibody variable region

WBS: Whole body scan
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CHAPTER 1. INTRODUCTION

1.1 TheThyroid Gland and Thyroid Cells

The thyroid gland is a butter-shaped organ located in the neck inferior to tingnba

(voice box). This gland is composed of right anitl leteral lobes, which lie on eith

side of the trachea. Connectithe lobes is anass of tissue callethe isthmus that lies
anterior to the trachedigure 1.1) [1, 2]. The thyroid gland is made mostly by thyr

follicles, which are microscopic spherical sacs.e wall of each follicle consist

primarily of cells called follicular cells, most afhich extend to the lumen (interr

space) of the foltile [1]. When the follicular cells are inactive, theshape is low
cuboidal to squamous, but under the influence ofl T8&ey become cuboidal or Ic

columnar and actively secretory. ParafolliculartGocells, which produce trhormone

calcitonin and comprise around 1% of human thyaalls, can also be fouradjacent
to the thyroid follicles and reside in the conneetiissue. Calcitonin regulates calcii

homeostasis [1, 2].

Thyroid gland Thyroid cells

e L3
Jugular vein Ny
9

Thyroid cartilage / 6
(Adam's apple) . 5C
parafollicular cells 7,

Superior thyroid

arteries colloid

follicular cells —& N

- O

Figure 1.1: Anatomy ofthehuman thyroid and thyroid cells. Adapted fron.[3

The thyroid is essential for normal developmerifedentiation, and metabolic balanc
Most, if not all of the actions of thyroid hormonescur as thyroid hormones bind &

activate their nuclear receptors. The thyroid hareneeceptors are chromatiound and
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alter the transcription of specific genes. Thyrdegdmones increase basal metabolic rate
(BMR) by stimulating the use of cellular oxygen pooduce ATP [1, 2]. Plasma
membrane NaK* ATPase pumps act to maintain the’Md gradients in all cells of the
body and use a large portion of the ATP producednbgt cells. A major effect of the
thyroid hormones is to stimulate synthesis of/H&d ATPase. As cells use more oxygen
to produce ATP, more heat is given off, and bodgperature rises. This phenomenon
is called the calorigenic effect of the thyroid imanes and in this way the thyroid
hormones play an important role in the maintenafcegormal body temperature [1, 2].
In the regulation of metabolism, the thyroid hormsrstimulate protein synthesis and
increase the use of glucose for ATP production.yThkso increase lipolysis and
enhance cholesterol excretion in bile, thus redudlood cholesterol levels [1, 2].
Furthermore, the thyroid hormones also enhance sahens of the catecholamines
(norepinephrine and epinephrine) because they gylate B adrenal receptors.
Together with human growth hormone and insulinydaid/ hormones accelerate body
growth and are, thus, essential for normal humamldpment. The important role of
the thyroid in development is illustrated by thetféhat regions of iodine deficiency
have a high occurrence of cretinism. Cretinismharacterised by mental retardation,

short stature, delay in motor development, coaaseamd a protuberant abdomen [1, 2].

1.2 Synthesis of Thyroid hormones

The thyroid gland produces two principal hormonéstraiodothyronine (4 or
thyroxine) and triiodothyronine gJ, which contain four and three atoms of iodine
respectively [1, 2].

The major steps in the synthesis, storage andseslehthyroid hormones include: the
uptake of iodide ion by the thyroid, the oxidatioh iodide into iodine and the

iodination of tyrosyl groups on thyroglobulin, cdmg of iodotyroside residues to
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generate iodotyrosines, the conversion ptd T; in the thyroid and the release of T
and T, into the blood, and each of these steps are theschelow [1, 2].

In the first step, iodide ingested in the diet ¢tiveely transported by thyroid follicular
cells from the blood into the cytosol of the thgrdiollicular cells via a specific,
membrane-bound protein, the sodium iodide symp@¢N&s) [4-6], and this process is
called iodine trapping. The sodium ATP-ase pungalised in the basolateral region of
follicular cells generates a sodium electrochemgradient by actively transporting
sodium into the follicular cells. NIS utilises tlesdium gradient to transport iodide into
the cell [4-6]. For every two sodium ions that aensported along the sodium gradient
out of the cells, one iodide is transported inte fallicular cells. As a result, thé |
concentration inside follicular cells is 20-40 tisnéhat of blood plasma [4-6]. The
iodide transport system is stimulated by the thdistimulating hormone (TSH) and is
also controlled by a negative feedback loop comtnechanism, in which decreased
levels of iodine in the thyroid lead to an increas@dide uptake and the administration
of iodide can reverse this situation. NIS has bmkmtified in many other tissues,
including the salivary gland, gastric mucosa, mitipa of the small intestine, choroid
plexus, skin and mammary glands, all of which namta concentration of iodide
greater than that of the blood [7]. It is not clednat the purpose of the NIS is in these
other sites; however it is evident that NIS is moigue to the thyroid gland. At the same
time that the follicular cells trap, ithey also synthesise thyroglobulin, a high mdikacu
weight glycoprotein (approximately 660 kDa) thantons around 5500 amino acid
residues. More than 100 of these amino acids aosites, a few of which become
iodinated. Negatively charged iodide ions Y2tannot bind to tyrosine until they
undergo oxidation to form iodineyJI The enzyme that catalyses this reaction is ttyro
peroxidase in the presence of hydrogen peroxid®{H In thyroid follicular cells

thyroid peroxidise is mostly concentrated closeitan the membrane adjacent to the
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colloid. H,O,, that is needed as a substrate for this readsqgmoduced by a generator
system of HO, in which thyroid oxidases 1 and 2 (THOX 1 anda® essential [2].
This organification process is completely inhibiteg tiocine, perchlorate and other
anions [8, 9]. As the iodide ions are being oxidjsthey pass through the apical
membrane into the colloid where they react wittogyme amino acids that are part of
thyroglobulin (Tg) molecules in the colloid. Bindinof a single iodine atom to a
tyrosine vyields monoiodotyrosine 4)J while binding of two iodines vyields
diiodotyrosine (F) [2].

During the last step in the synthesis of the thd/toormones, two Jmolecules join to
form T4, or one T and one T join to form T; (figure 1.2). Each Tg ultimately contains
about six T, five T,, and one T There is a single sTin one of every four
thyroglobulins. Thus, thyroid hormones are storsdpart of Tg molecules within the
colloid [2]. Vesicles of colloid containing Tg ata@ken up into follicular cells by
pinocytosis and once inside the follicular cellythmerge with lysosomes. Digestive
enzymes then break down Tg, cleaving off molecofe$; and T,. T, and T, are also
released, but they undergo deiodination and trexdiled iodine is reused to synthesise
more T; and T,. Because Jand T, are lipid-soluble, they diffuse through the plasma
membrane to enter the blood and more than 99%tbfthe T; and the } combine with
transport proteins in the blood, mainly thyroxinading globulin [2]. An illustration of

thyroid hormone synthesis can be foundigure 1.3.

! I
| o I 0
NH; NHZ
OH
HO I HO'
o] I (0]

Figure 1.2: Chemical structures ofsTand T,. Ts is on the left side and, Dn the right side. Adapted from
(10]
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1. follicular cells trap iodide ions (I-) by actively
transporting them from the blood into the cytosol

E TSH Basolateral

T3, T4 NIS l membrane
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Figure 1.3: Thyroid hormone synthesis steps. Adapted fron2]1ncluding the uptake of iodide ion by
the thyroid, the oxidation of iodine and the iodioa of tyrosyl groups of thyroglobulin, coupling o
iodotyroside residues to generate iodotyrosinethadelease of sfand T, into the blood. Abbreviations:
NIS- Sodium lodide symporter; TSH- Thyroid stimitat hormone; TSHR- thyroid stimulating hormone
receptor; TPO- thyroid peroxidase; TG- thyroglobuMIT- monoiodotyrosine; DIT — diiodotyrosine;

Ts- triiodothyronine; T- thyroxine

1.3 Thyroid hypothalamic-pituitary-thyroid axis.

Thyroid stimulating hormone (TSH) is secreted kg pituitary gland and it acts to
regulate thyroid function. The binding of TSH te@ttinyroid stimulating hormone
receptors (TSHRSs) on the thyroid follicular cellsmately mediates thyroid hormone
synthesis and secretion [11]. The thyroid stima@tiormone receptor (TSHR) on the
thyroid follicular cells is a member of the famdy G protein coupled receptors
(GPCRs). TSHR activates adenylyl cyclase vis @&hich leads to an increase in
intracellular cyclic adenosine monophosphate (CAMRMP is the main second
messenger of TSH action in the human thyroid. calitalar concentrations of cCAMP

control the maintenance of the differentiated plygo® of thyrocytes, the level of
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functional activity of the gland (traing of iodide, secretion of thyroid hormones)
growth [12, 13].TSH production in turn is controll by thyrotropin releasing hormon
(TRH), which is produced in the hypothalamus and trartsp to the anterior pituita
gland €igure 1.4). TRH binds and activates the TRH receptor on thienceinbranes c
the thyrotrophs, and this stulates an increase in both the synthesis and eetdabSH
[2]. The level of thyroid hormones 3 and T,) in the blood has an effect on the pituit
release of TSH; when the levels ¢ and T, are low, he production of TSH i
increased, and, on the converse, when levels and T, are high, TSH production

decreased. This effect creates a regulenegative feedback loop

Hypothalamus -

e
Anterior pituitary TSH

CIDR

Thyroid
hormones

l

Target cells throughout body

Thyroid gland

Figure 1.4: Thyroid hormon negative feedback loop. Abbreviations: TRHyroid releasing hormon:
TSH-thyroid stimulating hormor. Adapted from [1, 2]

1.4 TSH structure

TSH, also known as thyrotropin, is a glycoproteithvapproximate molecular weig
of 28-30 kDa, consisting of two distinct subunits, asubunit and @ subunit, joinec
by noncovalent bonds. Each subunit forms a cysteine &motture with three disfide

bridges [14]. The mture human TSHS subunit shar¢ between 8-92% amino acid
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identity with canine, rat, equine, mouse, bovinescme, and feline TSH [14]. The
mature humarm subunit shares 69%-73% amino acid identity withirea, rabbit, rat,
mouse, bovine, porcine, feline and equingubunit [14]. The synthesis of theandf
subunit of TSH occurs in the thyrotrophs, which poise around 5% of anterior
pituitary gland. The gene that encodesdhsibunit is located on chromosome 5, while
the B subunit gene is located on chromosome 2 [14]. T&E o subunit contains 92
amino acids with five disulfide bridges contribugito its tertiary structure and tie
subunit contains 118 amino acids with six disulfiokedges figure 1.5) [14]. The
glycoprotein hormones TSH, FSH, and LH all shas®m@monao subunit, however the
B subunit is specific to TSH. In order for TSH toeexbiological activity the two

subunits must be joined [14].

ATG | TAA
- - ,
| | oy
94 bp 94 bp 185bp '333bp  exon length
6400 bp 1700 bp 400 bp intron length
ATG TAA
— |
el B
TSHp
A bp 163 bp 326 bp exon length
3900 bp 450 bp intron length

Figure 1.5: Structure ofx andp TSH subunit genes. Exons are denoted by the barésintrons or
flanking DNA sequences are denoted by lines. Thgtkeof exons and introns are shown in base pairs.
Coding regions of exons are shaded; noncoding megioe white. Transcription start site is showraby
bent arrow. Adapted from SZKUDLINSHKdt al[14].

TSH is glycosylated, which protects it from intrigkar degradation, and it also enables
it to fold properly by allowing the formation of glilfide bonds. The carbohydrate

chains in the human TSH constitute 15-25% of it¢eicudar weight [14-16].
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The human TSHh subunit has two carbohydrate chains linked to-52 and Asn-78,
respectively, and the human TSIB subunit has one carbohydrate chain attache
Asn-23 figure 1.6). The carbohydrate chains of the subunit are particularl
important for TSHstimulatedpost-receptor transduction [1While glycosylation of the
B subunit is essential for its stability and seom[18]. The two carohydrate chains in
thea subunit have different functions: the glycosylatgite at As-78 has a role in the
integrity of the hormone as the carbohydrates phitoeAsr-78 take part in the ‘folding
of the B subunit, while the carbohydrates joined to osylation site As-52 increase
the stability of the heterodimer, making it therefamportant for the association of 1

two subunits in the intact heterodimer of T

. The structure and charge of the thre-linked carbohydrate chains influenTSH

activity; the most complex forms have lower activity bubagder half life[14,19].

+ O-MR-@-s0,
Asn=}- .—Q

O'.-ﬁr MNeuAc

Figure 1.6: Typical N{inked oligosaccharides 1 human TSHCarbohydrate residues are marked as follc
mannose (O), Nrcetylglucosamine (),-acetylgalactosamina], fucose &), galactose A),and sialic acid
(NeuAc) () [14].

1.5 TSHR

TSHR is a G protein coupled receptor (GPCR) locatedhe basal surface of thyrc
follicular cells. The TSHF structures highly homologous between species when bao
[20], canine [21] human[22], murine [23], porcine and rat [24¢ceptor sequences ¢
compared. A high sequence identity at both theen@cid and the amino acid el
exists with the overall DNA sequence identity varyingrfr 75 to 90% between tl
different TSHR cDNAsThe human TSHR gene is located on chromosome 14a@3
is composed of 10 exol[25, 26] The TSHR is a 764 amino acid protein with presti
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molecular weight of 84.5 kDa. TSHR, like most GCP&mntains a large extracellular
N-terminal domain or ectodomain (ECD), a 7 transimeme domain and a short c-
terminal cytoplasmic tail [25-27]. The 7 TMDs amned intracellularly by connecting
loops that interact with G proteins when the receps activated [28] whereas the
extracellular loops, outside the cell, have secpndales in receptor structure and
activation figure 1.7) [29]. The transmembrane domain and the intratzglldomain
are coded for by 9 exons (exon 2-8). The ECD domsicomposed of a highly
glycosylated structure of 394 amino acids codethbytenth and largest exon. [25-27].
The TSHR structure includes 2 non homologous seggmernthin the TSHR ECD
(residues 38-45 and 316-366) not found in otherwissely related glycoprotein
hormone receptors such as luteinising hormone @t follicle-stimulating hormone
(FSH) [25-27]. TSHR, unlike the other glycoprotellormone receptors, is first
synthesised as a single chain molecule (precuasatthen cleaved into two disulphide-
linked subunits [25-27]. The A oax subunit, wich comprises the large extracellular
ectodomain is encoded by exons 1-8 and it binds.T9He B orf3 subunit, which
comprises a short transmembrane and intracelldarath, is encoded by exons 9-10
and interacts with G proteins to initiate signalif25, 26]. The hydrophilic A subunit
has a molecular weight of about 50 kDa and the dphisbic B subunit has a molecular
weight of about 35 kDa [25-27]. The ligand-bindigigcoprotein A subunit is linked to
the membrane-spanning B subunit by disulfide bo[#&27]. The extracellular
domain is approximately 414-418 amino acids lond eontain six potential N-linked
glycosylation sites in the human TSHR [25, 26].

Studies demonstrated that TSH does not bind wih hifinity to recombinant TSHR
ECD, expressed in isolation [30, 31]. However, wienTSHR ECD is anchored to the

plasma membrane through a short lipid tail, the TSHable to bind with high affinity
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[32, 33]. Therefore, the TSHR ECD, consisting mamifl 9 leucine-rich repeats (LRRS)
and an N-terminal tail, forms the binding domain T&H.

Shepherdet al. used monoclonal antibodies that recognise a nunobedifferent
sequences on the human native TSHR ECD [34]. Tahddysconcluded that region 337-
342 is not involved in binding TSH, region 355-388near to an interaction site and
region 381-384 is part of a TSH interaction sitesuese all the antibodies which reacted
with this site inhibited radiolabelled TSH bindinghe findings from this study agrees
with results from the Kosuggt al. study [32], in which a mutation of Tyr385 affected
TSH binding and De Rougt al. [35] in which a mutation in Cys390 inhibited the
binding of radiolabelled TSH. Overall these stgdiegether conclude that region 381-
384 of the TSHR is the ligand binding site of TRécent studies have documented the
tendency of G protein—coupled receptors to form dvoend heterodimeric forms, and
these forms may have functional roles in proteaificking [36], internalisation [37],
receptor stability [38], and signalling [39]. Whileastimulated TSHRs were found in

multimeric forms [40], this multimeric state waveesed by TSH [41].

N-linked
glycosylation sites
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Extracellular space —
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Cleavedr < z subunit
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Intracellular space
— /
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Transmembrane domain

Figure 1.7: Thyroid stimulating hormone receptor structureapetd from [26].
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1.6 Localisation of TSHR

TSHR has been shown to be expressed at low leveteesurface of thyrocytes [42]
and the number of receptors expressed per cellfuamy about 2 x 1bto 2 x 16 sites

in different studies [43-45]. The expression of FSHas been reported not only in the
thyroid [11, 46-50] but also in several other siteduding adipose [51], adrenal [52],
brain[53, 54], eye [55], heart [56], kidney [52kirs[57], and thymus [52].

The physiological significance of the extra-thy@id SHR expression is still poorly
understood. However, there have been several studieating that TSH may regulate
the functions of many organs. For example it hasnbghown that it regulates the
functions of intraepithelial lymphocytes as well esterocytes via a TSHR-mediated
mechanism [58]. In support of this concept, micéhwiSHR mutations were reported
to display signs of impaired gastrointestinal immyi23, 58]. Additionally, further
studies on TSHR knock out mice suggested that T@l serve as a negative regulator

of osteoblast and osteoclast formation [59,60].

1.7 TSHR internalisation

As with other GPCRs, prolonged stimulation of thBHR by TSH leads to their

internalisation into endosomes [61-64].

Internalisation not only serves as a major mecharat signal desensitisation but also
has been shown to function in receptor resenstisd64-66]. Also, some GPCRs
have been shown to translocate to the nucleus wtleg might activate gene
transcription [67]. Upon agonist binding to the T$SHthe GPCR goes through a
conformational change and G protein coupled recepinases (GPKs) then

phosphorylate the agonist activated GPCR on inftdae domains. This initiates

arrestin recruitment. Arrestin binding to the rdoepnhibits G protein coupling and

terminates signalling, a process called desensdizaReceptor/arrestin complexes are
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then targeted to chlat-coated pits, where arrestin formsralticomponent comple
with clathrin, adapter protein 2 (AP2) and phospbesitides, resulting in recept
internalisation intoendosomes. The endocytosed receptors can eithélisbeciatec
from the ligand and the receptor«cycled back to the cell surface or directed inte

lysosomes wherthey ari degradedfigure 1.8) [68, 69].

Radiolabelled antibody/peptide D oocreiization

. Cell membrane

| i F"F'F*
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Figure 1.8: Receptor internalisation of GP(s. Binding of radiolabelled aibbdy/peptide to the TSH
(GPCR) leads to the activation of heteromeric Gggnpwhichin turn stimulate or inhibit effectc
proteins. Persistant stimulatiof GCPRs leads to their phosphlatjon by GRKs and GRKSs recruitme
of B-arrestins (Barr), evds responsible for signal desensitisatiSBnbsequently, GCPRs are of
internalised into endosomes. Internalised GPCReittier targeted to lysosomes for degradatic
dephosphorylated and recycled back to the memt Adapted from [68, 69].

1.8 The sodium iodide ymporter (NIS)
NIS is a glycoprotein of 643 amino acids and mdkcweight of 7-90 kDa. It has
84% amino aciddentity with rat NIS. TheNIS secondary structure was describec

Levy et a.l.[70] and is composed of 13 transmembrane segments xtraeadiular
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terminal domain and one intracellular C-terminaindan. The transmembrane segments
are composed of 20 to 28 amino acids, apart froenMhsegment that has 18 amino
acids. The NIS protein contains 7 hydrophilic segtse5 of which are extracellular
[71]. The carboxy terminal is a large hydrophilegion composed of 94 amino acids
and one potential site for cCAMP dependent phospatioy. NIS has 3 potential
glycosylation sites: aspargine position 225, 48% 497, that can be glycosylated in the
endoplasmatic reticulum. Glycosylation is not eiséifior the function of the protein
since non glycosylated NIS can be localised in glesma membrane and transport
iodide, with a similar value to the glycosylatedSN\I70]. Levyet al.[70] conducted an
in vivo study with high affinity anti-NIS antibodies in FR5 cells, and showed that
NIS protein is initially synthesised as a precursath molecular weight of 56 kDa, and
after glycosylation, it evolves into a mature forim.order for the iodine transport to
occur it is necessary for the NIS protein to beresped, migrated and localised in the

plasma membrane.

1.9 NIS localisation

With the cloning of NIS in 1996 [5], molecular stesl were performed to detect NIS
expression in tissues. NIS mRNA expression wasctidenot only in the thyroid but
also in non-thyroid tissues which have been shanetable to concentrate radioiodine
including salivary glands, stomach, thymus and dird@2, 73]. Lower levels of
expression were detected in prostate, ovary, ablgtavad, lung and heart [72, 73].
Under physiological conditions, the salivary glarasl stomach accumulate iodide via
NIS, however in other glands, the functional exgi@s occurs only in the final stages
of pregnancy and lactation. The cDNA of the NISneld from these three organs is
identical to the thyroid [72]. NIS mRNA was deteatia various other tissues, however

only salivary glands and gastric mucosa exhibitisnddependent accumulation of
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iodine and are sensitive to perchlorate [74] sugggghat the detection of mMRNA is

not sufficient for the functional expression of NIS

1.10 Thyroid cancer

Thyroid cancer is one of the most common endocnmaignancies but overall
constitutes less than 1% of all human cancersamibrid [75-81]. Furthermore, there is
evidence that thyroid cancer incidence is rapidlyreasing in the western world [82].
Despite this relatively low figure, the prevalerafehyroid cancer in the western world
is high (approximately 1 in 1000) due to the longvssal of most patients [82].

The most common thyroid carcinomas are differeatiathyroid carcinomas (DTC)
which account for 94% of thyroid cancers reported year in the United States [75-
81]. DTCs derive from thyroid follicular cells armhuse either papillary or follicular
thyroid cancer. Another 5% derive from the paratalbr cells of the thyroid and cause
medullary thyroid carcinomas. DTC survival rates generally high, ranging from 92
to 98% in the western world [75-81].

1 to 2% of thyroid cancers can de-differentiate imery aggressive thyroid cancers,
which have an extremely low survival rate of 13%the Western World [77, 80, 81,
83] and these de-differentiated thyroid cancers alscount for more than half of the
1200 deaths per year attributed to thyroid cantéihe United States [80, 81, 83]. Long
term survival of de-differentiated thyroid carcinanms rare, with >75% of patients
presenting cervical nodal disease, >50% of patigmésenting with metastases and
another 25% developing metastasis during the cafrdee iliness [79, 82, 84, 85]. The
most common sites of metastasis are the lungs (808t (6-15%) and the brain (5-
13%) [86]. Most de-differentiated thyroid canceexide from a pre existing thyroid
nodular goitre or DTC and are usually associatati b3 gene mutations [78, 80, 81,

86] . The peak incidence of the disease is frono6l0 and is most common in women
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[78, 80, 81, 86]. De-differentiated thyroid carama is usually characterised by being
radioiodine resistant [78, 80, 81, 86]. This is doethe loss of the sodium iodide

symporter (NIS), which is responsible for the uptakiodine into the thyroid [87-89].

1.10.1 Diagnosis and treatment of thyroid cancer

The cancerous growth of thyroid tissue usually giviee to abnormally high levels of
TSH, T, and & and the development of radioimmunoassay and, nnecently,
chemiluminescent and enzyme-linked immunoassayd 40z and TSH have greatly
improved the laboratory diagnosis of thyroid disyed[90]. However measurement of
the total hormone concentration in plasma may ne¢ @n accurate picture of the
activity of the thyroid gland as it does not digtirsh between bound and freg/Tl.
Most of the thyroid hormone circulating in the bibs bound to transport proteins.
Only a very small fraction of the circulating horneois free (unbound) and biologically
active, hence measuring concentrations of freeotiymormones is of great diagnostic
value. When thyroid hormone is bound, it is notvaGtso the amount of frees/T, is
what is important. For this reason, measuring ttitgroxine in the blood can be
misleading. When thyroid cancer is suspected, mithynodule physical examination is
normally conducted to detect a suspected abnorroalth [76, 77, 80]. However, this
nodule examination cannot distinguish a benign feomalignant nodule. Fine needle
aspiration cytology should therefore be carried tmtdetermine if the nodule is
malignant or benign [76, 77, 80]. If a malignanttwr is identified, surgery should be
conducted to remove all cancerous tissue of theithyTotal thyroidectomy, where all
(or virtually all) of the thyroid is removed is thmost common chosen method as it
results in a lower recurrence rate. Thyroidectosusually followed by radioactive
ablative therapy with®1 [76, 77, 80]. Ablative therapy with!i is carried out in order

to kill most of the remaining thyroid cells to tayd prevent the recurrence of the cancer
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[76, 77, 80, 91]. Differentiated thyroid cancetl€@re characterised by presenting a
number of features that are found in the normaldiady cells. For example, most
differentiated thyroid cancer cells express praeihat are normally expressed in
follicular thyroid cells, such as thyroglobulin aNdiS [76, 77, 80, 91]. It is due to these
features that patients with differentiated thyro&hcer can be given therapeutic doses
of U after total thyroidectomy [76, 77, 80, 91]. Hoveeyin some cases not all thyroid
cancer cells are destroyed and this results in réwrrence of thyroid cancer.
Approximately 10% to 30% of patients thought todigease-free after initial treatment
will develop recurrence and/or metastases [92th&nmajority of these cases, thyroid
cancer recurs in the differentiated form. Theseaeptt again undergo radioiodine
therapy which cures most cases. However, in a gonafiortion of patients the therapy
fails and the cancer transforms into de-differaatiahyroid cancer which is associated

with normal thyroglobulin levels but lack of radigiine uptake [76, 77, 80]

1.10.1 Recurrent thyroid cancer

To diagnose differentiated recurrent disease, seahymoglobulin testing (Tg) is used,
followed by radioactive iodine (RAl) whole body seeng (WBS) [76, 77, 80].
Thyroglobulin is a glycoprotein that is producedyoby normal or cancerous thyroid
follicular cells. Therefore if a patient (after abthyroidectomy) has thyroglobulin in the
blood, it indicates the presence of recurrent disg¢a6, 77, 80].

Although thyroglobulin testing already confirms theesence of thyroid cancer, it is
essential to carry out a WBS, so that the cancerbeastaged and metastasis detected.
Staging thyroid cancer with WBS will also help tlamp and prepare further treatment
options [76, 77, 80].

Diagnosing de-differentiated thyroid cancer with 8/Bauses a major problem as de-

differentiated tumours lose the ability to expré$sS, which is responsible for the
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uptake of iodide into the thyroid [91]. This resuih the inability of WBS to stage de-
differentiated thyroid cancer [78, 80, 81, 86].

De-differentiated metastatic cancer is usually eattable and palliative approaches are
used in order to increase the quality of life oé thatient. Surgery is considered to
relieve airway obstruction, however it does notaligualter the course of the disease.
External beam radiation withi has some benefits, though most of these cancers a
resistant to radiotherapy and treatment is uswedsuccessful [76, 77, 80].

New treatment approaches have been evaluatedeoratbility to improve the outcome
of de-differentiated thyroid carcinoma.

Studies in rat thyroid cancer cells (FRTL-Tc) witih@odide transport activity showed
that transfection with rat NIS cDNA using electrogion restored radioiodine
accumulationin vitro andin viva. However, the effective half life of in NIS-
transfected FRTL-Tc xenografts in rats was only@rk and did not allow a therapeutic
effect of *4 (1 mCi) [93]. Mitchell et al. [94] reported that 10 of 17 patients who
received high dose radiotherapy had a partial onpdete response, however the
toxicity was intolerable [94]. De-differentiatelaytoid cancer treated with radiotherapy
in combination with doxorubicin (used as a radic#zing agent) was also studied, but
results were again poor [95]. Hyperfractionatedalo@diotherapy studies have also
been carried out, but again, initial results welgappointing, particularly due to the
high sensitivity of patients to adverse effectssealby radioiodine radiotherapy [95].
Overall, none of these approaches so far provedesstul in the treatment of de-
differentiated thyroid cancer. It is therefore e to carry out more research in this

area.
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1.11 Use of rhTSH

Post-thyroidectomy radioiodine ablative therapy tfyroid remnant tumour is
recommended for many patients with differentiategtaid carcinoma (DTC). Even in
those patients in which recurrence rates and niyrtale not directly modified by this
treatment, the follow-up with serum thyroglobulifg] and iodine-131 scanning
facilitates the ablation of thyroid remnants [7@, B0] . After the initial treatment of
DTC, the recurrence rate can reach 35% in a pefied years, with most cases in the
first decade.

Therefore, the long-term follow-up, especially e tfirst year after treatment, is fully
justified. Whereas the early detection of relapsg mfluence the outcome of therapy ,
sensitive tests should be used to follow theseptsti

The measurement of Tg and TSH in serum is curréndynost sensitive test for the
diagnosis of persistent or tumor recurrence [76807. The radioactive whole body
scan is traditionally, the most frequently used tede used to identify the location of
metastases, however, some metastasis still caeraetbcted with this diagnostic scan
and for these a new tracer, i€ fluorodeoxyglucose (FDG) has proved promising.
18F_.FDG is a radiolabelled sugar (glucose) moledataging with'®F-FDG PET is

used to determine sites of abnormal glucose masab@nd can be used to characterise

and localise many types of tumours.

In order for the radioactive iodine whole body se@ard the FDG positron emission
tomography to be successful, high levels of TSHratgired [76, 77, 80]. High TSH
levels lowers thyroid hormone levels and causespihétary gland to release more
TSH, which in turn stimulates thyroid cancer celistake up the radioactive iodine.
Until recently this was only possible through thé&hdrawal of thyroid hormone,

therapy, resulting in a poorer quality of life, ditesymptoms of hypothyroidism (i.e
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tiredness, depression, weight gain, sleepinesstipation, muscle aches, and reduced
concentration), aggravation of the disease angdgssibility of tumour growth due to
prolonged exposure to elevated TSH. Another waige TSH levels before a scan is
to administer an injectable form of TSH (rhTSH dryfogen®) to the patient, which
can make it unnecessary to withhold thyroid hormibreeapy for a long period of time
and thus avoids the side effects caused by thyrordhone withdrawal [96]. Since its
approval for clinical use in 2001 in Europe (1998tlhe USA), rhTSH has greatly
enhanced the surveillance of thyroid cancer pagif€].

Currently, rhTSH is only approved for diagnosticmtoring of differentiated thyroid
cancer patients. However, rhTSH can potentiallyp dde used to assist treatment of
patients with thyroid cancer and nodular goiter.

rhTSH was successfully producedvitro by transfecting both the TSP subunit and
commona subunit into Chinese hamster ovary cells (CHO)98% The recombinant
TSH produced in CHO cells is not glycosylated as éhdogenous TSH produced by
the human thyroid, as CHO cells do not have thétybo fully glycosylate the TSH.
rhTSH produced in CHO cells is therefore mostly emad TSH in which the three
carbohydrate chains terminate in sialic acid ressdwvithout the penultimate N-
acetylgalactosamine and terminal sulphate moif2e98].

Still, studies performed with rhTSH demonstratedt tthTSH mimicked endogenous
human TSH as rhTSH stimulated cAMP, cell prolifematand Tg productiom vitro
[99].

The effect of rhTSH has also been comprehensivelgtied in mice [100] , which
makes the mouse a good species candidate to $tedffects of TSHn vivo. In mice,
rhTSH induces an increase ig [Evels [100], while in humans, rhTSH has been show
to increase the levels o Bnd T, [101] and also to increase radioactive iodine kgpta

[102].
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Although rhTSH has only been approved for the dwstjo imaging of thyroid cancer,
some studies demonstrated that it can also be sisgmpssfully to prepare patients for
thyroid remnant ablation with"!i [103, 104]. This is because high levels of TSHha
blood would lead to an increase in NIS expressioh @onsequently result in a more
successful radioactive iodine therapy. rhTSH was &und to be successful in thd
treatment of recurrent metastatic differentiategrdld cancer, where patients were

stimulated with rhTSH prior t&* treatment [105].

1.12 NIS in thyroid tumours

The ability of the thyroid to concentrate iodineshgreat importance in the evaluation,
diagnosis and treatment of various thyroid maladiesluding cancer. The
understanding of the complex mechanisms that regytllee uptake of iodine via NIS,
could potentially lead to better therapy optionsumours that cannot uptake iodine.
One of the first hypothesis proposed for the reduaaction of NIS was the mutation
of the NIS gene, however Russbal.[106] did not find any mutation in the samples of
papillary cancers studied. By using RT-PCR, Rtfrial. [107] found the loss of
expression of NIS in some papillary, follicular amdhaplastic tumours. In 1997,
Smamiket al. [74] detected lower levels of NIS mRNA in thyroghncer samples
compared with normal thyroid tissues, using Nornthétotting. Other authors that
quantified NIS mRNA with RT-PCR also found lowewdds in tumour nodules [108],
[109].

From these studies it can be observed that vatgwvgls of NIS mMRNA expression are
found in thyroid cancers. However, these variafaund in levels of mMRNA may not
reflect the expression of NIS protein, nor its @kt localization, since NIS goes

through a complex transcriptional, post-transooipail and post-transductional process.
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So the mere fact that mRNA is present is not sefficto indicate the quantity of NIS
protein, localisation or function [110]. Neumaahal. [108] showed that NIS mRNA
guantity did not reflect the quantity of NIS prateexpression in cold nodules of
thyroid, suggesting that post-transcriptional festplay an important role. For this
reason it is important to also study the expreseiathe NIS protein which can be done
via immunohistochemistry. One advantage of thishrteque is that it also gives
indication about the cellular localisation of NIgfein. Immunohistochemistry studies
of NIS protein in thyroid tumours showed a decreasthe basolateral localisation of
the protein, when compared with normal tissuesloGaat al. [111] studied follicular,
papillary and anaplastic cancers and showed dengeasmunoereactivity for the NIS
protein in follicular and papillary cancers andkac anaplastic cancer which suggested
that the higher the de-differentiation, the lowlee immuno-positivity of the protein.
Jhianget al. [112] did not detect NIS protein in a small sampleghyroid cancers and
Castroet al. [113, 114] confirmed the lack of immunopositiviof NIS protein in
anaplastic and Hurthle cells.

It is apparent from these studies that there aserejpancies in the NIS expression
profile. These reported differences could be dueatoumber of reasons such as:
methodologies employed, non-pairing of tumour saspkize of analysed samples,
lack of information about TSH value in patients gmuksible use of levothyroxine,
histological types analysed and finally the comjsiexf transcritptional and post-

transcriptional processes in the synthesis of NIS.

1.13 TSHR in thyroid tumours
It is thought that reduced TSHR expression in tldyroancers may occur as a
consequence of de-differentiation and it has b&ewa that loss of TSHR expression is

usually associated with loss of a number of thydbfterentiation markers.
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A study by Gerarcet al. [115] used immunohistochemistry in order to detégtroid
specific markers such as thyroglobulin;tiyroglobulin, NIS, penderin, TPO, THOXs
and TSHR. In this study normal human thyroid tisswere used together with thyroid
cancer tissue samples. This study concluded th&tRT%as expressed not only in
normal thyroid tissue but also in lower levels atli€ular and papillary thyroid cancer
tissues. It concluded therefore that TSHR was esgae in virtually all cases of thyroid
tissues.

Another study used RT-PCR and RNase protectiveyagsameasure the expression of
NIS, Tg and TSHR mRNA in primary and metastatiadiny carcninoma tissues [116].
The expression of NIS, Tg and TSHR mRNA was studie@3 cases of papillary
carcinoma and the expression of NIS mRNA was studhe7 pairs of primary and
lymph node metastastic tissues. The expressiarEefR was detected in all papillary
carcinoma samples however at lower levels than abrthyroid tissue [116].
Matsumotoet al. [117] investigated 15 papillary thyroid cancerstiss, 8 poorly
differentiated thyroid cancers (which are defineetween differentiated papillary
thyroid cancer and de-differentiated cancer) andlitferentiated (or undifferentiated)
thyroid cancer using immunohistochemistry. All plapy thyroid cancer tissues and
poorly differentiated thyroid cancer tissues expeels TSHR. However the
undifferentiated (de-differentiated) thyroid cantisisue did not express the receptor.
Another group [118] assessed the expression lefelSSHR, Tg and TPO mRNA in
normal and neoplastic human thyroid tissues, 6 @des and 7 carcinomas, were
investigated by Northern-blot and slot-blot anaysihe authors found that TSHR
MRNA expression together with Tg mRNA levels weignsgicantly lower in cancer
tissues than in normal thyroid tissues. These tesalggest that TSHR mRNA is
expressed in relation to their degree of differsrdin. Eliseiet al. [119] used Northern

blot analysis to study the mRNA expression of t&#HR, Tg, TPO, and calcitonin (CT)
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genes in a total of 53 tissues from 30 patient$ whiyroid carcinoma and from 9
patients with benign thyroid diseases. With vasiodegrees of expression, all
differentiated thyroid carcinomas (20 papillary @hdbllicular) expressed TSH-R, Tg,
and TPO, but not calcitonin mRNAs. On the contragmples from 2 patients with
anaplastic carcinoma did not express TSHR, Tg, BOTmMRNA, but 1 of them
expressed calcitonin mRNA. This study concludeg th&HR is expressed in all
follicular and papillary thyroid cancers and in sommedullary thyroid cancers. The
expression of TSHR in anaplastic thyroid cancer n@sever lost.

From the majority of these studies it is clear t(h&HR is expressed in most cases of
thyroid cancer, however there is a trend to itsresgion decreasing in relation to the
levels of ongoing de-differentiation of the tumautss also noted from looking at these
different studies that there appears to be disa@psa in the reported levels of
expression of the TSHR in the different sampleshgfoid carcinoma. This could be
due to the sensitivity of the methodologies emplipybfferences in the tumour samples

used in different studies, and differences in thessof the tissue samples.

1.14 Use of Monoclonal antibodies for the diagnosand treatment of cancer.
Antibodies have a molecular weight of approximatebp kDa and are composed of
two polypeptide chains, a heavy chain (50 kDa) arght chain (25kDa) [120]. The
two chains are bound together by disulphide boundsese molecules can be
proteolytically cleaved to yield two Fab fragmerftee antigen-binding part of the
molecules) and an Fc fragment (the part of the oubderesponsible for secondary
biological functions of the antibody, e.g. the gdement activation). Both the heavy
and light chains are divided into V (variable) a@dconstant) regions [120]. The V
regions contain the antigen-binding site and thee@lon determines the fate of the

bound antigenfigure 1.9).
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Figure 1.9: Structure of IgG antibodies. Adapted from [120].

Antibodies have two main functions in the body.si#yr they recognise and bind with
high specificity and affinity to a specific targeintigen) usually located in a bacterium,
virus, or other pathogen but it can also be locateedur own tissues. After binding to
an antigen, they also stimulate a secondary imnmesponse to the antigens (e.g.
complement activation and phagocytosis) [120].

The invention of a manufacturing process using idgonas allowed monospecific
antibodies to be generated [121]. This procedasleen standardised and applied on
a massive scale to the preparation of monoclon@badies useful for research and
clinical applications [120]. The basic technologwyoalves fusion of an immortal cell
with a specific predetermined antibody-producingc@&I from immunised animals
(usually mice). The resulting hybridoma cell is imontal and synthesises homogenous
specific mAb which can be made in large quantitie].

Cancer targeting with monoclonal antibodies haveved advantageous, particularly
due to the antibody specificity as well as effeetmanufacturing processes. [122, 123].
Usually conventional cancer treatment using cheprathy has produced a number of
side effects (such as hair loss, fatigue, nauseatv, and depression of the immune
system) as they also damaged non cancerous heallisy Antibody therapy has the

potential to reduce these side effects by onlyet@mg specific proteins/molecular
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pathways that are primarily found in cancer cels2Z, 123]. These target
proteins/molecular pathways in cancer cells shdaddideally present in high levels
[122, 123]. The recent manufacturing process uBiyigidoma technology followed by
purification also ensures that mAbs for radiolabgllare homogenous and free of
contaminants that could compromise their safetyedfdacy.

Attaching radioactive compounds to monoclonal atibs offer the potential of
increasing the effectiveness and decreasing the effdcts of radiotherapy [124-129].
The monoclonal antibodies used in radioimmunothei@g as vehicles that transport
the therapeutic radioiosotope to the tumour anddtamtibodies have cytotoxic effects
mediated by apoptosis, complement-dependent cytitpx(CDC) and antibody-
dependent cellular cytotoxicity (ADCC). Furthermahe characteristics of the antigen
against which a particular antibody is directecedeines, in most cases, the efficiency
of both the antibody and the directed radiationthis way, the choice of antibody,
target antigen and radioisotopes are criticalliergduccess of radioimmunotherapy [124,
125].

The ideal radiopharmaceutical should after injection, travel to target cells and
interact exclusively with the desired protein, thgrickly be excreted from the body
[123, 126, 127]. A successful radioimmunopharmacealshould be retained in the site
of the tumour in enough quantities and for longugtoin order to destroy the tumour.
The success of a radioimmunopharmaceutical depemddive main parameters:
physical characteristics of the radionuclide, ascs the tumour, specificity of the
antibody, affinity of the antibody, and vivo stability of the radionuclide in the site of
tumour. The specificity of radiolabelled monoclbaatibodies is determined mainly
by the antigens that they are directed against¢chvbehould be specific to the tumour
with minimal or no expression in non cancerousugss However, in practice, the

majority of antibodies are not solely specific e tumour. This means that epitopes to
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which the antibody binds are also expressed ouh@ace of non tumour cells, organs
and tissues (depending on the antigen), althougfallysin smaller percentages or
reduced numbers [124].

The first radiolabelled monoclonal antibody to bgpmved by the FDA for the
diagnostic imaging of cancer was aHin labelled monoclonal antibody, CYT-103
(OncoScint OV/CR). CYT-103 is a murine monoclonatilaody (mAb) that binds to
TAG-72, a cell surface antigen expressed at highlseon the majority of colorectal
and ovarian adenocarcinomasiin CYT-103-mAb imaging in patients with suspected
recurrent colorectal carcinomas prevents many m@atigFom undergoing unnecessary
surgery.

So far, two radiolabelled antibodies have been amat by FDA for the treatment of
non-Hodgkins lymphoma?>}i-tositumomab (Bexxar) from Corixa Corporation &d-
tiuxetan-ibritumomab (Zevalin) from Schering corgtoon [128, 129]. Both are murine
mAb and target the CD20 antigen expressed on ttiacguof normal and malignant B
lymphocytes [128-131]. These radiolabelled antibechave proved very successful in
comparison with chemotherapy and unlabelled mABS{131].

Antibodies can also be conjugated to drugs or ®tommake them more effective.

For example, a recombinant anti-CD33 monoclonabady attached to the cytotoxic
anti-tumour antibiotic calicheamicin (Mylotarg, Wililepharmaceuticals) has recently
been approved by the FDA for the treatment of AcMyeloid Leukemia. After
binding to the cancer cells, the anti-CD33 antibodwlicheamicin conjugate is
internalised and the toxin binds to the minorgro@feDNA, causing double strand
DNA breaks and resulting in inhibition of DNA sye#is, which leads to cell death
[132-135].

Although antibody-based therapy has proved suagdessbme problems have been

encountered [122, 136]. One problem was the muomgn of most mAbs, which
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caused the immune systems of patients to recoghs® as foreign proteins and
therefore inactivate them by stimulating host antirine immune response. This anti
murine immune responses may induce severe sideteffach as nausea, chills,
diarrhoea, vomiting, headache, seizures and corhias. froblem was solved by the
production of chimeric antibodies, in which moussniework regions are replaced with
human sequences [122, 136-138].

Another problem was the large size of mAbs whickevpnted them from being
effectively distributed to certain tumours. It algsulted in them being cleared out at a
slow rate from the body [122, 136, 137]. This wat/ed by creating smaller sized
antibodies containing only the binding site regibab. The enzyme papain can be used
to cleave a whole antibody into Fab fragments [12&8, 137].

Also, variable regions of the heavy and light ckaican be fused together by
recombinant techniques to form a single variabdgritent chain (scFv), which is only
half the size of the Fab fragment but still retatine specificity of the antibody [122,

136, 137].

1.15 TSHR as a potential new target for the diagnas and treatment and of
radioiodine resistant thyroid cancer

TSHR ligands can potentially be used as imagingnager thyroid cancer or to deliver
drugs to cancer cells expressing TSHRs. TSHR ligarath also be used as probes to
define the molecular mechanism of TSHR activatitmt is, the conformational
changes that mediate conversion of inactive tovacttates of TSHR. A number of
different potential TSHR ligands have been devealppmcluding TSH analogs,
antibodies and small-molecule compounds.

While most de-differentiated thyroid carcinoma lomepression of NIS, some do

continue to express thyroid hormone stimulatingeptar (TSHR) [46, 47]. TSHR is
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therefore a potential target for the diagnosis aadtment of metastatic recurrent de-

differentiated thyroid carcinoma.

1.16 mab9 monoclonal antibody

mADb9 anti-TSHR antibody was developed by Gilbettal. from an experimental
murine model of hyperthyroid Graves’ disease thdtilgt potent thyroid-stimulating
activity [139]. Graves’ disease is an organ-speafitoimmune disorder characterised
by a variety of circulating antibodies, includingnemon autoimmune antibodies, as
well as anttthyroid peroxidase (anti-TPO) and antithyroglobulanti-TG) antibodies.
The most important autoantibody in Graves disease thyroid-stimulating
immunoglobulin (TSI). These autoimmune stimulatdgl antibodies bind and
activate the TSHR [140, 141], reproducing the sautions of TSH on the thyroid.
These thyroid-stimulating stimulatory antibodiesiga release of thyroid hormone and
thyroglobulin that is mediated by cyclic AMP, arftey also stimulate iodine uptake,
protein synthesis, and thyroid gland growth. A®sult, iodide trapping by the thyroid
increases, the synthesis and secretion of bgtnd T, increase, and the thyroid grows
in size producing a goiter. If untreated, the af#ddndividual becomes hyperthyroid.
mMADb9 monoclonal antibody was developed by injecBadp/c mice with a recombinant
adenovirus expressing the TSHR A-subunit and thelacsng antibodies with the
highest thyroid stimulating activity levels for hytboma production [139].

mAb9 (KSAbl) and another antibody KSAb2 were sel@ctlue to their ability to
inhibit TSH binding. The H and L chain subtypes fieAb9 and KSAb2 were shown to
be 1gG2b and IgG2a, respectively [139]. Both thas@bodies were then tested to
determine their thyroid stimulating activity, theability to block of TSH-mediated
stimulation (TSBab) activity, their ability to comte with**1-TSH for the binding of

TSHR, as well as their ability to stimulate cAMB$]. In vivo studies were also carried
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out to assess the ability of both antibodies taagdhyperthyroidism [139]. The thyroid
stimulating activity was measured with cAMP asseysch determined the ability of
both antibodies to stimulate cAMP production in CHélls stably transfected with
human TSHR (JP09 cells) [139]. Both antibodies stbviull agonist activity by
achieving near maximal cCAMP stimulatory respon3é® ability of mAb9 and KSAb2
IgG to block TSH-mediated stimulation of cCAMP in HR expressed JP09 cells was
measured [139]. mAb9 showed negligible thyroid stating blocking antibody
(TSBADb) activity. Competition assays using TRAKDIYNO test human kits (tubes
pre-coated with the TSHR) showed that 100 ng/nthath antibodies was sufficient to
inhibit 95% of'*-TSH binding [139]. Saturation assays performethi& coated tubes
with 1 radiolabelled mAb9 and KSAb2 were also perfornaed showed that both
bound TSHR with high affinities of 4.5 x Titre/mol and 6.25 x 14 litre/mol [139].
Passive transfer studies on mAb9 and KSAb2 IgG \ake performed in which 10 or
100 pg of both antibodies were injecteédr into mice, and the induced
hyperthyroxinemia was measured [139]. This studgctaded that these antibodies
induced rapid hypersecretion of thyroxine, leaditg hyperthyroidism with
considerable morphological changes but with minimahonuclear cell infiltrate in the
thyroid glands [139]. Due to these characteristesl particularly the ability of mAb9
to bind with high affinity to TSHR, mAb9 was used this study as a potential

candidate to target the TSHR.

1.17 4C1 monoclonal antibody
4C1 is a commercially available IgG2b mouse monmal@anti-TSHR antibody. 4C1
cross reacts with human TSHR and it is predictedl$o react with rat, pig, sheep,

mouse, dog and cat TSHR. 4C1 binds to the natiydR $rotein and studies showed
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binding to residues 378-384 of the human TSHR. d@tibody has been successfully
used in immunohistochemistry and FACS studies teaidnuman TSHR [34].

4C1 was generated with recombinant ECD producee.ooli [34]. 4C1 antibody
inhibited the binding of?31-TSH by an order of 70-80% at 1 pg/ml howeveridt dot
stimulate cAMP production in human TSHR expressieli lines. FACS studies also
determined that 4C1 antibody bound to hTSHR [34jisTantibody was used as a

positive control anti-TSHR antibody in this study.

1.18 Overview of thyroid cancer and TSHR expressingell lines used

Cell lines are important tools to study mechanigmslved in cancer as well as to serve
as pre-clinical models to assess the efficacy ofehtherapies. Cell lines have the
advantage of growing in cultures for long periodstime and hence being able to
generate high volumes of research material. Thay ao be used in genetic
manipulation studies, and for baith vitro andin vivo (xenografts) studies. Over the
years, a number of thyroid tumour cell lines detiveom different pathologic origins
have been developed, including differentiatedidolar carcinomas (FTC), papillary
thyroid carcinomas (PTC) and de-differentiated higiggressive anaplastic carcinomas
(ATC). However a disadvantage that is associated oell lines is that they lose their
original phenotype. An additional problem is thaime cell lines develop different
phenotypes from cells in tha vivo tumours and current estimates indicate that 18 to
36% of cell lines are cross-contaminated or midifled, including cell lines within the

original supposedly reliable source [142-145].

1.18.1 FTC-133
The FTC-133 cell line was obtained originally fraanlymph node metastasis of a

differentiated follicular thyroid carcinoma from 4&2-year-old male [146]. Their
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morphology differs from flat polygonal to spindlbaped cells. These cells could be
propagated in serum free medium, contained thygio and EGF receptors, lacked
any fibroblast contamination, and responded to TeBid local active growth factors
such as EGF and IGF with a stimulatéd)thymidine incorporation [146]. They were
shown to retain differentiated thyrocyte functiodaesponsiveness to TSH.

TSH was also shown to have the same stimulatorgcesffon metabolism, DNA
synthesis and cell growth in FTC-133 cells as liseoved in human endogenous
thyrocytes. FTC-133 cells proved therefore to bg@articular value in assessing the
thyrotrophic effects that TSH stimulates in thyroglls. Schweppet al. used standard
tandom repeat (STR) genetic analysis to compaie db&ined profile for a number of
selected thyroid cancer cell lines to those in bes databases (e.g. ECACC) [147].
This study found that FTC-133 profile was consisteith that of ECACC database. It
also concluded that the FTC-133 cell line is unignd expressed high levels of Pax-8
and TTF-1 transcription factor mRNA, which confirchéhe human thyroid origin.
Paired box gene 8 (Pax-8) and thyroid transcripfamtor-1 (TTF-1) are specifically
involved in thyroid development and are also iwedl in the regulation of the
expression of thyroid-specific genes. Pax-8 and-TTdfe used as markers of thyroid

cancer cell lines because they are mainly fourttiyroid cancer cells.

1.18.2 TPC-1

The TPC-1 cell line was obtained originally fromddferentiated papillary thyroid
carcinoma. This cell line was initially shown tdaa differentiated thyrocyte function
and thyrocyte responsiveness to TSH. Schwegtpal. found TPC-1 cell lines to
harbour Pax-8 mRNA however unlike FTC-133 cellsFTITmRNA was not detected.
These results supported that TPC-1 cell lines wérhyroid origin. In another study

[148], as was observed with the Schweppe study][1B&x-8 thyroid transcription
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factor was also detected in TPC-1 cells lines, hamein contrast with the Schweppe
study, a small amount of TTF-1 expression was dé&tected. The cells were also found
to contain a large number of chromosomal abnorresglitvhich suggests that this cell
line although being of thyroid origin has most likacquired characteristics of fully de-

differentiated thyroid cancer cells.

1.18.3 FRTL5

The Fischer Rat derived thyroid cell line, FRTLr&presents one of the best available
in vitro models for studying thyroid specific proteins imative thyroid cell line. The
FRTL-5 cell line is a widely used model for norntiayroid function as these cells show
responsiveness to TSH over a long period of timé also TSH stimulated iodide
uptake, thyroglobulin (Tg) iodination and thyroidrinone secretion [149]. FRTL-5
cells exhibit a TSH-responsive adenylate cyclase flux and phospholipid metabolic
shift as well as an absolute growth requirementTi8H. These cells can lose their
diploid characteristics while retaining functiordlaracteristics, for a period of at least 1
year. However, after variable time periods, thesen-dgiploid cells can lose
responsiveness to TSHR autoantibody stimulatoreréfbre, the uniformity of the
FRTL-5 cells needs to be confirmed by monitoring tfe thyroid markers.
FRTL-5 cells are useful in three main assays. lfjréhey are employed to detect
thyroid stimulating autoantibodies and immugobuBis present in the patients with
Graves’ disease by measuring the increase in cAdPEId [150, 151]. Secondly, they
have been described to effectively measure thekepihiodine, and thereby they have
been used to measure the growth stimulatory obitdny activity of IgG preparations
from patients with autoimmune thyroid disease byedeining labeled thymidine

uptake [150, 151].
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1.18.4 GPI

In these cells, TSHR extracellular domain (ECDgxpressed in isolation on the cell
surface of CHO cells with the use of a glycosylgitagidylinositol (GPI) anchor
sequence [152]. The GPI anchored ECD was recogniBsedexperimental and
pathological antibodies. Flow cytometry studiesvet that the ECD was expressed at
10-fold higher levels than the highest expressial length receptor clone [152].
Additionally, radioligand studies showed that thectzored ECD bound TSH with a
high affinity similar to the full length TSHR [152This cell line proved to be useful in
studying structure function relationships of TSH&Rwveell as interactions of TSH, and

anti-TSHR antibodies and autoantibodies with theilR$14, 153, 154].

1.19 Radiopharmaceuticals and cancer

Radiopharmaceuticals include any radiolabelled moés that are used in the diagnosis
and treatment of diseases. These radiolabelled culele are designed to deliver
diagnostic and therapeutic doses of ionising ramhato target sites within the body.
Radiopharmaceuticals have the ability to kill cellgough radiation and to emit
radiation with sufficient energy and quantity to detected externally. For this reason,
radiopharmaceuticals can be useful in the diagrasgistreatment of cancer [155, 156].
The radionuclides of major interest in nuclear migdi are the ones with short half-
lives. Several radionuclides are used to diagrmogktreat diseases and conventional
nuclear medicine began with applyifidi (half life of 193 hours), exclusively to study
the thyroid gland and it was later used in the alathelling of a number of
radiopharmaceuticals. Another commonly used maikétin (half life of 67 hours).
4n allows for sequential imaging to be obtainedrav@eriod of a few days as well as
it plays an important role in the evaluation ofamimatory diseases (such as leucocytes

with *in) as well as in imaging with antibodies and pepsi °‘Ga (half life of 78
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hours) is now widely used to trace tumours andciide sites, whilé®TI (half life of
73 hours), is an agent used in myocardial scirpigya The most used radioisotope in
nuclear medicine is*®™Tc (half life of 6 hours) due to its favourable dgc
characteristics, it easy production in generatord #s ability to radiolabel various

molecules [155, 156].

1.19.1 Radiopharmaceuticals for therapy

Radiopharmaceuticals used for therapeutic purpebesld be able to selectively
destroy the tissue of interest. The design an@cteh criteria for therapeutic
radiopharmaceuticals include; half-life, the typeks emission ¢, B, y, auger or
conversion electrons), specific activity, chemistmternal dosimetry, intra-tumour
distribution, pharmacokinetics of the radiopharmaical and size of the tumour [156].
In addition to their biological, physical and chesli properties, radiation safety,
energy, cost of production and availability shoaldo be taken into account when
selecting suitable radiopharmaceuticals for tharapaise [156]. The half life of the
radionuclide should be in a range of hours to day<linical applications. If the half-
life is too short, there is not enough time to @repthe radiopharmaceutical for
administration to the patient, as most of the deealy have occurred before the
compound reaches the target tissue. On the otvet, hif the half-life is too long the
radiopharmaceutical can be metabolised/excretedd atso the number of
disintegrations occurring at the target would be low, which would result in an
insufficient radiation dose being delivered to tiimour [156].

The specific activity of the radionuclide deternsntie mass of compound needed to
achieve the desirable activity to perform the stutiye molecular weight should be
ideally be low and the specific activity high. Het specific activity is low only a small

proportion of the administered molecules will beioactive [156]. The nature of the
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particle emission is also important to consider elmsure maximum therapeutic
effectivenessf-particles, a-particles and auger electrons all have differdfgctve
ranges and linear energy transfer (LET) properti€SI describes the rate at which
energy is transferred from ionising radiationsdé §ssue. The unit that quantifies LET
is kiloelectron volts of energy transferred to stfisue per micrometer of length
traveled (keViim).

A B-particle is an electron emitted from the nucletis sadioactive atomB-particles
are most widely used in targeted radiotherapy aw the advantage of relatively low
homogeneous radiation doses but produce lowerabarsdensity and high LET [156].
The chemical properties of a radionuclide are alsoy important, because they
determine if the radionuclide would easily labed tholecules.

Radiation damage can result from direct ionisatibthe DNA molecule, or some other
cellular component critical to the survival of tbel. Such an interaction may affect the
ability of the cell to reproduce and, thus, survifeenough atoms are affected such that
the chromosomes do not replicate properly, or thera significant alteration in the
information carried by the DNA molecule, then tlel cnay be destroyed. However, in
clinical therapy, damage is most commonly causednioyrect ionisation via free-
radical intermediaries formed from the radiolysfiscellular water. Radiation can also
affect the processes of the cell cycle necessarygdth growth, cell senescence, and

apoptosis [156].

1.19.2 Diagnosis

Radiopharmaceuticals used in diagnosis should theregamma emitters or positron
(B") emitters, because their decay generates eleagruetia radiation that can penetrate
the tissues and this radiation can be detectedised to image [156]. The energy of the

photons should be between 50 and 600 KeV.
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Photons with very low energy (lower than 50 keVyda greater chance of interacting
with the body, and not being detected external§6]1 The radiopharmaceuticals used
for diagnostic proposes may be classified into ymoin radiopharmaceuticals and
target-specific radiopharmaceuticals. Perfusionof@thrmaceuticals are transported in
the blood and reach the target tissue in proportiioblood flow. They do not have

specific sites of binding and are thought to berithsted according to size and charge.
Target-specific radiopharmaceutical are directedbiojogically active molecules, such

as antibodies and peptides that bind to cell recepr are transported into cells [156].

1.19.2.1 Positron emission tomography (PET)

PET is a diagnostic technology which produces 3B @T images of the distributrion
of positron emitters in the body. A tumour-targgtinadiotracer is intravenously
injected, and upon targeting the cancer, it emdsitpns. A positron is a particle
equivalent to an electron, however with positivarge. The collision of a positron with
an electron causes the release of two gamma phatod80° to each other. This
coincidence of events can be detected, reconstiuate analysed to determine the
location and concentration of radiation within thedy. The subtracts targeted by the
radioiosotopes in PET include cellular metabolicbstacts, drugs, antibodies,
neurotransmitters and other biologically active ecales [157, 158]. The images
obtained provide information on blood flow, glucosetabolism, amino acid transport,
neuroreceptors, oxygen consumption, amongst others.

The most common radiotracer in use is fluorine-a@8rul to fluorodeoxyglucose®F]-
(FDG). This tracer is a glucose analogue that kertaup by glucose-using cells
(elevated in rapidly growing malignant tumours). éeesult, FDG-PET can be used for
diagnosis, staging, and monitoring treatment ofceasy particularly in Hodgkin's

lymphoma, non-Hodgkin lymphoma, and lung canceBf[15
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1.19.2.2 SPECT/CT

Single photon emission computed tomography (SPH@E)enabled the evaluation of
disease processes based on functional and metatfolimation of organs and cells. In
SPECT, a single gamma-ray is emitted per nucleantdigration. SPECT images are
produced from multiple 2D projections by rotatingecor more gamma cameras around
the body to achieve complete 360° angular sampthgohotons from the body.
Reconstruction using methods similar to those usetray CT provides 3D data sets
allowing the tracer biodistribution to be displayadrthogonal planes [160].

Because SPECT acquisition is very similar to plaggnma camera imaging, the same
radiopharmaceuticals may be used. Integration esdyXcomputed tomography (CT)
into SPECT has recently emerged as a useful diaigrtosl in medical imaging, where
anatomical details may complement functional anthbwic information [160].
SPECT/CT can be used in a range of malignanciels as prostate, lung, brain and
neuroendocrine tumours as well as bone lesionsrd@ctions. In cardiology, SPECT is
used to assess the viability of the heart muscleetp differentiate between ischaemia
and infarction. In the brain SPECT is used to measerebral blood flow and brain
patency in patients with stroke and tumour. Livesedse can be imaged using SPECT
to determine the existence of sarcoma, hepatic tunm@emangioma, metastases, cysts,
glycogen storage disease, and Menetrier's diséagbe lung, radioisotope imaging is
carried out most commonly to measure the ventitadiod perfusion status of the lung.
PET cameras have the advantage over SPECT camfelssng more sensitive and
possessing higher resolution. There is also hidlesrbility to incorporate positron
emitters into biomolecules, while PET’s main disaabage is its higher cost as well as
the need for a nearby cyclotron. The SPECT syst#ersosignificant advantages
relating to price, smaller size, ease of installatand the application of a large variety

of procedures performed in nuclear medicine [160].
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1.20 SPECT and SPECT/CT in thyroid cancer

Planar **!i scintigraphy is routinely used to detect radidgied avid metastases of
differentiated thyroid carcinoma (DTC). Howevere tmodality has limitations, such as
low sensitivity and lack of anatomic landmarks. Tise of radioiodine-131-{1) single
SPECT/CT after thyroidectomy for thyroid cancereosf improvement over planar
scans in detecting metastases, and can poterimllged to guide disease management.
SPECT/CT can also avoid additional imaging teststligroid cancer evaluation and
prompt changes in risk classification and treatnreahagement among intermediate-
and high-risk patients, according to a study [1832]. SPECT/CT has also been found
to be useful in detecting thyroid cancer lymph nodstastasis early [163]. Researchers
were also able to accurately distinguish betweamc@&aus cells in regional lymph
nodes and normal residual thyroid tissue diredtigrasurgery with SPECT/CTigure

1.10) [164].

(A)

Figure 1.10:(A) SPECT/CT in thyroid cancer. The planar scastyadioiodine ablation of thyroid
remnants shows radioiodine-avid tissue in the méekpatient after total thyroidectomy, without the
possibility of discriminating® uptake in remnant normal thyroid parenchyma frmossible lymph node
metastasis. (B) SPECT/CT demonstrates two cerliogbh nodes in this patient (arrows) that cannot be
differentiated from benign remnant tissue in thenpk scan [164].

1.21 SPECT/CT in small animal research
Non invasive imaging of molecular events and irdéoas in living small animal
models using small animal SPECT/CT has gained asimg importance in researching
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novel drugs and radiopharmaceuticals. The main rdadgas of this technology are
guantitative accuracy independent of location @ $bbject body, and direct translation
to human clinical setting. Also, imaging with smatiimal SEPCT/CT can substantially
reduce the number of animals needed in order taimlstatistically significant data as
well as the study in detall the biodistributionAdits of
radiopharmaceuticals/radiotracers in tumour-beaaimgal models [165].

The NanoSPECT system (Bioscan) uses a patentedplaxdtd, multipinhole SPECT
technology that allows the system to operate in ghle-millimeter resolution range
required to image small animals such as mice [l&®&tead of acquiring images
through a single pinhole, NanoSPECT acquires imalgesigh thirty six or smaller
pinholes. The use of small pinholes ensures higdoludon (<1lmm) while the
projection of images through multiple pinholes sitaneously ensures high detection
sensitivities [166]. Due to this approach, NanoSPE@anages to produce high
resolution and high sensitivity images. To helpatectumours in the animal body,
SPECT can be combined with CT. Numerous animaliesugave been performed with
a wide range of applications using nanoSPECT/Chnelogies [165]. Animal studies
are carried out by injecting an animal (usually epievith the radiopharmaceutical
(usually 37 MBq or less), placing it in the SPEC@&dbthen collecting projections
(typically 16 to 64) with an aim of 2 million totabunts. Mice are imaged with a radius
of rotation near 30 mm. The data acquired can besferred to images or video
formats, allowing for visualisation of the behawiad the ligandn vivo over prolonged
time points figure 1.11). NanoSPEC/CT can be routinely used to image tand
quantify NIS activity in mouse thyroids. Previousdies used®™Tc and'* to quantify
the uptake of iodine via NIS into the thyroid ofa@i[167].

In this study SPECT/CT was used farvivo imaging studies with both radiolabelled

mMADb9 and radiolabelled rhTSH.
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a\
CT image Fused image Radionuclide image

Figure 1.11:NanoSPECT/CT imaging. After administering a radiphaceutical or tracer the sing
photon emissions are projected through r-pinholes on four detectors surrounding the mc Adapted
from [168].

1.22Radioiodination of monoclonal antibodies and peptids

A number of methods can be employed in trdioiodination of proteins, antibodie
antibody fragments and peptid

Compounds can be directly radiolabelled througlttedehilic oxidative substitutio
reactions that are catalysed by either oxidisingnég) such as lodogen or chloroarr
T, or by eizymes, such as lactoperoxid [169]. An overview of these reactions ¢
given below.

Almost all proteins can be radiolabelled w'*, the radioactive isotope of iodil

which has a half life of 60 days and which emitsgea rdiation of 35 Ke\ [169].
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The iodination is achieved by substituting a hy@m@tom on the phenyl ring of the
tyrosine by one atom of oxidised iodine, via thévation of the ortho position of the
aromatic ring of the tyrosine [169]. Additionally?? can also be incorporated
chemically and enzymatically into lysine, histidia@ino acids in proteins or antibodies
[169].

123 is a gamma emitter, and for that reason it carcdmented directly in a gamma
counter without the need for sample preparationcamtrast with beta emitting
radionuclides such a# and*'C. For most purposes, it is essential to haveaheléd
species as pure as possible. However most radi@tsti compounds after the
radioiodination procedure will contain some promrt of components such as
unlabeled protein, free radioiodine, mineral sadtsd enzyme (in the case of
lactoperoxidase). It is therefore important to gpplurification methods to the

radioiodinated compound before using it [169].

1.22.1 Radioiodination using Chloramine T

Radioiodination with chloramine T (N-chloro-p-toh&e sulphonamide) is rapid and
efficient. Chloramine T oxidises iodide into iodjnghich reacts in turn with tyrosine
and histidine residues of proteirigg(ire 1.12) [170]. With chloramine T, the iodination
reaction is usually stopped by adding free tyrosane sodium metabisulfite to the
reaction mixture, which reduces the volatile iodiweiodide. The disadvantage of

chloramine T is that some proteins may be oxidisdtlis process.
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lodination is stopped by using free tyrosine or sodium
metabisulfite which reduces volatile iodine to icdide as follows:
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Figure 1.12:lodination by Chloramine T. lodide is oxidisedi¢dine (b),which reacts with tyrosyl and
histidyl side chains of proteins. Adapted from [IL70

1.22.2 lodogen

lodogen allows efficient incorporation of iodidedacan be used with a great variety of
proteins producing a stable labelling agent thataies stable for at least 3 months
[171].

In this procedure, the oxidant iodogen (1,3,4,6atetloro-3alpha,6alpha-
diphenylglucoluril) is coated into a reaction vdsgesolution containing iodide and the
target protein is then added to the vessel. Ondedtb the vessel, iodogen oxidises the
iodide in the solution to free iodine)l, which in turn reacts with tyrosine and histelin
residues on the protein in the solutiéig(re 1.13 [171].

In some sensitive proteins this oxidation can e@ee the biological activities of the
protein. However, antibodies are not generallycée by this oxidation, and therefore

this method is often useful for antibody labelling.
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Figure 1.13 lodination by lodogen. lodogen oxidises iodideéamine, which then reacts with tyrosine
and histidine residues of the protein. Adapted frfiri1].

1.22.3 Lactoperoxidase

This method, introduced by Marchalonis [172], enypltactoperoxidase in the presence
of a trace of hydrogen peroxide to oxidise radivactodide to produce the reactive
species 4 or I'. These reactive species substitute mainly intosipe residues of the
protein, although substitution into other aminodamsidues can occur under certain
conditions figure 1.14). Hydrogen peroxide can be obtained from a chensicek or
can be produced enzymatically, usually by usingage oxidase. The oxidation can be
stopped by simple dilution. This technique usualgults in less denaturation of
susceptible proteins than the chloramine T methodjever it is sometimes technically

demanding.
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Figure 1.14:lodination using Lactoperoxidase. Lactoperoxidzaalyses the oxidation of iodide to

iodine in the presence of the oxidant hydrogen xideo(H,O,). Adapted from [172].

1.23 Radiolabelling by conjugation

Metallic radioisotopes such aSin, °Y, ®’Ga do not form strong covalent bonds with
protein structures and therefore they cannot be tesdirectly label the protein.
Techniques can however be used to indirectly coxitlese radioisotopes to proteins
with the use of bifunctional agents [173]. In thésehniques, proteins are first tagged
by conjugating a suitable chelating agent to tloégan that has a high affinity for one of
the aforementioned radioisotopes.

A number of chelating agents have been developet their chelating properties
depend on the structure and lipophilicity that dielating agents take up after being
complexed to a protein. Ideally the chelator miasim stable complexes with the
radioisotope of interest, strong enough so that dbenplex does not dissociate in
biological setting in which it will be used. It ntuslso be possible to react the chelator
with the protein without adversely affecting itsetdting properties.

The first bifunctional chelating agents to be useste introduced by Sundberg and

Meares [174]. These agents are EDTA (Ethylenediatatraacetic acid) and DTPA
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(diethylene triamine pentaacetic acid). These camgdse have been used extensively
and form stable complexes with'in, ®’Ga and®Y. However, administration of some
DPTA conjugated®Y radiolabelled monoclonal antibodies to humans theen shown
to lead to hematopoietic toxicity due to detachmehf® from the antibody and
subsequent absorption of fré& into the skeleton [175]. In the late 1990s other
chelating agents became available, the macrocyahimpounds known as 1,4,7-
triazacyclononane-N,N',N"-triacetic acid (NOTA)gtraazacyclododecanetetraacetic
acid (DOTA), diethylene triamine pentaacetic aawodified DTPA) and 1,4,8,11-
tetraazacyclotetradecane (TETA) [176, 177].

DOTA is a bifunctional chelating agent that is eoanly used as to conjugate a
number of different radioisotopes to proteins indahg radioisotopes that emit photons
such as*in and®’Ga, radioisotopes emitting positrons such®&a, %Y, /C and beta
emitting *°Y. DOTA has previously successfully been used tojugate a number of
peptides [178] including octreotide (DOTA-d-Phe(})(3)-octreotide) , lanreotide
(DOTA-lanreotide), and vapreotide (DOTA- vapreojidddOTA complexes are more
thermodynamically and kinetically stable than tHEFA (diethylenetriaminepentaacetic
acid) complexes. However, DOTA has the disadvantaf requiring a degree of
heating to aid their formation, whereas the leablstDTPA complexes can be formed
at room temperature. In this project, Scn-Bz-DOTasvweonjugated to mAb9 and then

radiolabelled with*4in (figure 1.15).
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Figure 1.15: Schematic representation™*!in labelling of ScnBzDotantibody Adapted from [173].

1.24Scope of projec

Radioiodire resistant c-differentiated thyroid cancer remains difficultdagnose an
treat. Survival rates are poor due to the lackpsbke of radioactive iodine, making
impossible to stage and treat the disease withergronal radioactive iodine thera
The rationale behind this project was to producad@gopharmaceutical that would bi
specifically to the TSHR, which has been shown doye papers to still be expressel
a number of dealifferentiated thyroid cancers that have lost tihditg to take up
radioiodine into the tumour via NI

Ideally this radiolabelled compound would show rstblinding to the TSHR, botin
vivo andin vitro, and after aii.v injection, bind specifically to TSHR expressed hie
thyroid or grafted thyroid tumours, clethe circulation rapidly and allow effecti

targeting of the cancer for diagnostic and thertpguopose:
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The main aims of this project were three fold. Thist aim of the project was to
determine the level of expression of the TSHR mueber of different thyroid cancer
cell linesin vitro. The second aim was to radiolabel mAb9 monoclamiilbody and
subsequently rhTSH. The final aim of the projecsw@ determine the binding affinity
of radiolabelled mAb9 and rhTSH to TSHR expressialls initially in vitro and then to

the thyroid of mice, and to thyroid tumours graftet mice.

1.25 Hypothesis

The hypothesis behind this project is that de-téffiéiated thyroid cancer cells continue
to express TSHR, and therefore that the TSHR carudsel to target radioiodine
resistant thyroid cancer.

The hypothesis behind the mAb9 antibody chaptérasthis high affinity radiolabelled
anti-TSHR monoclonal antibody will bind to the TSHR vitro in a number of
differentiated human thyroid cancer tumours anglivo in TSHR positive xenografted
tumours and the thyroid of mice and thus can bsuitiible use for the diagnosis and
treatment of radioiodine resistant de-differentiati®yroid cancer.

The hypothesis behind the rhTSH chapter is thatwlall established peptide will bind
to TSHR both in vitro and in vivo and thus can le¢eptially used in the diagnosis and

treatment of radioiodine resistant de-differentiati®yroid cancer.
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CHAPTER 2. MATERIALS AND METHODS

2.1 MATERIALS

Reagent

0.25% (w/v) Trypsin — 0.53 mM EDTA solution

Supplier
Cambre

10x Tris/Glycine/SDS buffer electrophoresis grade National Diagnostics

2x TY media
3,3,5,5'-tetramethylbenzidine (TMB)
4C1 anti-TSHR monoclonal antibody
A

Acetone

Acetonitrile — HPLC grade

Agarose

Albumin, bovine

Ammonium persulfate

B

Beta-mercaptoethanol

Brilliant blue R staining

Bovine serum albumin (BSA)
SuperScript® llI first-strand synthesis system
C

CHO (Chinese hamster ovary cells)
F

Foetal bovine serum

First strand cDNA synthesis Kit
FTC-133 cells

G

D-(+)-Glucose (>99.5%)

Glycerol

Glycine (>99%)

Goat anti-mouse alexa488 IgG

GPlI cells

H

HEPES buffer

Hydrogen peroxide (30%)

| [125]]

ITLC-silica gel

L

Cancer Research UK
Sigma-Aldrich
Abcam, UK

VWR

Aldrich Chemicals Co.

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

VWR
Sigma-Aldrich
Sigma-Aldrich

Invitrogen

Clare Hall, Cancer Research

Invitrogen
Invitrogen

Paul Banga, King's College

Sigma-Aldrich
VWR
Sigma-Aldrich
Invitrogen

Paul Banga, King's College

Sigma-Aldrich

VWR

Perkin Elmer
Pall
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L-glutamine

M

mMAB9 anti-TSHR monoclonal antibody
Marvel milk powder

Methanol (HPLC grade >99%)

MKN45 (human gastric adenocarcinoma cells)

Sigma-Aldrich

Kindly provided by Dr. Paul Banga
Premier International Food Ltd
BDH Laboratory

Clare Hall, Cancer Research

Monoclonal anti-mouse IgG (whole molecul&igma-Aldrich

peroxidase)

Mouse monoclonal anti-human GAPDH control

Nitrocellulose membrane

P

Para-formaldehyde
Phosphate-buffered saline (PBS)
Pierce iodination tubes
Polyacrylamide

PR1A3 monoclonal antibody
Precision plus protein standard
Protease inhibitors cocktail set |
Protein assay kit

R

rhTSH

S

Slide-A-lyzer dialysis cassettes
Sodium [125]]-iodide

T

Tetramethylethylenediamine (TEMED)
TPC-1 (thyroid papillary carcinoma cells)
Tag polymerase

Triethylamine (>99.5%)
Trifluoroacetic acid (TFA) (>(99.5)
Tween 20

\%

Versene

E3MM Blot paper

Abcam, Cambridge
BDH Laboratory

Sigma-Aldrich

Cancer Research

Pierce

National Diagnostics Ltd

Nuclear medicine Barts hospital, London
BioRad

Calbiochem

BioRad

Genzyme, UK
Pierce

Perkin Elmer

GE Healthcare

Paul Banga, King's College London
Invitrogen

VWR

Thermo Scientific

Sigma-Aldrich

Cancer Research UK

Whatman International Ltd
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2.2 Methodology 1 (this methodology relates to th@Ab9 results section)

2.2.1 Size Exclusion High Performance Liquid Chromigraphy (HPLC)

to confirm the purity of mAb9 antibody

10 ul of mAb9 (1 mg/ml) (kindly provided by Dr. Paul Bga, King's College London).
was injected into an high performance liquid chrtogeaphy (HPLC) system with a
size exclusion Phenomenex BioSep-sec-s-2000 coli@g®d x 7.00 mm, 5 micron,
Phenomenex) and a Beckman 166 UV detector (Beckmai)9 was analysed in Size
exclusion HPLC (SE-HPLC) using 0.1M phosphate bufid 7.2, 10% EtOH and 100
mM EDTA (as a mobile phase for 30 minutes at a flate of 0.5 ml/min using UV
detection at 168-280 nm.

10 pl of Bio-Rad’s gel filtration standards (Biojadere also analysed in SE-HPLC
using the same settings in order to calibrate itte exclusion column and to determine
the approximate molecular weight of mAb9. Bio-Radjel filtration standard is a
lyophilised mixture of molecular weight markers garg from 1,350 to 670,000
daltons. The mixture contains thyroglobulirglobulin, ovalbumin, myoglobin, and

vitamin B12.

2.2.2 SDS-PAGE electrophoresis of unlabelled mAb9

10 pg of mAb9 was analysed by SDS-PAGE using 10%adygneous gels prepared
from acrylamide in 0.375 M Tris-HCI, pH 8.8, comtimg 0.1% (w/v) SDS, 0.1% (w/v)
ammonium persulfate and 0.1% (v/v) tetramethylethgtiamine (TEMED) for
resolving gels, and in 0.125 M Tris-HCI, pH 6.8 ntaining 0.1% (w/v) SDS, 0.1%
(w/v) ammonium persulfate and 0.1% (v/v) TEMED &iacking gels. Samples were

heated in loading buffer at 95°C for 3 min to linsa proteins, and were run
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concurrently with a protein standard in 1 x Trigagghe-SDS buffer, pH 8.3, at 150 V
and 40 mA per gel for 1.5 h. Gels were stained \Bititliant Blue R (0.5%, w/v) in
ethanol:acetic acid:water (9:2:9, by vol) for 2chvisualise bands for determination of

molecular weights.

2.2.3 Maintenance of CHO, GPI, MKN45, TPC-1, FTC-13 and FRTL5 cell lines

Cell line Description Species

CHO Chinese hamster ovary cells chinese hamster

GPI CHO cells stably transfected witlchinese hamster-transfected
TSHR

FTC-133 follicular thyroid carcinoma human

TPC-1 papillary thyroid carcinoma human

FRTL-5 fisher rat thyroid glands rat

MKN45 gastric adenocarcinoma cells human

Table 2.1: Table of cell lines grown.

A short description of all cell lines used is giventable 2.1. The human cell lines
TPC-1, FTC-133 and MKN45 were grown in Dulbecco'sdified Eagle Medium,
DMEM (Invitrogen) that contained 10% of foetal boeiserum. CHO and GPI cells
were grown in HAMS-F12 media (Invitrogen) with 1@BS. FRTL5 cells were gown
in HAMS-F12 media (Invitrogen) with L-glutamine falpmented with 10% charcoal
stripped FBS and a mixture of insulin (10 pg/mlydiocortisone (3.6 ng/ml),
transferrin (5 pg/ml), Glycyl-I-lysine acetate (1@/ml), somatostatin (0.01 pg/ml),
bovine TSH (ImU/ml), MEM non essential amino aciflsx), and penicillin-
streptomycin (100 pg/ml).

The cells were grown at 37°C in a 5% Tidcubator and were passaged when they
reached 70-80% confluency. The cells were passhgedmoving the media from the
flask and washing them with 10 ml of autoclaved ggi@te buffer saline (PBS). After
washing, 3 ml of Trypsin/EDTA solution was addedontler to detach cells from the
flask. The majority of the trypsin was quickly asped and cells were incubated in a
film of trypsin solution for 5 minutes before beidguted in a fresh aliquot of complete
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growth media. The cells were then split into neierfilidded T75 (75 cm) flasks at a 1
in 10 dilution. In the case of GPI cells, the aittiit Geneticin was added every other

passage. Geneticin antiboiotic is used for theciele of transfected mammalian cells.

2.2.4 Fluorescence activated cell sorting (FACS) alyses to determine levels of
TSHR in TPC-1, FTC-133 and GPI cells.

FACS experiments were performed using FTC-133, TPERTL-5 and GPI cells and
with 4C1 (Abcam, Cambridge, UK) and mAb9 antibodiE&ACS assays were also

performed with the following preparations:

mMAD9 incubated alone in an lodogen tube-oxidised mAb9’ in this preparation 10
g of mAb9 was added to an lodogen tube and inedtdar 10 minutes.

mAb9 co-incubated with cold iodine (potassium'f] iodide-Kl) in an lodogen
tube —‘cold labelled” mADb9:In this preparation 10 pg of mAb9 was mixed with10
g of potassium iodide (quantity calculated to dtwe mol of mAb9 antibody) and then
added to an lodogen tube and incubated for 10 msnut

mMADb9 mixed with potassium iodide (KI) —‘'mixed mAb9’ In this preparation 10 pg
of mAb9 was mixed with 0.11 pg of Potassium iodide.

Cells were grown in 2 x T75 culture flasks andhtldetached from plates using versine
when the cells reached around 80% confluency. Elie were then collected from the
flasks into culture medium and centrifuged for Jates at 1200 rpm. Next, the cells
were resuspended in 10 ml 0.1% PBS/BSA solutiore ddils were centrifuged again
and the pellet resuspended at a concentratiorxdf® cells per ml. 5Qul of cells were
added to 50 ml falcon tubes and placed on ice. €ditar, 1, 5, 10 and 20 pg/ml
concentrations of 4C1 antibody (abcam) and mAb9ewmepared in 0.1%PBS/BSA
and kept on ice. A negative control isotype antipas also made to 1, 5, 10 and 20

png/ml concentrations in 0.1%PBS/BSA. pl0of the primary antibody was added to the

test tubes and 5@ of the control isotype was added to the contibks.
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The tubes were then incubated for 45-60 minuteg@nAfter the incubation, the tubes
were washed twice with 0.1%PBS/BSA solution by agd2 ml to each tube and
centrifuging for 3 minutes at 1200 rpm. After thecend wash, the supernatant was
poured off in order to leave about 50 pl of ceb@ension in the tube. 50 ul of diluted
Goat anti-mouse Alexa Fluor 488 secondary antibaidg ug/ml was added to each
Flacon tube. The tubes were then left on ice indak for 30 minutes. Finally, the
tubes were washed twice in 0.1%PBS/BSA, and thad fiellet was resuspended in 400
ul of 0.1%PBS/BSA solution and kept on ice.

The samples were read in a flow cytometer LSR Ict@e Dickinson, New Jersey,
USA) equipped with 3 lasers: an argon ion laseittergiat light 488 nm, a HeNe laser
emitting light at 635 nm and a HeCd UV laser emgtilight at 325 nm. 5Qu of
propidium iodide (5 mg/ml) (Invitrogen, Paisley, Y& nucleic acid stainer that detects
cell death was added to the cells prior to the FAE€RIing. Both propidum iodide and
Goat anti-mouse Alexa Fluor 488 secondary antibara@yexcited by the 488 nm laser.
However, as they emit at different wavelengths, Alexa Fluor 488 was detected by
the FL1 detector and the propidium iodide was deteby the FL3 detector. A gate was
set on a 2 parameter dot plot of forward scattesuseside scatter to exclude debris and
another was set on a histogram of Pl fluorescentmnsity to include live cells (PI
negative). A third gate was created to combineeti@® gates and events falling within
this were analysed for expression of the TSHR. Daa analysed using CELLQuest

software.
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2.2.5 Immunohistochemistry of FTC-133, TPC-1, GPlad CHO cells

2.2.5.1 Coating of Glass Coverslips with Poly-D-lyse for Use in Cell Culture
Experiments

13 mm glass coverslips were coated with poly-DAgs{Sigma-adrich). Batches of
~300 coverslips were immersed and agitated in & &Manol solution for 2 h at RT to
sterilise the coverslips. The coverslips were thiesed 3 x with sterile di to remove
all traces of ethanol. Thereafter, the coversliggenrimmersed and agitated in a 0.1
mg/ml poly-D-lysine solution (made up in gbl) for 3h at RT. The coverslips were
then again washed 3 x in @B, this time to remove any unbound poly-D-lysinbeT
poly-D-lysine coated coverslips were then storedhhO in a sealed sterile container

kept in the fridge.

2.2.5.2 Visualisation of Staining using the HRP/DARBC Method

FTC-133, TPC-1, CHO and GPI cells were paraforntatde (PFA) fixed. After
growing the cells as described in section 2.3.2jimm&as removed from the cultures,
after which the cultures were washed with PBS,thed fixed by incubating the
cultures in ice cold 4% PFA (dissolved in D-PBS,7p8) for 10 minutes at RT. The
PFA-fixed cell cultures were washed with TBS (10BS stock: 12.1g Tris (base),
40.0g NaCl, water adjusted to 500 ml, pH 7.6) dedaultures then incubated for 10
minutes in a 3% hydrogen peroxide solution (dissdln HO) to inactivate any
endogenous peroxidise activity. Thereafter, cutwere washed with PBS, and
incubated for 10 minutes with blocking buffer (19%68and 10% NaAz dissolved in
0.5 M TBS, pH 7.6) to block non-specific bindingesi. To detect TSHR, cells were
then incubated with either mADb9 or 4C1 primary lantlies overnight at RT. In all
cases, cultures were then incubated with a goahantan biotinylated secondary

antibody (for 1 h at RT).
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An avidin-biotin-HRP complex was freshly preparesing a Vectorlabs ABC kit
solution (Vectorlabs). This was done by mixing/titg solution A (Avidin-OH) with
solution B (biotinylated HRP) in an appropriateéagah TBS (10 ul of solution A and B
was added to every 1 ml of 0.5 M pH 7.6 TBS sohutiSections were washed for 10
minutes in TBS to remove any excess unbound secpaadibody, and then incubated
for 1 hour in the freshly prepared avidin-biotin-ARomplex to allow the complex to
conjugate to the biotinylated secondary antibodyniobin the sections. Sections were
washed in TBS to remove any excess unbound avidimEHRP complexes. Finally,
antigen localisation was visualised by incubatinige tsections in a 0.05%
diaminobenzidine (DAB)/0.03%}D, solution dissolved in TBS (0.1 M TBS, pH 7.6)
for 10 minutes. This results in a brown colouredrstieveloping in the close vicinity of
the antibody-localised antigen, as the HRP enzymeverts DAB into a brown
coloured water insoluble precipitate in the preseot hydrogen peroxide. Following
this, sections were removed from the DAB solutiad ¢horoughly washed in @gB to
remove any remaining DAB solution from the slid&ections were subsequently
counterstained with haematoxylin to visualise ceitlei. The sections were immersed
in a Mayer's haematoxylin solution (0.1% haematoxyb% alum, 0.02% sodium
iodate, 2% acetic acid, dissolved ingH for ~ 90 seconds, and thereafter, the sections
were thoroughly washed with d8, and staining differentiated by immersing in a
differentiation solution (0.5% HCI dissolved in 70#@ustrial methylated spirits (IMS)
for ~60 sec. Thereafter, sections were firstlyydiedted by immersing them in 100%
IMS for 4x 2 minute time-periods, and then subsetlyeleared by immersing them in
100% xylene for 2 x 5 minute time-periods, with udmn changes separating each
immersion period. Glass coverslips were then finathounted on top of the
immunohistochemically stained sections using thelrdyyhobic mountant, dibutyl

phthalate in xylene (DPX). Images of the HRP/DARis¢d sections were acquired
68



using a standard Zeiss bright field microscopedittvith an Axiocam colour camera

and using Axiovision image analysis software.

2.2.6 RT-PCR

There are two types of RT-PCR; absolute quantibcaand relative quantification. In
the experiments carried out in this study, relatizgantification was used. Relative
quantification determines the change in expressfannucleic acid sequence (target) in
a test sample relative to the same sequence ititaatar sample, which was a non-
TSHR-expressing cell line, CHO. In addition an eg@lmus control housekeeping
gene, Glyceraldehyde 3-phosphate dehydroge(@8®DH), was also run in parallel.
GAPDH is expressed in all the samples at consigests and due to this its frequently
used as a reference gene in RT-PCR reactions. ARDE endogenous control is used
to normalise the quantification of the cDNA tardet differences in the amount of
cDNA added to each reaction. A two-step reactias werformed, in which total RNA

was first transcribed into cDNA, and then amplifl@dPCR.

2.1.6.1 RNA Isolation

Cells were detached from flasks using Versene adisté 0.25% (w/v) Trypsin / 0.53

mM EDTA solution, to eliminate any possibility ohd expressed receptor being
cleaved. Detached cells were washed twice in PBIStan pellet was taken forward for
RNA isolation using the RNeasy Mini Kit (Qiagen) @er manufacturer’s instructions.
A negative TSHR cell-line, CHO, served as the aantThe kit comprises a spin

column which allows up to 10Qg of total RNA of minimum length at 200 bases
(mainly mRNA) to bind to a silica-gel membrane,wtbe aid of a specialised high-salt
buffer. The addition of ethanol ensures the bindofgtotal RNA to the column

membrane, and contaminants are efficiently washeda
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The pellet, comprising approximately 5X1€ells, (counted using a haemocytometer)
was homogenised in 35@ of lysis buffer containing guanidine thiocyanased -
mercaptoethanol (10% of final volume) to inactivRidase. Thorough mixture of cells
and buffer was achieved by pipetting followed bytewing for 1 minute. To the
homogenised lysate, 350 of 70% (v/v) ethanol was added and mixed welliole
transferring all the lysate, including any preapd that formed, to an RNeasy mini-
column equipped with a 2 ml collection tube, andtikiging for 15 s at 8000 g. The
flow-through was discarded, and the column was e@dsBbNase | was applied to the
column membrane and incubated at room temperadurEsf minutes, followed by wash
buffer (350ul). The column was re-centrifuged, again discardivegflow-through, then
washed again twice with the appropriate buffer teefbeing transferred to a new
collection tube. RNase free-water (pl) was applied directly onto the membrane and
the column was centrifuged for 1 min at 8000 getcorer the eluted RNA. RNA vyield
and purity was determined spectrophotometricallggia NanoDrop spectrophotometer
(Thermo scientific) at 260 and 280 nm. Recoverdd| tBNA gave A260/A280 >1.9.

Samples were stored at -80°C until needed or umecINA synthesis.

2.2.6.2 cDNA Synthesis

cDNA synthesis was performed using a cDNA synth&gigSuperScript® Il first-
strand synthesis system, Invitrogen) as per matwrfds instructions. Defrosted RNA
samples were placed on ice with other kit compan€eFfite concentration of RNA was
measured again to ensure that the freeze-thawmgegs had not damaged it. In a 0.5
ml tube, the following componentsable 2.2 were mixed together to generate the

RNA/primer mixture:
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Components Volume (puL)
5 pg total RNA 1-7
random hexamers 1
10 mM dNTP mix 1
RNase free water To a total of 10

Table 2.2: RNA/primer mixture.

Random hexamers are a mixture of oligonucleotidpsasenting all possible sequen
for a hexamer.

After mixture, samples were incubated at 65 °CSanirutes then placed on icfor a
minimum of 1 miute A cDNA synthesis mixture was prepared, addinghe

component in the order showntable 2.3

Components Volumes (uL)
10x RT buffer 2
25 mM MgCl, 4
0.1MDTT 2
RNaseQUT™ 1
SuperScript™ Il 1

Table 2.3:cDNA synthesis mixtur

RT Buffer comprised of 200 M Tris-HCI, pH 8.4 / 500 mM KCI. RNaseOUT prote
against degradation of target RNA due to ribonwsdeeontamination and SuperSc
Il RT is used to synthesise fi-strand cDM. cDNA synthesis mixture (1@l) was
mixed gently with the RNA/primer mixture, then ifm@ied on the thern-cycler
(BioRad) & 25°C for 10 miutes, followed by 50°C for 50 mirees, and finally 85°C for
5 minutes after which samples were chilled on ice. In datah revers-transcriptase
control without RNA was also prepared. Brief centyation ensured collection of ea
sanple without any air bubbles bef( the addition of Jul of RNase H solution to ea«
tube and incubation at 37°C for 20 tes Samples were used for PCR immediatel

stored at20°C in aliquots to minimise repeat fre-thaw cycles.
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2.2.6.3 Realfime PCR - Experimental Protocol
RT-PCR was performed by setting a PCR master mix for a 20l reaction, for both

the tested gene and the endogenGAPDH) control able 2.4

Master Mix
Tested Gene | Endogenous Control
Components | (L per reaction (WL per reaction
tube) tube)
TagMan 10.0 100
TagMan Gene 1.25
GAPDH Gene - 1.25
Water 4,75 4,75

Table 2.4:PCR master m.

The PCR master mixture widistributed in 16ul aliquots into the wells of a F-PCR
plate atroom temperature. To this, 4 of cDNA template was added and mixed
pipetting. The plate was briefly centrifuged toleot the contents at the bottoms of
wells, then stored on icentil used.

The plate was placed in the -PCR instrumen{7900HT Fast re-time PCR system,

Applied Biosystemsand incubated, using the following settintab(e 2.5.

RT-PCR Settings
Repetitions | Temperature (°C) | Time
Reve_rse. 1 50 2 min
Transcription
E
nzyme 1 95 10 min
Activation
PCR Cycle 40 95 15s
(melt)
PCR Cycle
(anneal & 40 60 1 min
Extend)

Table 2.5:RT-PCR Instrument Settin

An amplification plot for each sample wobtained and further analysis was prmed

on the threshold cycle () values acquired.
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The Ct values obtained were quantified and compargdthose derived from a
calibrator, here the non-TSHR expressing cell RHO. Results were expressed in
terms of the ratio of the level of expression & Hase sequence in a given cell line to
that found in the calibrator.

The comparative Ct method is also known as theAZ+ method, where:

AAC: = AG sample ~ ACt reference

ACtsample is the Ct value for the tested cell linemalised to the endogenous
housekeeping gene andt, reference is the Ct value for the calibratgpalormalised
to the endogenous housekeeping gene.

For theAACt calculation to be valid, the amplification eféncies of the target and the
endogenous reference must be approximately eghel was established by observing

how ACt varied with template dilution

2.2.7 Western blot analysis with FTC-133, TPC-1 an®PI cells

FTC-133, TPC-1, CHO and GPI cells grown in T75K&awere lysed with 0.5 ml ice-
cold NP40 lysis buffer containing 10% protease taiCknhibitor (Sigma aldrich).
Lysed FTC-133, TPC-1, CHO and GPI cells proteincemtrations were determined by
the Bradford assay (Biorad). p@ of Protein lysates containing ¥4 volume of 5 XSSD
loading buffer (20 ml: 7.5 ml water, 2.5 ml 1 M 3HCI. pH 6.8, 6 ml glycerol, 0.04 g
0.5% (w/v) Bromephenol blue, 4 ml SDS (10% w/v))l aainbow molecular weight
markers (GE Healthcare) were then run on a demgt@DS-PAGE gel (10%
polyacrilamide) at 150 V for approximately one anldalf hour. The gel, together with
two fibre pads and two pieces of Whatman 3MM payes then blotted onto a PVDF
membrane (Millipore, Watford, United Kingdom) fohbur at 190 mA. This blotting

was assembled in 1 X WB transfer buffer (100 mltraatl, 400 ml 1 x TRIS-glycine,
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SDS buffer). Once blotted, the membrane was bloek#dd5% non fat milk in TBST
(100 ml 10 X TBS stock, 900 ml water, 1 ml Tween-&0 2 hours and rinsed with
TBST 4 times for 5 minutes. The membrane was theunbated at 4°C overnight with
either 4C1 primary antibody (1:2000 dilution) or iiAantibody (1:2000 dilution)
together with mouse monoclonal anti human GAPDHrob@antibody (1:10,000
dilution). After the overnight incubation, the merabe was rinsed with TBST and
washed 4 times for 5 minutes. Thereafter, Goatrantise secondary antibody
conjugated to HRP (1:2000 dilution) was added &orttembrane and left to incubate
for 30 minutes. The membrane was then rinsed w8 T and washed 4 times for 5
minutes. Proteins were visualised by ECL™ Westdattiag Detection Reagent (GE

healthcare) as per manufacturer’s instructions.

2.2.8 Radioiodination of mAB9 antibody with Sodiun{**2]-lodide using lodogen

All radiolabelling procedures were performed acowgdto good radiation safety
practice. Radioiodinations were performed in a welitilated fume hood and all
containers were shielded by keeping them in sreatl ppots. lodine-125%) is used to
radiolabel antibody fragments, reacting with tynesiand some histidine residues in
proteins or peptides by electrophilic substitutid1]. Na *?® was purchased from
IMS30 Amersham at a concentration of 3.7 GBg/mlisTprocedure is adapted from

Fraker PJ and Speck JC Jr. [179].

2.2.8.1 Radiolabelling of mAb9 forin vitro experiments

For efficient labelling of mAb9 antibody, iodinati® were conducted in glass tubes (12
X 75 mm) coated at the bottom with the oxidant fpeto (1,3,4,6-tetrachloroe3 6a-
diphenylglycoluril) (Perbio, UK. Part of Thermo Rer Scientific) for the activation of

129, 5 ng, 10pg or 100ug of mAb9 antibody were added to the lodogen talgether
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with 4 MBq of Na*??. This was then mixed gently and incubated forfiflutes. Next,
PBS was added to make up the volume to 1l08nd the sample was transferred to a

clean 1.5 ml eppendorf tube and kept at 4°C ustldu

2.2.8.2 Radioiodination of mAB9 for imaging experirent

To radiolabelling of mAb9 for imaging experimentgetsame method was used as for
the in vitro experiments (2.2.8.1). However, instead of 4 MBg“d, 40 MBq was
used. Also, an additional purification step wasfgrened by running the samples
through a Nap5 column (GE healthcare). This aduftiopurification step was
performed to ensure that radioiodinated mAb9 igeédnto mice was of a maximum
purity. Thereafter 5 ml tubes were labelled 1 toabd the radiolabelled antibody was
inserted into the Nap5 column, 5R00f 0.1% PBS/BSA was added to the column and
the solution allowed to elute into tube 1. Fracsiaof 250 pl 0.1% PBS/BSA were
eluted into tubes 2-6 and fractions of 1 ml 0.1%SHESA were eluted into tubes 7,8,9
and 10. The radioactivity in tubes 1 to 10 was thmerasured. The radiolabelled samples
in the tube with the greatest activity were theadus imaging experiments.
Confirmation of successful labelling was achieveg Instant Thin Layer

Chromatography (ITLC) and radio-HPLC of the sampéssexplained in 2.2.9.

2.2.9 Determination of purity and labelling efficiency of mAb9

2.2.9.1 Instant thin layer chromatography (ITLC)

Samples on ITLC-Silica Gel (ITLC-SG) strips (1 >xc®) were developed in duplicate,
in 85% methanol. A 1l fraction of labelled mAb9 was spotted onto striphich were
developed to within 1 cm of the top. Strips wemnoged from the solvent tank, dried,

and the labelled antibody fragments were visualis#dg a phosphor imager.
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2.2.9.2 Radio-High Performance Liquid Chromatograply (radio-HPLC)

A Beckman System Gold running 24 Karat proprietsoftware was used for radio
HPLC analysis with a size exclusion Phenomenex &weSec-s-2000 column, 300 x
7.00mm 5 micron (Phenomenex), and a Beckman 166detéctor in series with a
GABI sodium iodide radioactivity monitor (RaytestHPLC was run using 0.1M
phosphate pH 7.2, 10% EtOH 100 mM EDTA as a mqgtilase for 30 minutes at a

flow rate of 0.5 ml/min and UV detection at 168-2810

2.2.9.3 SDS-PAGE gel electrophoresis and phosphaonaging system to determine
molecular weight and purity of **1-mAb9

Electrophoresis of*1-mAb9 was performed on a PHAST system® (GE healtic
Bucks, United Kingdom) using 15% gradient SDS-PAGHe PHAST system®
automatically separates and stains proteins undetratled energy and temperature
conditions. The PHAST system® assures reprodutyibiiith quality-tested precast
gels, buffer strips, and staining kits. A 7.5% SBRast gel (GE healthcare, Bucks,
United Kingdom) was used. The Phast gel was ingent® the gel bed in the machine
and next the transfer buffer strips (GE healthclidied Kingdom) were inserted into
the Phastgel. 10 pl of Tris buffer was added to'tienAb9 sample. Molecular weight
standards (supplied by GE healthcare, Bucks, UrKiaddom) already contained Tris
buffer. The samples were then heated to 95°C fd@ Brinutes. 6 pl of samples were
then aligned in a piece of parafilm and then theas were aspirated with a plastic
capillary applicator and then inserted into the FHAsystem machine. The machine
was set on a programme appropriate to the 7.5% Bbahs

When the run was finished, the gel was placed gomtainer filled with fixing and
staining solution and left to incubate overnighteThext day the gel was destained with

destaining solution and allowed to dry overnighteTgel was then analysed by digital
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autoradiography using a Packard Cyclone phosphaging system using OptiQuant

version 3.00 (Perkin-Elmer, Ohio, USA).

2.2.10 TSHR Binding assays

2.2.10.1 Coated tube assay for the measurement dBHIR binding to mAb9

This assay was obtained from B-R-A-H-M-S Aktiendisshaft (Hennigsdorf,
Germany).

200l of buffer B (supplied with the kit) was addedth® coated tubes. Next, 1Q0of
unlabelled mAb9 radiolabelled with a lower (10 péWw8 with 5 MBg*) and higher
(5 pg mAb9 with 10 MBg*??) specific activity, and PR1A3 (murine monoclonal
antibody against the carcinoembryonic antigen, darciMedicine Barts Hospital,
London, UK) were added at 5 different concentratio8000 ng/ml, 1000 ng/ml, 300
ng/ml, 100 ng/ml, 30 ng/ml. Thereafter the tubeseniacubated for 2 hours at room
temperature while shaking at 300 rpm. The coatbddwere washed twice with 2 ml
of washing solution (provided by the kit) and tlelowed to dry in a blotting paper for
10 minutes. Next, either 20d ** radiolabelled TSH (supplied by the kit) or 20D
129-mAb9 (50 ng/ml) was pipetted into the tubes. Thlees were then incubated for 1
hour at room temperature while shaking (300 rpnojlowing the 1 hour incubation
time, the coated tubes were washed twice with dfmtashing solution and dried on a
blotting paper for 30 minutes before being read gamma counter.

The oxidation and labelling effect of iodine wasaatested in the coated tube assay in
which ‘oxidised mAb9’ ‘cold labelled” mAb9 (prepateas in section 2.2.4) were used

in the coated tubes as explained above.
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2.2.11 Cell binding assays

2.2.11.1 Effect of temperature and time on TSHR buting

20 nM of**3-mAb9 was added to FTC-133, TPC-1 and GPI cekwipusly plated in 6
well plates and incubated for 2 hours at 4°C, réemperature and 37°C. The medium
was then aspirated carefully to avoid disrupting dklls, which were washed twice with
PBS. The cells were then lysed with NaOH for a querof 10 minutes and the
radioactivity read in the gamma counter. The bopgitentage was calculated.

A TCA precipitation assay was performed over a @rhperiod to find out if the
antibody remained bound t6 and did not dissociate. The supernatants weleatet
and 20% trichloroacetic acid (TCA) was added tchesaemple fraction to form a final
solution of 10% TCA as to precipitate the protamnspolution. After centrifuging the
protein into a pellet, the supernatant was remaoaed both fractions were counted

using the gamma counter. Both the supernatanthengdllet were analysed

2.2.11.2 Effect of media in binding assay:

129-mAb9 was made up in different buffers -DMEM, HBSSebs and PBS/0.1BSA
(all with 10% FBS and 0.04% sodium azide and pHThey were added to GPI cells
plated in 6 well plates and incubated for 2 hodrR®& The cells were then lysed with
1M NaOH and read in the gamma counter and the &ntbody bound to the cells

calculated.

2.2.11.3 Assessment of the binding df3-mAb9 to TSHR in cells using the
immunoreactive fraction assay.

The immunoreactive fraction assay has been addpbed a method published by
Lindmo [180]. 15 x 10FTC-133 cells, TPC-1 cells and GPI cells were &sied. Cells

were detached from the tissue culture flasks usmegsine/EDTA and the cell
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concentrations counted using a haemocytometer filakeconcentration was diluted to
4x1@ cells/ml in cold 0.1% BSA/PBS. 0.5 ml of cell sesgion was pipetted into two
eppendorf tubes and a series of 5 one in two ditstiwere made. Next, 200y of
unlabelled antibody was added to two additionaletulzontaining 0.5 ml of cell
suspension. 50 to 100 ng Hf-mAb9 was then added to all the tubes including th
empty tubes. Thereafter the tubes were incubated foours at room temperature in a
mechanical shaker. The tubes were left in ice for mMinutes to cool and then
centrifuged at high speed (>1000rpm) for 2 minufEse supernatant was carefully
removed and discarded and another 0.5 ml of cdl#bBSA/PBS was added. The tubes
were again centrifuged, their supernatant discaedtat which they were ready to be
read in the gamma counter. The data obtained frengamma counter was analysed by
dividing the counts in the tubes containing cetisl ¥71-mAb9 (bound counts) by an
average of the counts in tubes containing Jt%MAb9 (total counts). This allowed for

the fraction of counts bound to the cells to bewaled for each cell concentration.

2.2.11.4 Saturation binding assays

Saturation binding assays were carried out usingy 6PC-133, TPC-1 and FRTL5
cells. Forty-eight hours prior to the experimentherent cells (1xX0per well), in 2 ml
of cell growth medium (HAMSF12 or DMEM 10% FBS) peell, were seeded in a 6-
well plate. One plate was prepared for each of fillowing concentrations of
radioligand: 25, 10, 7.5, 5, 2.5, 1 and 0.1 nM.

Prior to experimentation, cells in the plates wehecked to ensure they had fully
adhered to the wells and were not over-confluehe medium was aspirated carefully
to avoid disturbing the cells, which were washeatéwn PBS to remove any that were

not adhering. Fresh medium (1.2 ml/well) containik¥ (w/v) FBS and 0.1% (w/v)
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sodium azide was added and plates were returndidetincubator until needed. The
remaining medium was kept at 4°C.

mAb9 and 4C1 were radiolabelled to produt@-mAb9 and '*1-4C1 and the
radiochemical purity determined (section 2.2.8 arit19). The radiolabelled antibodies
were prepared at 10 x the concentration ultimatetyuired. Assays were performed in
triplicate, and for each concentration of radiollue peptide, a duplicate well
containing unlabelled competitor was set up. Cortgetvells received, in 1% PBS-
BSA, 150 ul of unlabelled mAb9 and 4C1 at a final concentratof 1 mM. The
corresponding non-competitor wells received 150% PBS-BSA to bring the protein
concentration and volume to the same values. Alllsweeceived 150ul of the
appropriate concentration of labelled mAb9 and 44titled dropwise to the contents of
each well, avoiding contact with the walls to pretveon-specific binding to the plastic.
Plates were gently swirled to ensure even dispersidhe radioligand, then incubated
at 37°C under 5% (v/v) Cfair for 90 minutes.

After incubation, the medium was aspirated andctils washed twice in 1% FBS, then
in medium containing 0.1% (w/v) sodium azide, amnalfy in ice cold PBS, taking care
not to disturb the cells. To each well, 1 ml of INAOH was added to lyse the cells and
left until lysis became apparent (10 min). Themafthree Sul aliquots per well were
transferred to a 96-well plate for determinationpobtein concentration. Protein was
assayed using the Bio-Rad Protein Assay Kit (BioBRaas per manufacturer’s
instructions, and the plate was measured in thie peder at 595 nm. The remaining
supernatant samples were transferred into scimitidgubes, together with the washings
from two 1 ml fractions of PBS for each well, am tubes were then counted on the

gamma counter. This experiment was performed theparate times for each cell line.
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2.2.12 Assessing the vivo binding of **I radiolabelled mAb9 to TSHRs in the
mouse thyroid using SPECT/CT imaging and biodistrilution

All animal procedures were undertaken in accordante the UK Animals (Scientific
Procedures) Act 1986.

Four groups of C57 mice (n=2) (Charles River Rede@mnimal Diagnostic Services,
London) were used in imaging experiments. Bectlsis also taken up by the thyroid
gland, all mice were given potassium iodide foraysiprior to imaging. The 4 groups

received the following treatments

Group A (mouse 1 and 2§*7 radiolabelled mAb9 (2 MBgv)

Group B (mouse 3 and 4): Sodium perchlorate (5imyfollowed 30 minutes later by
129 radiolabelled mAb9i(v).

Group C (mouse 5 and 6}*1-iodide (2 MBgj.v)

Group D (mouse 7 and 8): Sodium perchlorate (5impfollowed 30 minutes later by
123 jodide (.v).

A SPECT/CT scanner (Bioscan, UK) was used to inthgearea around the neck (CT
was used to focus the scan) at time points of 4shand 24 hours post injection of
12 jodide (*1) and **31-mAb9. The injections were staggered by 30 minsiese the
total imaging (SPECT scan = 20 minutes, CT= 3 na@gutand set up times were
approximately 30 minutes. Approximately 2 MBq'61-mAb9 and*? were injected
into each mouse. A 4-head small animal NanoSPETTRIoscan Inc., Washington
DC) imaging camera with 1.4mm pinhole apertures ugesl to image the thyroid of the
mice. The mice were anaesthetised using isoflu(ardction — 4% Isoflurane, 0.5-
1L/min O2; Maintenance — 2% Isoflurane, 0.5-1L/n®2) and placed on a heated

animal bed. A topogram was acquired to focus tae e the neck area.
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A CT scan was acquired with the following parametes:
No of projections = 180 projections

Frame resolution = Standard

Exposure time = 1000ms

Tube Voltage = 45kVp

Duration = 3 minutes.

Scan range = approx 20mm.

SPECT scans were acquired with following parameters
No of projections = 16 projections

Time per projection = ranged from 300-400ms
Duration of 20mins/scan (4hours) and 26mins/scdhdars)

Scan range = same as CT.

Images were reconstructed in a 256 x 256 matrirgusliSPECT (Scivis GmbH), a
reconstruction software package, and images wesedfwsing Bioscan InVivoScope
(IVS) software.

For biodistribution studies, the mice used for imggwere removed from the
SPECT/CT camera after the 24 hour time point scehveere immediately culled by
CO, anaesthesia and the thyroids were dissected amiecb

Empty scintillation tubes were weighed with thausl prior to the experiment, and
reweighed after filling to obtain the weights oétaxcised thyroid tissue. The thyroid,
(within the scintillation tubes) was then countadhe gamma counteAs a control to
standardise the experiment, a 100dose (assuming an injected dose of that volunmas w
dispensed into a polypropylene 15-mL falcon tubata@iming 9.9 mL of 1% PBS-BSA
Three 1-mL fractions from the 10-mL control sampleat and after dilution (1:10 and
1:100) were also read in the gamma counter. Thatsoobtained from the counted
tissues were compared with counts obtained fromctirol standards which were
corrected for dilution to obtain CPM per mL and thercentage of injected dose per
gram of tissue was calculated.
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2.2.13 Radiolabelling of mAb9 with **in
n does not form strong interactions directly wihtibodies but can form highly
stable complexes with a number of bifunctional atie agents which have a

chemically active group that can bind covalentlytte antibody.

2.2.13.1 Conjugation of mAb9 with Bz-Scn-DOTA

Conjugation was achieved by using mini dialysissetes (Slide-A-lyzer mini dialysis
cassettes, Pierce). mAb9 antibody was added tadiddgsis cassette and placed in
Hepes buffer pH 8 overnight at 4°C. The antibody Weaen removed from the dialysis
cassette and its concentration was calculated @gunmg the absorbance of the sample
at 280 nm in a UV spectrophotometer (protein cotraéion = absorbance/1.4=mg/ml).
8 times molar excess of ScnBzDOTA was calculatetlaatued to mAb9. ScnBzDOTA
MAB9 was then placed in the cassette and in HepisripH 6 for two days. After two
days, the final concentration of ScnBzDOTA-mADb9 veadculated as well as the pH
checked. After conjugation it was necessary tohgough a purification step to remove
the free chelate before the radioisotope is addeok the purification step,
ScnBzDOTA-mADb9 was added to a new dialysis casséttea syringe and placed in a
metal free plastic container with 1 litre of newthyade 0.1M ammonium acetate pH
5.5-6.0 in metal free water. The 0.1M ammonium aeetpH 5.5-6.0 buffer was
exchanged for 6 x 3 hour periods and for a 1 x di Iperiod. Thereafter, the contents
of the dialysis cassette were transferred to a lafreta plastic test tube with a syringe.

The final protein concentration was measured i'Vaspectrophotometer at 280nm.
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2.2.13.2 Assessing the purity and integrity of ScrHEBOTA-mAB9 complex with
SE-HPLC.

SE-HPLC was used to assess the purity of the Sc@BAMNMABY. 10 pg of
ScnBzDOTAMAB9 was injected into a SE-HPLC columimgghe same methodology

and equipment as explained in detail in sectioril2.2

2.2.13.3 FACS analysis to assess the binding of S&NDota-mADb9 to the TSHR in
cells
1 and 10 pg of SCNBzDota-mAb9 were used in GPIsciel the FACS experiment

using the same methodology, equipement and maesadletailed in section 2.2.4.

2.2.13.4 Coated tube assay to assess the binding@NBzDota-mADb9 to the TSHR

in cells

A TSHR coated tube assay was carried out with asingg concentrations of cold
SCNBzDota-mAb9 and®-TSH supplied by the kit using the same methodplog

detailed in section 2.2.10.1.

2.2.14™Yn binding to BzSchnDOTA mAb9

For the labeling reaction, 5 MBq f'in (Covidien-Petten, Netherlands) was added to
50 ng SCNBzDOTA-mAb9. 1 M ammonium acetate bufbét,6, was also added to the
reaction to maintain the pH in this range (pH @)eTeaction was then incubated for 1 h
at 37 °C and thereafter quenched by 10% (vol/vd)M ammonium acetate buffer, pH
6, containing 50 mM EDTA. Thereatfter the reactiosswnixed well and left for 5 min

at room temperature.
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2.2.14.1 Assessing labelling efficiency bfin-mAb9
ScnBzDOTA-mAb8™in  (**in-mAb9) labelling efficacy was confirmed by Size
exclusion HPLC (SE-HPLC) and ITLC using the samdhom@ology as explained in

section 2.2.1

2.2.14.1.1 TSHR Pre-coated tube assay within-mAb9
n-mAb9 was used with increasing concentrationsaddi mAb9 in the TSHR coated

tube assay and the assay was performed as prevarssiribed in section 2.2.10.1.

2.2.14.1.2""in-mAb9 saturation cell binding assays
This saturation assay was carried out exactly asrited in section 2.2.11.4 but instead

using*in-mAb9 with GPI, FRTL5, TPC-1 and FTC-133 cells.

2.2.14.2 SPECTI/CT imaging ot*in mAb9 in mice

Thus, this experiment was performed in order tessshe binding df-in-mAb9 to the
TSHR expressed in the normal thyroid of mice. Bseatiwas set up as a preliminary
experiment, only two mice were used initially.

Two C57 (Charles River Research Animal Diagnosiecvises, London) mice were
injectedi.v. with 200 pl (5.5 MBq) of the radiolabelled antilyoend imaged in the
NanoSPECT at 4 hours, 24 hours and 48 hours tine po that the levels of thyroid
uptake could be determined. In one mouse the whotly was imaged while in the
other mouse the neck region was imaged. The twogimga mice were also
biodistributed at 48 hours. Imaging uptake was tjfied using In-vivoscope software.
A SPECT/CT scanner (Bioscan, UK) was used to inthgearea around the neck of one
mouse (CT was used to focus the scan) and the vidoolg of another mouse at 4 houir,

24 hour and 48 hour time points past injection of **in-mAb9. The injections were
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staggered by 30 minutes since the total imaging=(SPscan = 20 minutes, CT= 3
minutes) and set up times were approximately 3Qutas1 Approximately 2 MBq were
injected into each mouse. A 4-head small animahd$®#ECT/CT (Bioscan Inc.,
Washington DC) imaging camera with 1.4mm pinholerapes was used to image the
thyroid and other organs of the mice. The mice waraesthetised using isoflurane
(Induction — 4% Isoflurane, 0.5-1L/min O2; Maintera — 2% Isoflurane, 0.5-1L/min
02) and placed on a heated animal bed.

After 48 hours, mice used for imaging were remofredh the SPECT/CT camera and
culled with CQ anaesthesia.

For biodistribution studies, thgancreas intestine, spleen, stomach, kidney, |heayt,
lungs, blood, muscle, tail and the thyroid wereised from the mice and processed and

counted as previously described in section 2.2.12.

A CT scan was acquired with the following parametes:
No of projections = 180 projections

Frame resolution = Standard

Exposure time = 1000ms

Tube Voltage = 45kVp

Duration = 3 minutes.

Scan range = approx 20mm.

SPECT scans were acquired with following parameters
No of projections = 16 projections

Time per projection = ranged from 300-400ms

Duration of thyroid 20mins/scan (4hours), 26minafs{24hours) and 23 mins/scan (48
hour)
Scan range = same as CT.

Images were reconstructed in a 256 x 256 matrirqusliSPECT (Scivis GmbH), a
reconstruction software package, and images wesedfwsing proprietary Bioscan

InVivoScope (IVS) software.
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2.2.14.2.1 Blood/Plasma stability study dfin-mAb9

Three mice were injectédr. with 5 MBg**in-mAb9. One mouse was used &xvivo
blood studies and two mice were usedifiovivo blood studies.

In theex vivostudy, the mouse was terminally anaesthesiseih&nadardially bledn

situ 6 hours post-injection dfin-mAb9. Around 700 pl of blood was collected and
200 pl of*™in-mAb9 (5MBq) was added to the blood sample aedsémple was
incubated for 6 hours at 37°C.

In thein vivo study, 5 mice were culled 6 hours pt3in-mAB9 i.v injection and the
blood was collected using the same method as alsweaned.

1 pl of blood from then vivo andex vivostudies were then analysed by PHAST page
SDS-PAGE electrophoresis together with a contrdin-mAb9 sample that was
incubated for 6 hours at 37°C in PBS. See secti@B.3 for a description of the

methodology for phast page gel electrophoresis.

2.3 Methodology 2 (this methodology relates to theesults section in chapter 4)

2.3.1 Radioiodination of rhTSH using enzymatic suligution

The lactoperoxidase enzymatic substitutiuon labgllimethod was adapted from
Corsettiet al. [181]. The reaction was carried out at both pH &l pH 7 and the

following concentrations and reagents were ussul€ 2.6).

Reagent Quantity

rhTSH 1ug

0.5 M sodium phosphate pH 5.4 or pH 7 2.5 pl

glucose oxidase 0.5 pl (0.01 mg/ml)
lactoperoxidase 0.5 pl (Img/ml)
D-glucose 1 pl (10mg/ml)

12 3.7 MBq

Table 2. 6 concentrations used for the lactoperoxidase radiioation method.
The reaction was scaled down or up depending omtlaatity of'*1-rhTSH needed.

The reaction was stopped using sodium metabisulfate

87



2.3.1.2 ITLC and SDS-PAGE to check purity of radichbelled rh TSH
ITLC and SDS-PAGE electrophoresis were carried toutonfirm the purity of?
radiolabelled rhTSH. The procedures were carriddhsuetailed in sections 2.2.9.1 and

2.2.9.3, respectively.

2.3.2 Effect of glucose oxidase and lactoperoxidasen **3-rhTSH labeling
efficiency.

0.5, 0.05, 0.005 and 0.0005 ug of lactoperoxidase @005, 0.0005, 0.00005 and
0.000005 pg of glucose oxidase were added to aarestaounts of the other labeling
components separately as in table 2.5 (e¥@)t An ITLC was then carried out as

detailed in section 2.2.9.1 to calculate the laigeéfficiency.

2.3.3 SE-HPLC with rhTSH and**I-rhTSH

10 pg of rhTSH and?3-rhTSH were run on a size exclusion HPLC with 0/
phosphate buffer pH 7.0 with 20 mM EDTA used asabile phase. A YMC Pack™
Pro™column was used (Waters) 10 ul of a full legtsep molecular weight standard
was also analysed in SE-HPLC in order to estinfaenolecular weight of rhTSH.

10 pl of 1 mg/ml Carbonic anhydrase and 10 pl of/tnh lysosyme were analysed in
SE-HPLC using the same methodology as above. Carbogdrase and lysosyme have
known molecular weights of approximately 29 kDa abd.7 kDa respectively.
Carbonic anydrase molecular weight correspondidcapproximate molecular weight
of intact rhTSH (29-30 kDa) and lysosyme correspotadthe approximate molecular

weight of TSHa subunit (14 kDa).
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2.3.4 Reverse phasse HPLC

rhTSH was analysed in RP-HPLC usingg@DS reverse phase column, and a gradient
of aqueous 0.1% (v/v) trifluoroacetic acid (TFApolvent A) and acetonitrile
(ACN)/TFA (pH 2.5). UV detection was performed &01280 nm and radioactivity
was detected using an in-line gamma-detector. Tdve fate was 1 mL/min. Solvent A
was passed through the column for ten minutes twajections to allow re-
equilibration. The radiolabelled peptide was ditlfiel in PBS before injecting 20 - 30
ul samples. The initial gradient system used folymmwas as follows: 5% A : 50% B
for 35 minutes, then B was increased linearly t6%®ver the next 10 minutes to elute
lipophilic impurities, and reduced to 5% (i.e. A svancreased to 100%) linearly
thereafter over 5 minutes. rhTSH afd-rhTSH were then analysed with the following
gradient: 5% A : 20% B for 30 minutes, then B wagéased from 20% to 35% over 30
minutes followed by a linear increase of B from 3&%4.00% over the next 10 minutes
to elute lipophilic impurities, and reduced to 52.(A was increased to 100%) linearly

thereafter over 5 minutes.

2.3.4.1 SDS-PAGE electrophoresis witf?J-rhTSH treated with either pH 2.5 or
pH 7

rhTSH was treated with both pH 7 and pH 2.5 by lbrating in 0.1M TEAA (pH 7) and
0.1%TFA/water (pH 2.5) for a period of an hour after analysed in a phast-page

SDS-PAGE gel as described in section 2.2.9.3

2.3.5 lon pairing RP-HPLC
rhTSH and*?3-rhTSH were analysed in RP-HPLC using a@DS reverse phase
column, using a gradient of aqueous 0.01 M Trietimyhonium acetate (TEAA) pH 5.5

and 0.1M TEAA pH7 (Solvent A) and acetonitrile(ACNM}s a mobile phase. UV
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detection was performed at -280 nm and radioactivity was detected using i-line

gamma-dedctor. The flow rai was 1 mimin. Solvent A was passed through the colt
for ten minutes between injections to allov-equilibration. The radiolabelled pepti

was diluted 1:1 ilPBS before injecting 2- 30 ul samples and analysed with O.:
TEAA pH7 (Solvent A) and acetitrile(ACN)

The initial gradient system used for analysis wadadlows: 25% A : 60% B for 2

minutes then B was increased linearly to 100% over thet i® mirutes to elute
lipophilic impurities, and reduced to 25% (i.e. Aasvincreased to 100%) liney

thereafter over 5 mirtes

2.3.5.1lon pairing HPLC with o xidised TSH and cold labelled TSFat pH7
Glucose oxidase and lactoperoxidasee added to rhTSHexidised- to stimulate an
oxidation step. Acold labelle’ rhTSH was created by addjrNal tc rhTSH table
2.6). Both ‘oxidised’ and ‘cold labelled’ rhTSH werenaysed in R-HPLC on a
reversephase column, ;sODS (Phenomenex)using a gradient of aqueous O..
TEAA pH7 (Solvent A) and acetonitrile(ACN). Radidady was detected using an-
line gammadetector. The flow rate was 1 /min. The gradient used was the sam

the previously used with rhTSH a'?3-rhTSH in section 2.3.3.

‘oxidised rhTSH' reaction mixture ‘cold labelled rhTSH’ reaction mixture
Reagent Quantity Reagent Quantity

rhTSH 10ug rhTSH 10ug
0.5 M sodium phosphate buffer pH 5.4 | 25ul 0.5M sodium phosphate buffer pH 5.4 | 25ul
Glucose oxidase Sul (0.01 mg/ml) Glucose oxidase 5ul (0.01 mg/ml)
Lactoperoxidase Sul (Img/ml) Lactoperoxidase Sul (Img/ml)
D-glucose 10ul (10 mg/ml) D-glucose 10ul (10 mg/ml)

Sodium iodide (Nal) 20ul (6 ug/ml)

Table 2.7: Preparation of ‘oxidised rhTSH’ and ‘cold labellddl SH’ reaction mixture
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2.3.6'1-rhTSH binding assays

Constant amounts df3-rhTSH made up in different binding buffers — HAMR?2,
HBSS, Krebs and PBS/0.1BSA (all with 10% FBS ari4% sodium azide and pH
7),were added to GPI cells plated in 6 well plaed incubated for 2 hours at room
temperature. Thereafter, the cells were lysed With NaOH and the radioactive signal

read in the gamma counter.

2.3.6.1 Coated tube assay withff1-rhTSH cold rhTSH
In this assay a constant amount@FrhTSH was added to increasing concentrations of

cold rhTSH. This assay was performed as describadqusly in section 2.2.10.1.

2.3.6.2 Saturation assay 0f-rhTSH in GPI cells
Saturation binding assays were performed WithrhTSH in GPI, TPC-1 and FTC-133

cells as previously described in section 2.2.11.4.

2.3.6.3 Competition assay with?3-rhTSH and cold rhTSH in GPI cells.

GPI cells were seeded at a density of £xddlls per well in six-well plates and grown
at 37°C for 48 hours. Dilutions of unlabelled rhT&émpetitor) corresponding to 0.01,
0.1, 0.3, 1, 3, 10, 100, 1000, 10000 nM in finabfdl) plate volume were made up in
1% PBS/BSA. After 48 hours incubation time, théscerere washed by adding 1 ml
1% FCS Media to each well and then 1.2 ml of HAM3iedia with 1% FBS was
added to each well. 150 ul of each concentratiortarhpetitor was then added in
triplicate to the cells'®3-rhTSH diluted in 0.1% PBS/BSA was then addedhi ¢ells.
The plates were then mixed gently and incubated2fdrours at room temperature.
Thereatfter, the media was removed and the plates washed 2 x with 1 ml PBS per

well. 1 ml of 1M NaOH was then added to each welbider to lyse the cells during 15
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minutes. The radioactivity was then counted in mma counter and results plotted on

graphPrism software and J@values calculated.

2.3.7"*-rhTSH internalisation and externalisation assays

2.3.7.1 Internalisation assays

For internalisation experiments, GPI cells weredséeat a density of 1xi@ells per
well in six-well plates (Corning,USA) and grown 2t°C for 48 hours. On the day of
the experiment, cells were washed twice with icel asternalisation medium (HAMS-
F12 supplemented with 1 % (v/v) FBS), followed hgubation for 2 hours at 37°C in
fresh medium (1.2 ml per well). Approximately 3 pgnaf **3-rhTSH in 150 pl
PBS/1%BSA was added to each well, along with eith8® pl PBS/1%BSA (for
determining total binding) or 1.5 nmol unlabellddr8H in 150 pul PBS/1%BSA (for
determining non-specific binding). The cells weneubated at 37°C for 10, 30, 60, 90
and 120 minutes. At each time point the medium keasoved and the internalisation
halted by rinsing the cells twice with ice coldamalisation medium. Thereafter, the
cells were washed twice for 5 min in ice cold 50 nglcine, pH 2.8, 0.1 MNaCl
(glycine/NaCl), followed by a rapid rinse in thensa buffer. The two resulting acid
wash supernatants in each case were pooled andegktas the surface-associated
fraction. The cells were lysed with 1 M NaOH andlexded as the internalised
radioligand fraction. Each fraction was preparedtriplicate and all fractions were
counted in a gamma-counter (LKB-1282 Compugammatesys The protein
concentrations in the lysates were determined ub@dC protein assay (BioRad). The
internalised radioligand fraction was expressetheeitas a percentage of the total
activity added per mg cell protein, or as a pe@gatof the total cell associated activity

(i.e.surface associated plus internalised activity)
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2.3.7.2 Externalisation assay

GPI cells were seeded at a density of £x¥ls per well in six-well plates 48h prior to
the experiment. Cells were incubated at 37°C fdd & nutes with approximately 3
pmol **1-rhTSH in a total volume of 1.5 ml, in the presenor absence of excess
competitor (1.5 nmol cold peptide). Incubation wesninated by washing each well
with 2 x 1 ml ice cold PBS/1%BSA. Membrane boundafid was removed by
incubating the cells twice for 5 minutes in 1 nd old glycine buffer (pH2.8) per well
at room temperature, followed by a rapid rinseh@ $ame buffer. The supernatant was
discarded, and 1.5 ml assay medium (HAMS-F12 184BRSpre- warmed to 37°C)
with or without excess competitor (1.5nmol cold ) was added, followed by
incubation at 37°C for 10, 30, 60, 90 and 120 rRillowing incubation, the medium
was removed and retained for analysis (externahisedion).The cells were lysed with
1ml of 1IMNaOH and collected (cell associated fatki The externalised and cell
associated fractions were counted in a gamma coanteexpressed as a percentage of
the total activity added per milligram of cell peot (as determined using a BioRadDC
protein assay). Externalisation experiments wertopaed in triplicate.

TCA precipitation of the supernatant was perforne@nsure that the majority of the
radioiodine remained in a protein-bound form withinimal free iodide. The
supernatants were collected and 20% trichloaceatid &TCA) was added to each
sample fraction to form a final solution of 10% T@A to precipitate the protein in
solution. After centrifuging the protein into a le¢] the supernatant was removed and
both fractions were counted using the gamma couBeth the supernatant and the

pellet were analysed.
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2.3.8"1-rhTSH in vivo studies

2.3.8.1'®1-rthTSH SPECT/CT imaging and biodistribution studies

Biodistribution and imaging studies were carried wuinvestigate the binding df-
rhTSH to the thyroid and FRTL5 grafted subcutanBousmice. 4 weeks prior to the
experiment, 10 male SCID beige mice (Charles Rineearch animal diagnostic
services, London) were injected subcutaneously withillion FRTL5 cells in the left
shoulder and left to grow until tumours becameblesunder the skin. In the SPECT/CT
imaging, a blocking control using excess rhTSH wsed together witf*-rhTSH. All
mice were given water with potassium iodide 3 datysr to imaging/biodistribution in
order to saturate NIS and block the uptake'®f via this transporter. Sodium
perchlorate was also injectedp] half an hour previous to imaging/biodistribution
experiments. Sodium perchlorate acts by blocking diptake of'*J via NIS. For
imaging studies, radiolabelled rhTSH and the bloegktontrol were administered by
intravenous tail injections and for biodistributistudies**1-rhTSH and*#-TI were
also administered by intravenous tail injections.

Trypsin inhibitor was radiolabelled witlfI-iodide and*?3-TI was selected for to be
used as a control for the initial biodistributionedto its similar molecular weight to the
rhTSH- 23 kDa.

The biodistributed animals were culled 2 hourerdftl-rhTH and*?3-TI injections
and their tumour, pancreas, intestines, spleemmagtb, kidney, liver, heart, lungs,
blood, muscle, tail and the thyroid, removed aratisitributed. Biodistribution studies
were carried out as described previously in se@i@mnl 2.

The imaging animals were scanned using SPECT/Cos(n, UK) at several times
posti.v injection: 1h, 2h, 2.5h, 3h, 4h, 5h, 6h. These s§imeere chosen to allow
monitoring of the distribution and both specific damon-specific uptake of the

radioligand. The injections were staggered by 30wute@s since the total imaging
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(SPECT scan = 48 minutes, CT= 3 minutes) and sdimgs were approximately 30
minutes. Approximately 5 MBq were injected into leanouse. A 4-head small animal
NanoSPECT/CT (Bioscan Inc., Washington DC) imagiagera with 1.4 mm pinhole
apertures was used to image the thyroid of the.niice mice were anaesthetised using
isoflurane (Induction — 4% Isoflurane, 0.5-1L/mir2;(Maintenance — 2% Isoflurane,

0.5-1L/min O2) and placed on a heated animal bed.

A CT scan was acquired with the following parametes:
No of projections = 180 projections

Frame resolution = Standard

Exposure time = 500 ms

Tube Voltage = 45kVp

Duration = 3.45 minutes.

Scan range = approx 60 mm.

SPECT scans were acquired with following parameters

No of projections = 16 projections

Time per projection = ranged from 300-400ms

Duration of 48 mins/scan (1hour), 48 mins/scan (Bspand 48 mins/scan (6 hours)
Scan range = same as CT.

Images were obtained as described in section 2.2.12

2.3.8.1.1 Quantification

The tumour region of mice was quantified using I¥&tware. Elliptical regions of
interest (ROIs) were manually drawn around targetdur from imaged mice. The ROI
was manually drawn around the tumour, althoughvigivs were used to locate the
tissue of interest. Data obtained from the ROIlswdravas expressed in ternus
MBg/mmg, and the percentage of the injected dose in tked Ol was calculated by

dividing this by the total radioactivity df7 injected.
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2.3.8.1.2 Blood stability studies

Blood was collected from biodistributed mice 2 rouyost*?3-rhTSH and *?3-TI
injections. A TCA precipitation was carried out&gding 20%TCA to the same volume
of *®3-rhTSH/blood and**1-Tl/blood to form a final solution of 10% TCA a® t
precipitate the protein in solution. After centgfng the protein into a pellet, the
supernatant was removed and both fractions weratedwsing the gamma counter.
Both the supernatant and the pellet were analysed

SDS-PAGE electrophoresis using PHASTgel was alsoieda out to confirm the
stability of *3-rhTSH and*?3-TI conjugate in the blood. 1 pl of blood wasleoted
from biodistributed animals at 2 hours post injgctof *1-rhTSH and'*1-TI. The
collected 1 pl was loaded into a Phastgel SDS-GEttmphoresis and a reduced and
non-reduced gel was run together with a controlotaelled **3-rhTSH and*?3-TI
incubated at 37°C in PBS for the same amount of.tim

A detailed description of phastpage gel electrogpsigris pointed in section 2.2.9.3.

2.3.8.2 Final biodistribution studies with'*3-rhTSH and **1-CA

Four weeks prior to the experiment, 10 male SClOgdemice were injected
subcutaneously with 5 million FRTLS5 cells in thé kehoulder and the cells left to grow
until tumours became visible under the skin. Alcenivere given water with potassium
iodide 3 days prior to imaging/biodistribution imder to saturate NIS and block the
uptake of*?3 via this transporter. Sodium perchlorate was afgected {.p) half an
hour previous to imaging/biodistribution results.

4 mice were injected with®-rhTSH, 3 mice were injected with contrdf
radiolabelled carbonic anydrase and 3 mice wgeeted with excess rhTSH together

with *1-rhTSH for the blocking control.

96



Carbonic anydrase (CA) was selected due to itsspexific binding to TSHR as well as
identical size to rhTSH of approximately 29 kDa.c®liwere biodistributed at 3 hour
time point post?3-rhTSH and*3-CA injections. Biodistribution studies were cadi

out as previously described in section 2.2.12.
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CHAPTER 3. MAB9 STUDY
In recent years, monoclonal antibodies have beasse#ul tools in the management of
cancer including its diagnosis, monitoring and tireent [182-186].
Antibodies have the capacity to recognise and liitld high specificity and affinity to
cell surface receptors that are expressed in a wadety of malignant tissues. This
property can allow radiolabelled antibodies to offieore precise diagnostic imaging
and can also increase the effectiveness and dectéas potential side effects of
radiotherapy [121, 127, 183, 187, 188].
Most thyroid cancers are usually treated with raditve iodine (RAI) which is taken up
by the thyroid via NIS. However, some thyroid cascean de-differentiate into an
aggressive form that loses the expression of NIS #us becomes resistant to
radioiodine therapy [78-81, 86].
TSHR is a G protein coupled receptor expressed laast some radioiodine resistant
de-differentiated thyroid cancers [11, 27]. A mdooal antibody (mADb9) against
TSHR was investigated for its use in pre-clinicigeting of radioiodine resistant de-
differentiated thyroid cancer.
Aims:

e Assess the integrity and purity of unlabelled mAfa¢h HPLC and SDS-PAGE
electrophoresis.

e Study the binding of unlabelled mAb9 to the TSHRcoated tubes and in a
range of thyroid cancer cells using FACS and Wasbéot.

e Determine the expression of TSHR in a range ofdidycancer cell lines with
RT-PCR, FACS and Western blot.

e Label mAb9 with**1 and**!in radioisotopes.

e Test the ability of radiolabelled mAb9 to bind t&HR in thyroid cancer cell

lines, TSHR transfected cells and pre-coated tubetro.

e Investigate the binding of radiolabelled mAb9 te ISHR in the mouse thyroid

in vivo.
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3.1 mAb9 study results

3.1.1Confirmation of the integrity and purity of unlabelled mAb9
3.1.1.1 Size Exclusion HPLC
The first step was to perform size exclusion HPh@rder to determine the integr

and purity of mAb9The method for these studies is detaile2.2.1.

The Size exclusion HPL chromatogranffigure 3.1) showed aingle define peak at a
retention timeof 13.4 minutes with a very small degree of shouihdeat retention timi
12.35 minutes whicimost likely represents antibody aggregald® surface are
percentage fothe intact antibody 97.5while the surface area percentage for
shouldering pdais 2.52. The purity and integrity of mAb9 wa®aim to be relativel
high due to the lack of major alternative pe.

Bio-Rad gel filtration standards were also analyseatienSE-HPLC in order tc
calibrate the size elsion columnfigure 3.2).

A table with the BioRad'’s gel filtration components respective moleculaights anc

the retention times obtained with Biosep 2000 columsize exclusion HPLC is shov

(Table 3.1).
0.04 0.04
RT=13.4
0034 +0.03
0.02] % surface area = 97.48 Fo.02
3
0.01] % surface area = 2.52 ek
RT=12.35
0.00 - +0.00

Figure 3.1: UV chromatogram (280nm) of mA using size exclusion HPLO he chromatogram shov
a main peak at retention time 13.4 that corresptmdsAb9.

99



08]
1. Thyroglobulin: 670,000
2. Y-globulin: 158,000
20.40 !
aal 11.43 ~ 3. Ovolbumin: 44,000
’ ~ r~ 4. Myoglobulin: 17,000
2 RS 5.  Vitamin B12: 1,350
i
0z —
00 1J 1 111
2 34 5
0 5 10 ¢ P 5 D » @ P D L

Figure 3.2: UV chromatogram of Biorad gel filtration standar@@80nm). Thyroglobulin (Mwt
670,000Da) at retention time (RT) 11.4-globulin (Mwt 158,000) at RT 197, Ovalbumin (44,000 Ds
at RT 15.12, Myoglobin (17,000 Da) at RT 16.72 afithmin B12 (Mwt 1,350 Da) at RT 20.40 &
shown.

The approximate size of proteins/antibodies caddtermined by extrapolating the

retention times from a graph of known Lmolecular weight geffigure 3.4).

Component Molecular Weight (Da) Retention Time
Thyroglobulin (bovine 670,000 11.43
v-globulin (bovine) 158,000 12.97
Ovalbumin (chicken 44,000 15.12
Myoglobin (horse) 17,000 16.72

Vitamin B12 1,350 20.40

Table 3.1: Biorad gel filtration molecular weight standa. The table showshe molecular weight
correspondindo the retention time obtained with size excluditi*L.C.

y = -3.406 +31.015

25+

0 R?: 0.9958

2 207

£

o 157

£

= 10

S

o 51

g
C L] L] L] 1
0 2 4 6 8

Log molecular weight

Figure 3.4: Linear regression of reteon time obtained in SE-HPL®ith BioRad standar( against Log
standard molecular weic of Biorad’s components.
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The approximate molecular weight of mAb9 was caltad by using the formula, Log
(molecular weight) = RT-B/A. taken from the equatiof the graph: Y = A*x + B. A

retention time of 13.4 minutes corresponds to IA4B,Ba. This correlates with the
generally accepted molecular weight of IgG antibecand mAb9 antibody of 150,000

Da.

3.1.1.2 SDS-PAGE electrophoresis of unlabelled mAb9
SDS-PAGE electrophoresis was performed as an addltimeans of confirming the

integrity and purity of mAb9. See section 2.2.2 datetailed methodology.

225
150
102
76

59 - ——= =33 KDa—heavychain

38

24 o — > =22 KDa-light chain
17
12

Figure 3.5: SDS page electrophoresis analysis of mAb9. ShowiA§9 heavy chain (53 kDa) and light
chain (22 kDa).

Two main bands of approximately 53 kDa and 22 k@aendetectediure 3.5). These
molecular weights correspond to the antibody heawy light chain respectively. The
heavy chain band had two very close bands, onéefdainan the other. The most likely

explanation for the fainter band is the heteroggnei the glycosylation of the heavy
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chain of the IgG antibody. SDS electrophoresis #tadirmed the integrity and purity

of mAb9.

3.1.2 Binding of mADb9 to the TSHR in pre-coated tubs and cells

3.1.2.1 Coated tube assay for the measurement of @& binding to TSHR

The next step was to determine the binding of mAb9the TSHR, which was
investigated by using TSHR pre-coated tubes. Ia #ssay, the binding of mAb9 to
TSHR was investigated by assessing the ability rafréasing concentrations of
cold/unlabelled mAb9 to inhibit the binding &-radiolabelled TSH¥A-rhTSH) to
TSHR coated in the tubes. See section 2.2.10.4 dwtailed prototcol.

The first experiment with this assay was to looktle# competition of increasing
concentrations of mAb9 and PR1A3 control antibodW-TSH . This was in order

to determine if unlabelled mAB9 bound to the TSHfated on the tube&dure 3.6).

150+

o IC50~ 0.43nM —o— MADY
5
.E -+ PRI1A3
#ﬂ/lﬂ———x

o 100#
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O
Q.
n
= 50
()
e
[0
o

C I I I 1

0 1 2 3 4

Log [concentration unlabelled mAb9, pM]

Figure 3.6 Competition assay df3-TSH with unlabelled mAb9 in TSHR pre coated tublesreasing
concentrations of cold mAb9 inhibited the bindirfg"“31-TSH by about 97%. mAb9 bound to the TSHR
in the tubes with an I of 0.43 nM. Values are the mean of triplicate edelinations +- SEM.

Increasing concentrations of unlabelled mAb9 comgpetith >3-TSH for the binding
of TSHR coated in the tubes, as it inhibited thedisig of **1-TSH in a concentration

dependent manner with the highest concentratioibiiiig 96% of the binding.figure
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3.6). These results also indicate that mAb9 boundh@¢otSHR with an apparent affinity

of 0.43 nM. The control antibody PR1A3 showed nmpetition for'?3-TSH binding.

3.1.2.2 Binding of unlabelled mADb9 to cells

3.1.2.2.1 Fluorescence activated cell sorting (FACS0 measure the binding of
MADb9 to TSHR in TPC-1, FTC-133 and GPI cells.

After confirming the integrity and purity of the nbA preparation and confirming the
ability of mADb9 to bind to TSHR pre-coated in tubése next step was to carry out
FACS experiments in order to assess the bindinigoti mAb9 and 4C1 monoclonal
antibodies to the TSHR in a range of cell linesll @@es used included FTC-133 and
TPC-1, GPI and two control cell lines: CHO and MKiN4See section 2.2.4 for a

detailed methodology.

FACS using GPI cells and 4C1 and mAb9 as primary dibodies

= =
L o
= 4C1, 1 pg/ml 2 4C1,10 pg/ml
ﬁ o
g® o
e EE
= =
_ - >
107 10! 102 107 109
FL1-H
—
=3 =3
= mAb9, 1 pg/ml g
= wS
g g
S E=
= F
L =1 =

Figure 3.7 FACS analysis of TSHR expression in GPI (greem @HO cells (dark blue). A significant
shift is seen with 4C1 and mAb9 antibodies when gamad with control cell lines. An isotype-matched
control antibody was used as a negative contraa(dat shown).
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Both 4C1 (commercial anti-TSHR monoclonal antibodgyl mAb9 antibodies induced
a substantial positive shift in GPI cells when canggl with control cell linesfigure
3.7). FACS with GPI cells showed a very broad peaks Buggests that expression of
TSHR in GPI cells is heterogeneous, with some cekpressing THSR in high

guantities, and others in lower amounts.

FACS using TPC-1 cells and 4C1 and mAb9 as primargntibodies

200
200

= 1 4c1,1pg/ml - 4C1,10 pg/ml
=7 =4
= =
w2 ms\_"
2 E
G2 S
¥ =
(= e 1 = il
10° 10! 102 10% 10? 10° 10’ 10° 10° 104
FL1-H FL1-H
& s
7 -
= mAb9, 1pug/ml 2 mAb9, 10pug/ml

Counts

Lt

Figure 3.8: FACS analysis of TSHR expressed in TPC-1(lighehland MKN45 (dark blue) cells. At 10
pa/ml of 4C1, a moderate positive shift is seeRC-1 cells. With mAb9 at both 1 pg/ml and 10 pg/ml
no shift was seen. An isotype-matched control adypwvas used as a negative control (data not shown)

4C1 (10 pg/ml) antibody induced a marginal positime TPC-1 cells shift when
compared to controlsfigure 3.8). This suggests that 4C1 is binding to low lewas
TSHR in TPC-1 cells. mAb9 however did not inducghdt when compared to controls.

This indicates that mAb9 is not binding to the llewels of TSHR in TPC-1 cells.
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FACS with FTC-133 cells and 4C1 and mAb9 as primarantibodies

g =1
=3 4C1,1pg/ml £4 4C1,10 pg/ml
5 8
= S
5 s
S8 S
g 2
= 3 I3 a T 1 3 a
10 10 10
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- mAb9, 1pug/ml = 1 mMAb9, 10 ug/ml
s &
£ ;
-
6% "‘u"EJ
=S -
=% gy . g a0 1 Tz 7 4
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Figure 3.9: FACS analysis of TSHR expressed in FTC-133(pimig MKN45 cells (dark blue). At 10
pag/ml of 4C1, a moderate positive shift was seeRrTiC-133 cells, when compared with control cell
lines. With mAb9 at both 1 pg/ml and 10 pg/ml ndftslvas seen. An isotype-matched control antibody
was used as a negative control (data not shown).

A moderate positive shift was again observed widhug/ml of 4C1 antibody in FTC-
133 cells figure 3.9). This suggests that 4C1 binds to the TSHR in ABG-cells.
However mADb9 did not induce a positive shift in FIB3 cells again indicating that

mMAD9 is not binding to the low levels of TSHR exgsed in FTC-133 cells.
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FACS using FRTL5 cells and 4C1 and mAb9 as primarantibodies
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Figure 3.10 FACS analysis of TSHR expressed in FRTL5 (pinkd £HO cells (dark blue). At 1 pg/ml
and 10 pg/ml of 4C1, a moderate positive shift ae@en in FRTL5 cells, when compared with contrdl cel
lines. With mAb9 at both 1 pg/ml and 10 pg/ml ndftslias seen. An isotype-matched control antibody
was used as a negative control (data not shown).

A moderate positive shift was observed with 4Clibaaly figure 3.10 suggesting that
4C1 binds to TSHR in FRTL5 cells. However, onceimganAb9 did not induce a
positive shift in FRTL5 cells indicating that mAlofd not bind to the TSHR expressed
in FRTLS cells.

A graph summarising and comparing MFU values okthin FACS is shown ifigure

3.11
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Figure 3.11: Comparison of mean fluorescent units (MFUs) offgrened FACS with both 4C1 and
mAb9 at 1 pg /ml and 10 pg /ml. Both mAb9 and 4@fibedies induced significant differences in the
MFUs of GPI cells.*** P < 0.001. Values are the Mean+-SEM, n = 3. A One way ANOW#h
Dunnetts post hoc test was used to compare atfladéines used.

In summary, FACS experiments showed that 4C1 and9rektibodies are able to bind
significantly to the TSHR in GPI cells. mAb9 didtrimnd to any of the other cell lines
studied. 4C1 bound moderately to FTC-133 and FR&&ls, however, the binding
shown was however not statistically significant whempared with the control cell

line.
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3.1.2.2.2 Immunohistochemitry characterisation of BHR expressed in FTC-133,

TPC-1 and GPI cells

Immunohistochemical staining of FTC-133, TPC-1 &fl cells was carried out with
the purpose to further verify FACS results. Detil methodology of

immunohistochemistry can be found in section 2.2.5.

Images of representative sections of the immunodlsment staining are shown in

figures 3.12, 3.13, 3.14 and 3.15.
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4C1 and mAb9, CHO cells

Figure 3.12:Immunohistochemistry performed on CHO cells to stigate TSHR expression
Blue staining shows haematoxylin stained nucleHHRStaining is shown in brown. No
specific binding was shown in CHO cells with botbl4and mAb9 antibodies. Images were taken

at 20x magnificatio

109



4C1 and mAb9, FTC-133 cells

Figure 3.13mmunohistochemistry performed on FTG3 cells to investigate TSHR expression. T!
staining is shown in brown. Blue staining showsrhatxylin stained nuclei. No specific binding was
shown in FTC-133 with both 4C1 and mAb9 antibodies. Imagesanaken at 20 x magnification
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4C1 and mAb9, TPC-1 cells

Figure 3.14: Immunohistochemistry performed on TPC-1 cellsgestigate TSHR expression
Blue staining shows haematoxylin stained nucleHHRStaining is shown in brown. No
specific binding was shown in TPC-1 cells with bdtil and mAb9 antibodiebnages were tak
20 x magnification.
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4C1 and mAb9, GPI cells

Figure 3.15 Immunohistochemistry performed on GPI cells tuestigate TSHR expression. TSHR
staining is shown in brown. Blue staining showsrhaxylin stained nuclei. TSHR positive stainingswa
shown with mAb9 and 4C1 antibody. The black arrewpainting at TSHR expressed in the nucleus and
the red arrow is pointing at TSHR expressed in ¢b# membrane. Images were taken at 20 x

magnification.
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No staining was observed with 4C1 in the negatv&rol cell line, CHO, as well as in
FTC-133 and TPC-1 cells. 4C1 and mAb9 antibodiametl GPI cells in the nucleus as
well as in the cell membrane.

Both FACS and immunohistochemistry results showadiag patterns of expression
of TSHR in GPI cells. Some GPI cells expressedisthhigh numbers of TSHR while
other GPIl cells expressed/stained Ilower levels ofSHR. Also, in
immunohistochemistry studies, some GPI cells TSk&ned mainly in the nucleus
while in other GPI cells mainly in the cell membean

No staining was observed with mAb9 in CHO, FTC-aB8 TPC-1 cells however some
degree of staining was observed with mAb9 in GRkcdhis could be due to these
cells not expressing TSHR at high enough levetsrder for it to be detected. To study

this further, a Real-Time PCR study was performed.

3.1.3 Characterising TSHR in cell lines

3.1.3.1 RT-PCR relative quantification

In order to determine and compare the mRNA expoaskvels of TSHR in TPC-1,
FTC-133 and GPI cells a quantitative RT-PCR assay eonducted.

Relative quantification can be achieved by anatydime Ct value obtained. The Ct
value is the number of cycles required for theriscent signal to cross a threshold.

To quantify the RT-PCR results the comparative €thod was used. In this method,
the Ct values of the samples are compared witlCthealues of a negative control i.e.
the calibrator. The Ct values of both calibratod @amples are normalised against a
suitable endogenous housekeeping gene, in thisGARDH. See section 2.2.6 for a

detailed methodology.
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Relative quantification was performed in FTC-138CF1 and GPI cell lines and TSHR
expression was compared with that from the calibrahe non TSHR expressing cell

line, CHO (igure 3.16).

3000000+ *

20000004

1500
10004
500+
0

Fold expression

FTC-133 TPC-1  GPI
Cell line

Figure 3.16: Quantitative RT-PCR to determine TSHR expressizer €HO (calibrator) in all thyroid
cell lines. GPI cells are shown to have high esgien of TSHR when compared with the calibratol cel
line. FTC-133 and TPC-1 did not show significanpession of TSHR. Values are mean + SEM (n=3).
ANOVA, * P <0.05with a Dunnett post-hoc test.

TSHR mRNA was expressed at significantly higheelsun GPI cells when compared
to the calibrator cell line, CHGigure 3.16). FTC-133 cells showed some expression of
TSHR mRNA when compared with the calibrator catleli CHO, but this was not
statistically significant. There was no apparenpregsion of TSHR mRNA in TPC-1

cells.

3.1.3.2 Western blot experiments

Western blot experiments were carried out to mea$&HR protein levels in FTC-133,

GPIl and TPC-1 cell lines. See chapter 2.2.7 fogtaikkd methodology.
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Figure 3.17Western blot analysis of cell lysates with 4C1 amb9 antibodies in GPI cells. With 4C1
band at 67 kDavas shown but mAb9 did not show any band. Tk kDa band represents the TSHR
GPI cells.

Western blot analysis with 4C1 in GPI celfigure 3.17) detected a single band
protein at amolecular weigt of 67 kDa. This corresponds to the expectedecular
weight of TSHR in GPI cells. No band was observedCHO, TP(-1 and FTC-133
cells. These results suppthe RTPCR results, where TSHR mRMwas shown not to
be expressed in TRCand FTC-133 cells.

The Western blot analysis with mAb9 in GPI cdetectedho banss.

3.1.4Radiolabelling of mAb9 with **3

mAb9 was radiolabelled wit'?3 using the lodogen method at low (10 MBq/20 pgj
high (10 MBq/5 ) specific activit See sectio.2.8 for a detailed methodolo
After the radiolabelling using the lodogen methbke experiments were conductec
order to confirm the labelling efficiency c¢**I-mAb9. First, instant thin laye
chromatography (ITLC) was carried out in order ébeimine the labelling efficiency
the radiolabelled monoclonal antibody. SecondlydiB-High performance liqui
chromatography (Rac-HPLC) was carried out to confirm the results okediby ITLC
and also to test the integrity of the radiolabelleddb9. Lastly, SD-PAGE
electrophoresis waalso carried out to determine the size of the taliglled antibod

and also to test for the presence of any degradatiaggregate:
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3.1.4.1 Determination of the purity and radiolabeling efficiency of radiolabelled
mAb9

3.1.4.1.1 Instant Thin Layer Chromatography (ITLC)

ITLC was performed in order to determine the raabelling efficiency of‘*1-mAb9.
See section 2.2.9.1 for a detailed methodology.CTiesults showed most of the
activity in the origin of the strip, indicating th&3-mAb9 had high labelling efficiency

ranging from 94% to close to 100%g(re 3.18andtable 3.2.

\ —p Solvent front

. -

T W

Figure 3.18: Analysis of the radiolabelled product using ITLG Strips run in 85% methanol. The
origin represents the labelled compound whereasdhent front represents fré@l.

Labelling experiment CPM Origin | CPM Solvent Y%labelling
1 1577646 36046 98

2 2822337 17414 99.8

3 393839 28041 94.4

4 574026 36716 93.9

5 555450 29883 94.9

6 326520 18365 94.7

Table 3.2: Representative examples of results of ITLC quationtrol of **1-mAb9 radiolabelling
efficiency. All radiolabellings were above 94% édling efficiency

3.1.4.1.2 Radio Size-exclusion HPLC

To further validate results, size exclusion RadRLE was also performed. This was in
order to determine the radiolabelling efficiency61-mAb9, as well as to determine
the radiochemical and chemical purity 6f-mAb9. ITLC separates antibody-bound
radioactivity from fre€"* but is not able to detect the presence of undésantibody

impurities. Therefore size-exclusion Radio-HPLC wasied out to provide additional
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information on the integrity of the radiolabelledtiaody. See section 2.2.9.2 for a

detailed methodology.

Free 125]
49 i

RT=13.4

WMWMW WMMWMMM

Figure 3.20 Radio-HPLC analysis df radiolabelled mAb9. A single major peak at rei@mtime 13.4
minutes is shown. This peak represents a radidiabafficiency close to 100%.

14

Radio-HPLC results showed a main peak at reteriina 13.4 minutesfigure 3.20),
similar to that seen in the analysis with the uelkda antibody (section 3.1.2). HPLC
results thus confirm thdf3-mAb9 was of a high labelling efficiency. The radctive
trace shows a high degree of ‘noise’ due to thdn Higckground of the radioactive
detector (Raytest) as a result of the relatively levels of activity being analysed. The
highlighted arrow in the figure represents the métm time where freé*1 would be
expected to elute. These results are similar tcsethobtained with controf®
radiolabelled 4C1 anti-TSHR antibody, which als@mwbd a major intact peak at a

similar retention time (results not shown).

3.1.4.1.3 SDS-PAGE gel electrophoresis and phosphdmaging system to
determine molecular weight and purity of*>3I-mAb9.

The resolution of size exclusion HPLC is not patacly high and therefore usually it
does not separate molecules with fewer than thalssai Da difference. For this

reason, SDS page gel electrophoresis SDS-PAGHeagdt@phoresis was carried out in
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order to determine the molecular weight and pwfty”I-mAb9. See section 2.2.9.3 of

methodology for a detailed protocol.

Molecular
weight
markers 125 mAb9 12514c1

s
L

160 kDA s

120 kDa —
100 KD
G0 KD —
0 kDa ‘s

T0 KA ==

60 kDA e

50 kDa -

40 kDo Ne—

Figure 3.21 SDS page gel autoradiograph§l-mAb9 is shown at a molecular weight of 150 kDa.

A single band was detected at approximately 150 kD8DS-PAGE electrophoresis
(figure 3.21). It can therefore be concluded tha-mAb9 was of high purity.

These quality control experiments showed tifakmAb9 was labelled to a high
efficiency and without degradation or aggregatidrthe protein. The next step was
therefore to study the binding proprieties '61-mAb9 to TSHR, both in pre-coated

tubes and in thyroid cancer and TSHR transfectis, €&PI cells.

3.1.5"1-mAb9 binding Assays

3.1.5.1 TSHR Pre-coated tube assays

Coated tube assay for the measurement &f1-mAb9 binding to TSHR

The TSHR coated tube assay assessed the abilitylabelled mAb9 to compete with
radiolabelled*?3-mAb9 for the binding to TSHR coated in the tub&ee section

2.2.10.1 for a detailed protocol.
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A high and a low specific activity df31-mAb9 were tested in this assay in order to find

out the effects of specific activity on receptanding figure 3.22).
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Figure 3.22: Competition assay of df1-mAb9 with unlabelled mAb9 to the TSHR in pre aatubes.
Increasing concentrations of mAb9 competed withgsrpAb9 labelled with 10 MBq of*1 (higher
specific activity) and 20 pg mAb9 labelled with MBq 21 (lower specific activity). Values are the
mean of duplicate determinations.

When using*® radiolabelled mAb9 at a low or high specific ait§i, only incomplete
inhibition of binding was seen compared with thenptete inhibition seen ifigure 3.6
(figure 3.23). This may be due to a higher non-specific bindifighe **1-mAb9 as
compared td?3-TSH. The radiolabelling of antibodies witf"l can potentially damage
the antigen-binding activity of the antibody thrbugxidative damage caused by
binding/attachment of the isotope to the tyrosioh antigen site. To further explore if
the mADb9 binding ability was damaged, additionaHRSpre-coated tube assays and
FACS assays were performed (figure 3.2.3, 3.2.4 Zalcb). See sections 2.2.4 and
2.2.10.1 for a detailed protocol.

Three preparations were compared:

e mMADb9 incubated alone in an lodogen tulexidised mAb9'.
e mAb9 co-incubated with cold iodine (potassiurfI] iodide) in an lodogen tube
—‘cold labelled’ mAb9.

e  mADb9 mixed with potassium iodide (KI)‘mixed mAb9’.
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Figure 3.23 Competition assay df31-mAb9 with ‘oxidised mAb9’ and ‘cold labeled mAb% TSHR
pre coated tubes. Indicated concentrations of ‘taibeélled mAb9’ as well as oxidised mAb9 competed
with 1-mAb9 in a concentration dependent manner. PRA®S used as a control antibody. Values
are the mean of duplicate determinations.
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Figure 3.24 FACS analysis on GPI cells using different mAb&parations. ‘Mixed mAB9’ and
‘oxidised mAb9’ showed a positive shift. No shifagvdetected with ‘cold labelled mAb9. CHO control
cells are shown in dark blue and GPI cells are shiovgreen.
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Similar experiments were also carried out with 4@ibedy figure 3.2E).
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Figure 3.25 FACSanalysis of 4C1 preparations. ‘Oxidised 4C1’ andx®&ti 4C1’ show a positive shil
No shift was seen with ‘co-labelled 4C1’. CHO cells are shown in dark blue &@#®l cells are shown i

green

‘Cold labelled mAb9’ and ‘oxidised’ mAb9 were alite compee with **1-TSH for the
binding of TSHR coated in the tubefigure 3.23. From these results it can

concluded that the oxidation inflicted by the lodaglabelling method was n
damaging the antibors ability to bind to the TSHR coated in the tubin FACS,
however, ‘cold labelled mAb9’ and ‘cold labelled #Qlid not bind to TSHR in GF

cells figure 3.24and3.25.
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3.1.5.2"3-mAb9 cell binding assays

In section 3.1.2, unlabelled mAb9 was shown to lhnthe TSHR in GPI cells and pre-
coated tubes. Once the mAb9 was successfully eubtied, it was important to
determine whether it had retained its receptorihméffinity. **I radiolabelled mAb9
also bound to TSHR in pre-coated tubes, therefoeenext step was to assess the

binding of'*1-mAb9 to the TSHR in cells.

3.1.5.2.1 Assay development and optimisation

Effect of temperature and time in TSHR cell bindingassays

The first condition to be considered was the efteat temperature and incubation time
have on the binding dfA-mAb9 to the TSHR in FTC-133, TPC-1 and GPI cefise

sections 2.2.11.1 and 2.11.2 for a detailed prdtoco

2.01

-— 4°C
° - RT
5 1.5
o —— 37°C
Keo]
)
= 1.0-
=
3
E 0.5 f
o
0.0 T T T 1
0 2 4 6 8

Incubation time (hours)

Figure 3.26: Effect of temperature and time in the binding '61-mAb9 to GPI cells. Cells were
incubated for up to 6 hours at 4°C, room tempeeafRT) and 37°C. Cells incubated at RT showed the
highest percentage of bound antibody. This assay/ caaried out with triplicate samples and repeated
twice.

Incubation at room temperature for around 2 to Brkicappeared to be the most
favourable conditions to be used in the GPI caldivig assay, as it gave the highest
percentage of bound mAb%igure 3.26), and the later conditions were thus used in

future experiments.
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A TCA precipitation assay was performed over a Grhgeriod to find out if thé*
remained antibody-bound and did not dissociatenduthe assay. See section 2.2.11.1

of methodology for a detailed protocol.

TCA precipitation assay

100-
- 4°C

90- W = RT
-+ 37°C

80-

701

60+

50 T T T
0 2 4 6 8

Incubation time (hours)

Percentage of radioactivity in pellet

Figure 3.27 TCA precipitation assagf **3-mAb9 over a period of 6 hours. Most of tHé remained bound to
the mAb9 antibody over a period of 6 hours.

This assay showed that at most times and at difféeenperatures the protein remained
bound to*? (figure 3.27) and therefore results were not being confoundgdhie

presence of?™ metabolites.
Effect of media in TSHR cell binding assays

In order to identify the most effective buffer teeuin the cell binding experiments, a

number of different buffers were tested in TSHR$facted GPI cells.
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Figure 3.28: Graph showing binding 0**1-mAb9 to GPI cells in different buffers. No signiat
difference in binding was observ

The different buffers used were found not to hawgaificant effect on the bindil as
there was no significant difference in the progortof **1-mAbg bound to GPI cells in
DMEM, HBSS, Krebs and PBS/0.1%BSA buffefigure 3.2€). Therefore in future
binding experiments any of the buffers could pagdiytbe used. DMEM binding buffe

was selected to be used in future binding st

3.15.2.2 Immunoreactive fraction assse

The first step inthe assay development was to perform a direct iradionoassay il
order to measure the immunoreactivity of the raelled mAb9, i.e. the prortion of

radioactive antibody having the ability to bind th&HR. See sectior2.2.11.3 for a
detailed methodolog Immunoreactive fraction assays were performed oh 6PC-

133 and TPCt cells, however, FT-133 and TPCt cells failed to show any antibor
binding therefore it was not possible to determame(immunoreactive fractionIRF

value for these cell§.he immunoreactivity was calculated to be 5.1 %ichisuggest

that about 5% of the radioactive antibody is ablbihd to the TSHRfigure 3.29).
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Immunoreactive fraction assay
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Figure 3.29 Immunoreactive fraction assay withl-mAb9 in GPI cells. Graph of reciprocal of fragtio
bound against the reciprocal of cell concentrations

3.1.5.2.3 Saturation assay using1-mAb9 in GPI cells

Saturation assays were then performed WithmAb9 in order to measure the specific
radioligand binding to cells at equilibrium to dabéne both the receptor numbers
(Bmax) and binding affinity (Kd) of*-mAb9. See section 2.2.11.4 of methodology
for a detailed protocol. mAb9 bound to TSHR in @EBlls figure 3.30 with a binding

affinity of 3.6 nM and Bmax of 2816 fmol/mg protein

129-mAB9 GPI binding assay

Bmax: 2816
= 40007 Kd: 3.66 nM
2 + Specific Binding
S 3000 o
o = Total Binding
£ — Non-specific Binding
= 20004
o
E
S 10004
c
>
0
0 T T 1

0 10 20 30
Radioligand concentration (nM)

Figure 3.30: Equilibrium saturation binding o1-mAb9 to GPI cells.**1-mAb9 bound to GPI cells
with a kD of 3.66 nM and Bmax 2816 fmol/mg Resulepresent specific binding (total minus
nonspecific binding) of triplicate determinatiohdean (+tSEM)
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129.4C1 GPI binding assay
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Figure 3.31: Equilibrium saturation binding df3-4C1 to GPI cells. Results represent specific inigd
(total minus nonspecific binding) of triplicate damninations. Mean (*SEM)

123.4C1 bound to GPI cells with a kD of 6.5 nM and &mof 695 fmol/mg figure
3.31). The binding affinity with*?3-4C1 does not differ greatly from the value obéain

with *1-mAb9 (figure 3.30).

3.1.5.2.4 Saturation assay with*1-mAb9 in FRTL5 cells
Saturation binding assays were also performed ifiLBRcells. Although*?3-mAb9

appeared to bind to FRTL5 cells, the majority af thinding was non-specific binding

(figure 3.32).
Bmax: 17.18
300+ Kd: 14.94

< * Total Binding
% = Non-specific Binding
g 2004 +  Specific Binding
£
g
= 100+
o
c
3
o0 o I 1

C L] L] L] L] L]

0 5 10 15 20 25

Radioligand concentration (nM)

Figure 3.32: Equilibrium saturation binding o3-mAb9 to FRTL5 cells. Results represent specific
binding (total minus nonspecific binding) of trigdite determinations
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From the cell binding assay result, it can be asthedi that*3-mAb9 binds specifically
to GPI cells with a binding affinity of 3.6 nM?1-mAb9 does not, however, bind

specifically to FRTL-5 cells.

3.5.2.5 Saturation assay with*1-mAb9 and *?3-4C1 in FTC-133 and TPC-1 cells
Saturation assays were also performed in FTC-133T&C-1 cells using the same
conditions as previously in the conducted satunaBssays. Saturation assays were
repeated 3 times however no binding was detectkid. Was possibly due to the very
low amount of TSHR expression in these cells herseilting in very negligible

binding.

3.1.6 Imaging

3.1.6.1 Imaging of mice injected with radiolabelledmAb9 and #1-iodide using
SPECTI/CT

SPECT/CT imaging experiments were performed in micerder to assess the binding
of *1-mAb9 to the TSHR expressed in the normal thymidhe mouse. See section
2.2.12 for a detailed methodology.

Representative images are shown below and thesesel summarised figure 3.33
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Group A (**3 radiolabelled mAb9)
4 hours - High uptake in both thyroid and salivary glaséen
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Group B (sodium perchlorate followed by'* radiolabelled mAb9)
4 Hours - Some uptake seen in the thyroid only

Saggital Coronal Transverse

Group B (sodium perchlorate followed by'*3 radiolabelled mAb9

24 hours— No uptake seen

MIP Coronal

Sagittal

ransverse
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Group C (**3-iodide at the same activity as group A)

4 hours— Uptake seen in both thyroid and salivary glavidch higher in latter.

Thyroid gland Salivary gland
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Group C (**3-iodide at the same activity as group A)

24 hours — Uptake in thyroid only

Thyroid gland (right and left lobe) Thyroid gland (right and left lobe)

MIP

Thyroid gland

Thyroid gland (right and left lobe)
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Group D (sodium perchlorate followed by**3-iodide)
4 hours— No uptake seen

No uptake thyroid and salivary gland shown

MIP Coronal

Sagittal

Group D (sodium perchlorate followed by**3-iodide)

24 hours— No uptake seen

No uptake thyroid and salivary gland shown

MIP Coronal

Sagittal
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EXPRESSED AS % OF
INJECTED DOSE
GROUP | Mouse Time (hours) Thyroid Salivary gld Salivary gld | Salivary gld
A 1 4 2.4 0.6 0.9 6.8
Z-mAb9 24 2.5 0.0 0.0 0.0
A 2 4 2.0 3.1 4.8 4.6
24 2.4 0.0 0.0 0.0
1 -mAb9 B 3 4 0.2 0.0 0.0 0.0
+ 24 0.0 0.0 0.0 0.0
perchlorate | B 4 4 0.1 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0
l-iodide | C 5 4 1.2 14.3 13.8 0.0
24 0.7 0.0 0.0 0.0
C 6 4 0.7 7.1 0.0 0.0
24 0.5 0.0 0.0 0.0
l-iodide | D 7 4 0.0 0.0 0.0 0.0
+ 24 0.0 0.0 0.0 0.0
perchlorate | D 8 4 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0

Table 3.3: % of injected dose of radioactivity in the thyra@thnd and salivary gland. 4 and 24 hour time
points were used.

Group A (mice injected with **3-radiolabelled mAb9) showed similar activity in the
thyroid at both 4 and 24 hour time points. It adbowed activity in the salivary gland at
the 4 hour time point, however it did not show ayivity in the salivary gland after 24
hours. Becausé?® is taken up into salivary glands via NIS, it iar thatin vivo
metabolism of thé®3-mAb9 is occurringin vivo resulting in the release 6f3. The
thyroid uptake in group A may therefore be dueegith-mAb9 binding to the TSHR
or to *?™ being taken up by to NIS. In order to understiritlis uptake was due to the
actual binding of mAb9 to the TSHR, in group B sodiperchlorate was used to block
the uptake of iodine by NIS.

Group B (where perchlorate was added prior to the injectin of **3-mAb9) showed
no uptake in the salivary glands but some actiwityhe thyroid in both mice at the 4

hours time point, however this is less than thahse Group A and there is no uptake
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after 24 hours. The lack of uptake in the salivglands indicates that the perchlorate
effectively blocked NIS and suggests that the tidyrgptake is due to binding to the
TSHRin vivo.

In group C (**3 at the same activity as group A there was activity in the thyroid at
both 4 hours and 24 hour time points, however ttevity was lower than group A,
which again may suggest the higher uptake in GrAug due to mADb9 binding to
TSHR. As expected, the salivary gland had actiatythe 4 hour time point, this
correlates with studies that have showhto be taken up by this gland [16, 79]. At the
24 hour time point, activity was seen in the thgirbowever not in the salivary glands,
since iodide is not organified in these tissues.

Although all mice were given potassium iodide iml@rto block the thyroid, this did
not block the uptake of iodine in those groups Wwhigere not also treated with
perchlorate.

Group D (perchlorate prior to the injection of **1) showed no activity in the thyroid
on all time points as well as no activity in thésay glands. These results confirm that
the sodium perchlorate is efficiently blocking tgake of iodine by the thyroid.
Although **3-mAb9 showed binding to the TSHR in the thyroidnaite in group B, the
percentage of injected dose was extremely low, #ng, results are unable to
categorically indicate whether the radioactivitgisen the images is due to the specific
binding of'*1-mAb9 to the TSHR or due to fréé? being taken up by the thyroid via

NIS.

3.1.7 Radiolabelling of mAb9 with**4in
As previously discussed, radiolabelling mAb9 with might be damaging its structure,
and by doing so, hindering its ability to bind k@tTSHR. Moreover, most importantly,

there is a chance that fr&8l can be taken up into the thyroid via NIS and ifetes with
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in vivo imaging and biodistribution studies. This problean potentially be solved by
radiolabelling mAb9 with a different radioisotopén this section, mAb9 was
radiolabelled with*in. **in was used due to its beneficial imaging propsréied also
due to its easy availability in the lab but mosportantly because it is not taken up by

the thyroid.

3.1.7.1 Conjugation of mAb9 with SCN-Bz-DOTA
The first step was to conjugate the chelating agetite antibody via lysine side chain

amino groups. See section 2.2.13.1 for a detailetthodology.

3.1.7.2 Assessing the purity and integrity of the &zyl-DOTA-mAB9 conjugate.
3.1.7.2.1 Size Exclusion- HPLC

Benzyl-DOTA-mADb9 was analysed by size-exclusion BPb determine the integrity
and purity of the newly conjugated mADb9. See sectih2.13.2 for a detailed
methodology. A single peak at retention time 13.thutes was observed in size
exclusion HPLC, indicating that Benzyl-DOTA-mAD9 svaf high purity and integrity
(figure 3.34). The molecular size of Benzyl-DOTA-mAb9 was estied to be around
150,000 Da according to the gel filtration standgpdeviously analysed by SE-HPLC

(section 3.1.2figure 3.2).
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Figure 3.34: Sizeexclusion HPLCwith ScnBzDOTA-mAb9. Asingle peakeluted at retention time
13.43 minutes.

3.1.7.2.2 Assessing the binding ability cBenzyl-DOTA-mAb9 to TSHR.

Once mADb9 hadbeen conjugated to DOTA, it was important t¢termine whether the
conjugatechntibody ha retained its receptor fiing affinity and that this hi not been
compromised in any way. In order to do that a FA@® GPI cell: and the TSHR
coated tube assay were performed with the newlyugated Benzyl-DOTA-mAb9.

See sections 2.2.13.3 and 2.2.1for a detailed methodology.

3.1.7.2.3 BenzyDOTA-mAb9 FACS
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Figure 3.35: FACS analysiswith Bz-DOTA-mAb9 in GPI (green) and CHO (dark blue) ct A
significant positive shift was seen at botug /ml and 10 pg /ml Benzy3OTA-mADb9.
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Figure 3.36: Competition assay of”-TSH with Bz-DOTA-mAb9 to the TSHR in pre coateabes.
indicated concentrations of Bz-DOTA-mAb9 competedhw?I-TSH in a concentration dependent
manner. Values = Mean (xSEM).

Benzyl-DOTA-mADb9 bound to TSHR in GPI cellégire 3.35. The shift and MFU
obtained with Benzyl-DOTA-mAb9 were similar to tehift and MFU obtained with
unconjugated mAb9. Benzyl-DOTA-mAD9 also inhibitdet binding of TSHR in the
coated tube assays by up to 97%, as increased ntoatoens of antibody conjugate
competed with>J-TSH for the binding to the TSHRigure 3.36). FACS and coated
tube assay experiments thus indicate that the gatipn of mAb9 does not appear to

harm its ability to bind to TSHR in GPI cells amdgre-coated tubes.

3.1.7.3'"n labelling to Benzyl-DOTA mAb9
Once Bz-DOTA-mAb9 was generated, it could thendielled with*!in. See section

2.2.14 of methodology for a detailed protocol.

3.1.7.3.1 Assessing labelling efficiency 8fin-mAb9
Benzyl-DOTA-mAbdin (**in-mAb9) labelling efficacy was confirmed by SE-HBL
and ITLC. See section 2.2.14.1 for a detailed nulogy. Representative results of

HPLC and ITLC are shown iigures 3.37and3.38below.
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Figure 3.37: Radio size-exclusion HPLC with'in-mAb9. A single intact peak eluted at retentiomet
13.51 minutes. This peak represents a radiolalyetifficiency close to 100%.

ITLC analysis
A representative example of ITLC analysis read iph@sphor imager is shown in

figure 3.38

—3> Solvent front

—3 Origin

Figure 3.38 Analysis of the radiolabelled product using ITISG strips run in 0.1M ammonium
acetate/EDTA pH 5.5. The origin represents thellatteompound whereas the solvent front represents
unbound**in.

Radio HPLC showed a main peak'dfin-mAb9 eluted at retention time 13.5 minutes

and ITLC showed around 98% of the activity remaimethe origin of the ITLC strip
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(figure 3.37 andfigure 3.38. It thus can be concluded that a high purity &ngh

labelling efficiency*in-mAb9 was produced.

3.1.8™in-mAb9 binding assays

3.1.8.1 TSHR Pre-coated tube assay witfi'in-mAb9

In order to investigate wheth&r'in-mAb9 retained its TSHR binding ability, a TSHR
pre-coated tube assay was carried out. This assgynained if cold mAb9 competed
with **in-mAb9 for the binding of TSHR coated in the tub®ee section 2.2.14.1.1 of

methodology for a detailed protocol.
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Figure 3.39: Competition assay of'in-mAb9 with unlabelled mAb9 in TSHR pre coated eab
Indicated concentrations of cold mAb9 competed Witl-mAb9 in a concentration dependent manner.
The 1G, of mAb9 was 0.35 nM. Values are the mean of tgik determinations.

Cold mAb9 competed within-mAb9 for the TSHR coated in the tubes in a
concentration dependent manner. This indicated*tflatmAb9 bound to the TSHR in
the tubes figure 3.39. As expected, no competition was seen with coraribody

PR1A3.
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3.1.8.2"*In-mAb9 saturation cell binding assays

Saturation binding assays were performed to medbkargpecific radioligand binding to
cells at equilibrium in order to determine the ne@mbf receptors and binding affinity
of *in-mAb9 to GPI, FRTL5, TPC-1 and FTC-133 cell lin€ge section 2.2.14.1.2 of

methodology for a detailed protocol.

3.1.8.2.1 Saturation binding assay in GPI cells

.

[

o

o

o
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— Specific Binding
= Total Binding
— Non-specific Binding

Bound (fmol/mg protein)

30

Radioligand concentration (nM)

Figure 3.40: Equilibrium saturation binding dfin-mAb9 to GPI cells'*!in-mAb9 bound to GPI cells
with a kD of 2.1 nM and Bmax 656 fmol/mg. Resukpnesent specific binding (total minus nonspecific
binding) of triplicate determinations

n-mAb9 bound to TSHR in GPI cells with a bindirfjrity of 2.1 nM (figure 3.40)
and a Bmax of 656 fmol/mg. This is a high affintiynding, however, not as high as the

binding affinity of**!in-mAb9 to the TSHR coated in the tubes (sectidn831).

3.1.8.2.2 Saturation Binding assays with*'in-mAb9 in FTC-133 and TPC-1 cells
Saturation binding assays within-mAb9 were also performed in FTC-133 and TPC-1

cells. After a number of repetitions, no bindingswanown in the abovementioned cells.
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This may be due to the very low amount of TSHRhiest cells resulting in negligible

binding.

3.1.8.2.3'*In-mAb9 binding to FRTLS5 cells.
Although**in-mAb9 bound to FRTLS5 cells, the majority of theding was due to non

specific binding figure 3.41)
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o
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Total Binding
— Non-specific Binding
— Specific Binding

Bound (fmol/mg protein)

Radioligand concentration (nM)

Figure 3.41: Equilibrium saturation binding of*in-mAb9 to FRTL-5 cells. Results represent specific
binding (total minus nonspecific binding) of trigdite determinations

n-mAb9 binds to TSHR in coated tubes and THSR il &lis. It did not, however,
bind specifically to FRTL5 cells. Sinc&'in-mAb9 appeared to bind to TSHR with a
high affinity, the next step was to perform an imnggexperimentn vivoto determine if

1Yn-mAb9 bound to the TSHR in the normal thyroichaite.

3.1.9 SPECT/CT imaging of*in-mAb9 in mice

As previously discussed, imaging of mice witH-mAb9 may be complicated by the
fact that free'®™ can be taken up to the thyroid via NIS and thasnglicates
interpretation of the imaging and biodistributi@sults. Please refer to section 2.2.14.2
of methodology for detailed protocol. Representatmages of the mice at different

time points are shown below.
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SPECTI/CT scan of M1, 4 hours after*in-mAb9 i.v injection. No uptake seen in the

thyroid.

Coronal
MIP

Sagittal § Transverse

f Whole body SPECT/CT scan
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SPECTI/CT scan of M1, 24 hours aftetin-mAb9 i.v injection. No uptake seen in

the thyroid.

Coronal
MIP

Sagittal § Transverse

whole body SPECT/CT scan
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SPECTI/CT scan of M1, 48 hours aftetin-mAb9 i.v injection. No uptake seen in

the thyroid.

Nouptake seen in thyroid

-\

Coronal
MIP

Sagittal §

Whole body SPECT/CT scan
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SPECT/CT imaging showed no specific uptaké'dh-mAb9 into the thyroid of either
Mouse 1 or Mouse 2. Four hours post injection,nifagority of the injected™in-mAb9
was located in the bladder, heart, liver, lungs alsd in the eyes. 24 and 78 hours after
injection, a similar pattern was observed to thdwoctir post injection time point,
however, with less overall activity. This distribat pattern corresponds to that
normally seen witti*in labelled antibodies in mice [189].

A biodistribution study was performed at 48 hourthvboth mice. Tables showing the

biodistribution in different tissues of the mouse shown irfigure 3.43
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Figure 3.43:Biodistribution results for*in-mAb9. The mean amount of radiotracer measurétritice
is shown. Y axis represents the percent of tottiViac per g and uptake of injected dose per organ

Results show that most activity ended up in thedilo

Results of both the imaging and biodistributiondgds suggest that there is no specific
binding of **in-mAb9 to the thyroid of mice. The blood and livatowed the highest
uptake of all the organs, with an uptake of 13-lifgcted dose per organ. No further

animal studies usintf*in-mAb9 were performed.
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3.1.9.1Blood/Plasma stability study of**in-mAb9

n-mAb9 boundto TSHRin vitro but notin vivo. One explanation for this is th
n-mAb9 might be broken down in the blood and he'*in-mAb9 loses its antige
binding ability. Please refer to sectio2.3.8.1.2 of methodology fc a detailed

methodology Results c SDSPAGE electrophoresis can be seerfigure 3.44).

Mn-mAb9/blood ex vivo
Wn-mAb9/blood ex vivo
1Wn-mAb9/blood in vivo

11n-mAb9/blood in vive
mAb9 !|n control

s £
= =
3 3
- -
o °
=] =]
= =
=2 =2
= =
-1 -1
<C <t
B
< <
= =
b=] b=]

b=/ b=

mAb3 1in control

5 % activity
Mﬂ 95 % activity

6 % activit
86 % acti
8 % activit

Figure 3.44 Phosphorimager image of non reduced -PAGE electroporesis of**in-mAb9/blood.
n-mAb9/blood ex vive andin vivo contain three bands corresponding to molecular higigf 25C
kDa, 150 kDa and 75 kDa and cont*in-mAb9 contains two bands corresponding to molec

weights of 250 kDa and 150 kI

SDS-PAGEelectrophoresis of the control antiboshowedtwo radiolabelled banc
comprising 6% of the activity at 250 kDA and theneender at 150 kDa. In tH*in-
mMADb9 incubated in the blood eithex-vivoor in-vivo a similar patterrwas seen except
that there waan additional band at 75 kDa comprising around 8% activity

These results indicate that it is unlikely that ithgtability of **Yin-mAb9 in the blood is
the cause of the lack of receptor targeting silheenhajority of the labelled anody

appeared to bstill circulating intact in the bloo
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3.2 Discussion of mAb9 studies

Monoclonal antibodies have developed into importants to be used in the diagnosis
and treatment of cancer. Antibodies and antibodgrfrents can be constructed so that
they recognise and bind with high specificity arfindy to cell surface receptors that
are expressed in a wide variety of malignant tissue2, 182, 185, 190-194]. This
property potentially allows radiolabelled antibaglieo offer more precise diagnostic
imaging and also can greatly increase the effectise and decrease the potential side
effects of radiotherapy [183, 187, 190, 195-19%e Tirst radiolabelled monoclonal
antibody to be approved by the FDA for the diagicostaging of cancer was an'in
labelled monoclonal antibody, CYT-103 (OncoScint/OR) [200-209]. CYT-103 is a
murine monoclonal antibody (mAb) that binds to TA&- a cell surface antigen
expressed at high levels on the majority of colaleand ovarian adenocarcinomas.
n CYT-103-mAb imaging in patients with suspectedurrent colorectal carcinomas
prevents many patients from undergoing unnecessamgery [200-210]. Two
radiolabelled antibodies have been approved by KidAhe treatment of non-Hodgkins
lymphoma **4-tositumomab (Bexxar) from Corixa Corporation &Md- Ibritumomab
tiuxetan- (Zevalin®) from Schering corporation [1229, 211, 212]. Both are murine
monoclonal antibodies and target the CD20 antiggmessed on the surface of normal
and malignant B lymphocytes. These radiolabelletibadies have proved very
successful in comparison with chemotherapy, untadyeadiotherapy and unlabelled
mADbs [128-131].

In this project, mAb9, a monoclonal antibody thagets the TSHR in the thyroid, and,
more specifically, thyroid tumour cells, was stubi®r its suitability as a diagnostic
imaging and radiotherapy agent to be used in radioe resistant thyroid cancer. As
the TSHR is almost exclusively expressed in thyrbgsue and its expression is

maintained in some thyroid tumours, the TSHR ispammising target for directing
146



monoclonal antibodies to the thyroid or thyroid twm cells As thyroid cancers
progress, thyroid-associated proteins, such as iN&y,gradually be lost [88, 115, 213].
Loss of NIS greatly impairs conventional RAI theyaas the ability to accumulate
iodine is dependent on NIS expression [115, 218k TSHR may prove to be an
alternative target in these tumours as TSHR exjuess sometimes maintained for

longer in de-differentiated tumours [115].

3.2.1 Confirming the purity and immunological integity of mAb9

The first step was to confirm the purity and immiagecal integrity of the mAb9
monoclonal antibody. In order to demonstrate tm#&b9 was analysed by SE-HPLC
and SDS page electrophoresis. In SE-HPLC, the appate molecular weight of a
protein/antibody can be determined by comparingith known molecular weight gel
filtration standards analysed in the SE-HPLC witd same column and under the same
conditions. This approached showed that the mAl#k perresponded to a molecular
weight of approximately 150 kDa, which corresponttethe reported molecular weight
of whole IgG antibodies [214-216]. SDS-PAGE gelctigphoresis also confirmed the
purity of mAb9 by showing two main bands of approately 53 KDa and 22 KDa, that
correspond approximately to the antibody heavylaymd chain respectively [214, 217].
In the SDS-PAGE electrophoresis gel, the band sparding to the antibody heavy
chain contained two very close bands, one fairttan tthe other. The most likely
explanation for the fainter band is the heteroggnei the glycosylation of the heavy
chain of the IgG antibody [218, 219]. IgG contain® identical light chains and two
identical heavy chains linked through disulfide sand are composed of four distinct
domains; three constant domains, CH1, CH2 and @ktBa variable domain [219-
221]. The CH2 and CH3 domains constitute the comstic) portion of the IgG,

whereas the variable and CH1 domains together itatestthe antibody binding
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fragment (Fab) portion of the IgG molecule [219R24G molecules have an N-linked
glycosylation site located at Asn297 in the CH2 donof the Fc portion of IgG [219,
222]. Variation in glycosylation can occur betweéyG molecules because of
differences in terminal sialic acid, galactose, détgiglucosamine, and fucosylation of
the core [219, 223]. These differences can leastmany as 32 possible glycosylation
patterns [219, 223, 224]. Glycosylation of IgG daninfluenced by the cell clone in
which it is produced, as well as the cell cultuoaditions such as pH, temperature, and
medium [219, 222].

There is no glycosylation occurring in the antibdégb portion [219, 225], which
explains why glycosylation exerts little effect gdme antigen binding property of the
antibodies and also why the light chain in SDS-PAMBES not show any extra bands.
The glycosylation of CH2 domains is essential fbe teffector functions of IgG
antibodies such as antibody dependent cellular xayitg (ADCC), complement
dependent cytoxicity (CDC) and rapid eliminationamitigen-antibody complexes from
circulation [219, 222].

No other bands were detected by the SDS page @algdicating that the mAb9
samples were free of aggregates and impuritiesrefbre, the mAb9 antibody was

considered to be of a sufficiently high purity antégrity.

3.2.2 Binding of unlabelled mAb9 to TSHR pre-coatedth tubes

Once mAD9 integrity and purity was confirmed, thexinstep was to assess whether
unlabelled mAb9 bound to the TSHR as expected. Tas first investigated by
performing a ‘coated tube assay’, in which tubesgwated with TSHR were used. This
assay was originally developed for Graves autoimertingroid patients with the intent
to measure the ability of anti-TSHR antibodies,taored in patients serum, to compete

with **-TSH for the binding of TSHR coated in the tub2&€]. In these coated tubes,
148



an engineered chimeric TSHR (chimera A), compodeth® N-terminal part of the
human TSHR cDNA substituted with amino acids 1-&6%e rat LH-CG receptor, is
immobilized to the polystyrene tubes [226]. Spedifinding of*?3-labeled bovine TSH
to this TSHR chimera A has been shown to be preseawnd indistinguishable from the
wild type TSHR [226]. Coated tube assay studiesiedhiout with mAb9 showed that
mAb9 competed with*-TSH for the binding of TSHR. Binding of3-TSH was
inhibited by more than 90% and the binding affimtyas 0.43 nM. Therefore these
results concluded that mAb9 bound to the recepaterl in the tube with high affinity.
Jacqueline A. Gilberet al. [227] tested mADb9 using the same coated tube a3saym
and also concluded that mAb9 was inhibiting thedisig of **31-TSH to the TSHR
coated in the tubes, with an apparent binding igfiof 0.022 nM. The binding affinity
in Gilbert's study was around 10 fold higher th&ae binding affinity obtained in this
experiment. This discrepancy occurred perhaps due different batch of mAb9
antibody being used in these experiments resulting different binding affinity or

alternatively it might be due to differences in thgerimental design.

3.2.3 Binding of unlabelled mAb9 to cells.
The binding characteristics of mAb9 to the TSHR thyroid cancer and TSHR
transfected cell lines were studied by performir&CIS and immunohistochemistry

assays using FTC-133, TPC-1, FRTL5 and GPI cells.

3.2.4 FACS with unlabelled mADb9

To investigate whether the selected cell lines esged TSHR, as well as to study the
binding of mAb9 to the TSHR in different cell linelSACS experiments were carried

out with TPC-1, FTC-133, GPI and FRLTS cells. Bdthl and mAb9 antibodies were

used. 4C1 anti-TSHR antibody was obtained commlgraad recognises an epitope
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located in the region of amino acid residues 38B84 of TSH Receptor [228]. An
isotype-matched control antibody was also used @sn&rol as a means to distinguish
non-specific staining from specific antibody stami Non-specific antibody staining
can occur due to the binding to Fc receptors ogetacells; non-specific protein
interactions with cellular proteins, lipids, or bahydrates, and cell auto-fluorescence
[184, 229]. These factors can vary depending onctietype and the isotype of the
primary antibody [184, 229]. For this reason iteissential that isotype controls are
matched to the species and isotype of the spguificary antibodies. [184, 229].

4C1 antibody was shown to bind moderately to theElR$ FTC-133 and FRTL5 cells,
however statistical analysis showed no significhfierence in the MFU compared with
the control cells. mAb9 did not show any bindingRBC-133 and FRTLS5 cells. Both
4C1 and mAb9 bound substantially to GPI cells watwged no binding to TPC-1 cells.
These results suggest that TSHR is expressed te satant in FTC-133, FRTL5 and
GPI cells, however, while 4C1 antibody was abléital to all cell lines except TPC-1
cells, mAb9 solely bound to GPI cell lines. One gbke explanation for the
discrepancy between the binding of mAb9 and 4CATtG-133 and FRTL5 cells is that
MADb9 recognises a TSHR binding epitope that isgnesent in these cells but is present
in GPI TSHR transfected cell lines. Shephatdal. [34] compared the epitope
specificity and variable region sequences of nowelnoclonal antibodies which
recognise native hTSHR [230]. This study found #h@i recognised antibodies in the
native hTSHR in position 381-384 of the recept@(R Other studies also confirmed
this recognition of this binding epitope on the TSHy 4C1 [228].

Antibodies to different epitopes of the recepton @afluence thyroid function [227,
230]. The epitopes of TSHR to which mAb9 binds mo¢ known and further studies
are needed to characterise them [231]. From tre=sdts it can be assumed that 381-

384 residues are present in FTC-133, GPI, FRTLUS seice 4C1 antibody bound to all
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these cell lines but the epitope to which mAb9 bimdthe transfected GPI cells is not
present in the non-transfected FTC-133 and FRTISines. GPI FACS shift patterns

showed that some cell populations expressed TSHRiginer quantities than others.
This may be due to the transfection methods usdati@rproduction of this particular

cell line that resulted in some cells having higipression of the TSHR while others
have low expression of TSHR. Transfected cell lioften show different levels of

expression depending on particular gene/plasmidbaumations introduced and the
methodology used.

In a similar FACS study where 4C1 antibody, amomgisers, was used in GPI cells, a
similar shift was obtained to the one observethis study [230]. Another study used
the same GPI cell line with different anti-TSHR ibatlies and also reported a similar

pattern [232].

3.2.5 Immunohistochemistry to characterise TSHR irtells

Immunohistochemistry with 4C1 and mAb9 antibodiadetl to show specific binding
to the TSHR in the thyroid cancer cell lines TP@rl FTC-133 with both antibodies.
GPI was the only cell line that stained positivedy the TSHR with both 4C1 and
mMADb9 antibodies.

In GPI cells, different staining patterns of TSHRre/ seen, with some groups of cells
showing more positive staining for TSHR than othamglicating that some cells
expressed high numbers of receptors while othgrsesged lower levels of TSHR. This
coincides with the profile obtained in FACS whdrierent levels of TSHR expression
were also reported.

GPI cells showed TSHR staining in the cytoplasnwall as in the nucleus. There is
convincing evidence showing that some GCPRs arali$ed in the nucleus. This

suggested mode of genomic regulation by GPCRs @sphe endocytosis and nuclear
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translocation of peripheral-liganded GPCR and {loe) activation of nuclearly located
GPCR by endogenously produced, non-secreted ligands

Although there are no specific studies conductetth WiSHR to date, it may be that
TSHR, like other GCPREs, is translocated and loedlia the nucleus [233].

Although 4C1 antibody showed some binding to theHRSn FTC-133 cells in the
FACS analysis, in the immunohistochemistry studiesI SHR positivity was observed
with 4C1. It is possible therefore that this antipavas not suitable for this purpose and

that the levels of expression in these cells waneet than the sensitivity of this assay.

3.2.6 Characterising TSHR in cell lines

3.2.6.1 RT-PCR to evaluate the expression of TSHR cells.

To further evaluate the expression of TSHR in teleded cell lines, TSHR mRNA
expression was determined in the cells using w&atuantitative PCR. Relative
expression of TSHR in the different cells was coragao CHO, the non-expressing
cell line. FTC-133 and GPI cells revealed some ession of TSHR mRNA; in GPI
cells considerably more was detected than in FTE¢Els. TPC-1 revealed negligible
relative fold expression of TSHR. The results aiddi were thus comparable in some
respects to those from the FACS and immunohistodtgnassays, in which GPI cells
showed the highest level of TSHR expression andista with the mAb9 and 4C1
antibodies while no or moderate staining was olexeim FTC-133 cells. TPC-1 cells
showed negligible staining for TSHR. It is impotttém note that RT-PCR only gives an
account of the mRNA levels of the receptor and bahe fact that these cells express
TSHR mRNA does not necessarily prove that therebgITSHR protein in these cells.
While one study by Schmutzler C [234] reportedN#Rexpression in FTC-133 cell
lines, another study did not show TSHR mRNA exgies as well as expression of

most thyroid specific genes in both TPC-1 and FB3-tells [235]. This discrepancy
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seen in the TSHR expression in FTC-133 cells olesknv different studies may be due
to different TSHR primer sequences being used|sor due to the FTC-133 cell lines
used in different labs being slightly different imoone another due to different media

and growing/passaging conditions being used.

3.2.6.2 Western blot analysis to detect TSHR proteiin cells

The next step was to perform Western blot experismendetect TSHR protein in TPC-
1, FTC-133 and GPI cell lines. TSHR, a member of @#PCR family, is composed of a
large extracellular domain or ECD, of a moleculaeight of 45 kDa, a seven
transmembrane region and a c-terminal cytoplasaiid1l, 27, 236, 237]. The ECD
region is thought to be solely responsible for nigainteraction, while the
transmembrane and cytoplasmic regions are involmesignal transduction [11, 27,
236, 237]. TSHR expressing GPI cells were consttln Da Costat al. laboratory
[238] by using an ECD region anchored via glycokghiphatidylinosito(GPI) to CHO
cells. In the latter paper, immunoblotting studiasing both Graves disease patient
serum and anti-TSHR antibodies detected a TSHR baadund 70 kDa [152]. In the
present study 4C1 antibody detected a single bamdooind 68 kDa, which therefore
corresponds to the TSHR in GPI cells. 4C1 antiblodyever failed to detect TSHR
protein in the western experiments in FTC-133 aRCA cell lines, suggesting that
there is low expression of TSHR in these cell lineghe Western blots, mAb9 did not
detect TSHRs in FTC-133, TPC-1 and GPI cell lines.

The reason for the lack of detection of TSHR in G&ls with the mAb9 antibody is
that Western blot is carried out under denaturingddions. It might be that the
denaturation of the cell line lysate changes thefaronation of the TSHR protein
binding epitope in GPI cells therefore not permgtmADb9 to bind to the TSHR protein

in its denatured form.
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3.2.7 Radiolabelling of mAb9 with'*3

After the purity and integrity of the mAb9 antibodyad been confirmed, TSHR
expression in the cell lines used characterised,bamding of unlabelled mADb9 to the
cells studied, the next step was to label mAb9banty with **1. Labelling was
performed using the lodogen tube method. In thishote a water-insoluble oxidant
[196-tetrachloro-3t~,6t~-diphenyl glycoluril, lodewg] is dissolved in an organic solvent
and it is coated on the walls of the glass reactitre [179]."%7 is incorporated into
tyrosine amino acids of the antibody by chemicaidation. By using this method,
oxidation damage to the antibody can be diminighathg the radiolabelling process.
After labelling mAb9 with*#, the labelling efficiency of*I-mAb9 was measured with
Radio-HPLC and ITLC. Both radio-HPLC and ITLC rdsushowed a high labelling
efficiency *I-mAb9. However, resolution of size exclusion HPla@d ITLC is not
particularly high and therefore usually it does separate molecules with less than a
few thousands of Da difference and it cannot alwdgtect partial degradation of
proteins/antibodies. For this reason, SDS pageslgetrophoresis was also performed.
SDS page electrophoresis analysis indicated ‘thamAb9 was of high purity, with a

single band of around 150 kDa and no further intigsror aggregates were detected.

3.2.8'1-mADb9-TSHR binding assays

3.2.8.1 Pre coated tube assays

The binding of the newly labelletf-mAb9 to the TSHR was first investigated in
TSHR pre-coated tubes [226]. When usifiyy radiolabelled mAb9 at a low specific

activity, only incomplete inhibition of binding wa®en. This indicated that the integrity
of the radiolabelled complex integrity might haveeh disrupted. A loss of integrity

could result from three possible reasons. Firsgaiion by the lodogen pre-coated tube

method itself might have damaged the structurdefantibody. Second, radiolabelling
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of mAb9 could have damaged the structure of thebady. Lastly, the initially
radiolabelled**1-mAb9 might not have been of a sufficiently highesific activity to
allow sufficient competition with the unlabelledtgnody. The immunointregrity of an
antibody depends on the preservation of its antigeding activity [239]. Previous
studies have shown that modification in the amiaiol dequence of the hypervariable
region of an antibody can result in the bindingsgth of the antibody being reduced
[240]. The antibody sites targeted during a radhieling procedure include tyrosine
residues, oligosaccharide moietid&samino groups of lysing}- or y-carboxyl and thiol
groups, as well as glutamic acid and thiol grougsegated by the reduction of cystine.
Most antibodies have tyrosine residues in their enyariable region [239]. The
antibody sites targeted on mAb9 when radiolabellivith **1 are thought to be the
tyrosine residues on the mAb9, and it is thus bsghat the labelling process might
have disrupted the conformation of mADb9.

To investigate whether cold labelling, oxidationtlee addition of iodine to mAb9 was
damaging its structure, TSHR coated tube assayestwhd FACS experiments were
carried out.

In these assays, three preparations were compatdedthe first preparation, the
oxidation effects of lodogen on mAb9 were studied & order to do this mAb9 was
incubated alone in an lodogen tube to produce isgdl mAb9'. In the second
preparation, the effects of cold labelling iodioation mAb9 were studied, and in order
to do this mAb9 was co-incubated with cold potassiodide in an iodogen tube to
produce ‘cold labelled mAb9'. In the final prepaoat mAb9 was simply mixed with
cold iodine, and this was called ‘mixed mAb9'’.

In the TSHR coated tube assay, ‘oxidised mAb9’ alale to compete witf-TSH for
the binding of TSHR. This showed that oxidation mAb9 by lodogen was not

damaging the structure of the antibody. ‘Cold lEzemMADb9’ was also able to compete
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with **1-TSH and therefore substitution of radioiodineoithe antibody was not likely
to be damaging the ability of the antibody to bindhe TSHR in coated tubes.

FACS analysis suggested that the oxidation steglf itsas not interfering with the
binding of mAb9 and 4C1 to GPI cells, however tb&lgodide labelling of both mAb9
and 4C1 impaired the ability of these antibodiebital to the TSHR in all of the cells
used. These results contradicted the coated tutsy assults in which cold labelled
mMAb9 was able to bind to the TSHR coated in thesub

It is possible that the substitution ratio of ctéddbelled antibody was higher than the
radiolabelled antibody and hence it had a harsfiecteon mAb9 than the radiolabelled
material. Also, the coated tubes are coated willBER chimera produced in the lab
which has a different conformation from the TSHRstouct transfected into the GPI
cells. Perhaps iodination of mAb9 changes the aomdtion of the antibody portion that
binds to the TSHR in GPI cells but does not aler dantibody portion that binds to the
TSHR construct coated in the tubes. Also, it migbkt possible that the secondary
antibody used in FACS is not recognising the calitlled mAb9 and 4C1 reaction and
thus no positive shifts were shown.

It can be concluded that the oxidation inflictedtbg lodogen labelling method and the
cold labelling of mAb9 were not damaging the antiyye ability to bind to the TSHR
coated in the tubes. Howver, some doubt remaimns te effect of cold iodine labelling

on the ability of mAb9 and 4C1 to bind to the TSHRGPI cells.

3.2.8.2 Cell binding assays

The binding of**1-mAb9 to TSHR in cell lines was further studiedthyroid cancer
(TPC-1 and FTC-133), TSHR transfected (GPI) andhmabid cancer cells (FRTL5) by
performing direct radioligand cell binding assay$e efficiency of the binding of

radiolabelled compounds to cells may be affecteddneral conditions which include
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the incubation time and temperature of incubatioasavell as the characteristics of the
binding buffer. For this reason the effect of tkenperature and time on the binding
efficiency of mAb9 to TSHR in the cells as well #ee effect of different binding
buffers were tested before saturation cell bindegsays were conducted. The
temperature that gave the highest binding effigremas room temperature and the
optimal incubation time was between 2 and 3 hoirstudy using different buffers at
room temperature incubated for approximately twarkaletermined that most buffers
used produced a similar outcome in the cell bindisspys. Therefore room temperature
and 2 to 3 hours incubation time were used in &rrthinding assays.

After determining the best incubation conditions,digect radioimmunoassay was
performed to measure the immunoreactivity of theeled fragments, i.e. the
proportion of radioactive antibody fragments thavénthe ability to bind to the antigen.
The immunoreactivity was calculated to be 5.1 %ictwhindicates that only about 5%
of the radioactive antibody was able to bind to T@HR. The immunoreactivity of
mMAD9 is, thus, very low compared to most antibodieglied and thus raises doubts

about the quality of the antibody.

3.2.8.2.1 Saturation assay

Radioligand binding assays were performed on allthlyroid cancer cell lines in order
to measure the specific radioligand binding toscell equilibrium, and to determine
both the receptor numbers (Bmax) and the bindifigigf (Kd) of mAb9 by analysis of
non specific binding and total binding. Non-spexiiinding occurs in many types of
binding assays and it is therefore crucial to antdor this.

Unlabelled mAb9 was used as the competitor to nreason-specific binding to ensure

that all the target receptors were occupied, undkrich conditions any binding
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observed would be to other receptors, or due teractions with the cell membrane.
The concentration used (10(aM) was adequate to block all the receptors.

GPI cell lines showed a high level of TSHR expr@ssas well as a relatively high
binding affinity. FRTL5 bound to TSHR, however thmajority of binding was due to
non specific binding. A study by van der Kallenhal. [241] also detected a binding site
in FRTL5 cells with extremely low affinity and higtapacity which represented a non-
specific binding site: Kd= 56424 nM and BMax (bindicapacity) 134+20. [242f7-
mADb9 did not show any binding to FTC-133 and TP€ells, as expected since these
cells had been shown to express very low or nigdgigamounts of TSHR.

Radiolabelled antibodies must retain their receptimding capacity if they are to
function as effective radiopharmaceuticals andaaigfin the immunoreactive fraction
was found to be low the saturation binding studghv@PI cells did show high levels of
specific binding indicating thdf1-mAb9 most likely kept its receptor binding cafgci

to the TSHR in GPI cells.

3.2.9 SPECT/CT imaging experiments

Imaging experiments were performed in order toss#ee binding of*1-mAb9 to the
TSHR present in the thyroid of normal mice. In ertteperform this study, mAb9 was
labelled with'#, a radioactive nuclide used for SPECT/CT imagifigmall animals.
Metabolism of thé*1-mAb9 conjugate after its systemic injection imiice can lead to
the formation of radiolabelled metabolites incluglifiee **, which can be taken up
into the thyroid by the NIS. This would confouncktimaging results as a radioactive
signal detected in the thyroid could be caused kytwl partly by the accumulation of
free '3 rather than being caused by the bindindg“dfmAb9 to TSHRs on the thyroid
of the mice. To ensure th&f-mAb9 binding rather than that of fré€1 was measured,

binding of mAb9 to the thyroid was imaged in thegence and absence of the NIS
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inhibitor sodium perchlorate. In the absence otblerate, approx 2.4% binding was
observed in the thyroid, whereas ~0.2% binding wlserved in the thyroid in the
presence of perchlorate. The substantial redudtidA-mAb9 binding to the thyroid
after the pre-treament with perchlorate indicathat ta large proportion of the
administered'*1-mAb9 underwent metabolism and was released as'ffe which
accumulated in the thyroid.

The 0.2% binding observed after perchlorate treatnseiggests that mAb9 may be
binding to TSHRs. In a further control group micera administered with fre€ in
the presence and absence of perchlorate. Wiemwas administered it produced an
uptake of 1.7% in the thyroid, but this uptake waspletely blocked by perchlorate
treatment. This suggests that the relatively lognai of 0.2% achieved in the mAb9 +
perchlorate group is not the result of a sub madyretfective dose of perchlorate
being used.

Previous studies have shown that radioiodine iertalp by the salivary gland, stomach,
lactating breast and nasal mucosa via NIS [91,.Z8Bf explains why activity in the
salivary gland is also seen at the 4 hour time tpisimice injected with eithel*-
mAb9 or free*?? in the absence of perchlorate. Lack of uptak&dfinto the salivary
gland in perchlorate treated mice indicate thatlperate is effectively blocking NIS
and thus thyroid uptake may be duéf®mAb9 binding to TSHRn vivo.

Although **1-mAb9 showed some binding to the TSHR in the tigrof mice, the
percentage of injected dose was extremely low, #ng, results are unable to
categorically indicate whether the radioactivitgisen the images is due to the specific
binding of**31-mAb9 to the TSHR or due to fréé being taken up by the thyroid via

NIS.
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3.2.10"In-labelled mAb9

When using® radiolabelled compounds, there is always a chamaefree'*1 can be
taken up into the thyroid via NIS and interferehwit vivo imaging and biodistribution
studies.  Although in the imaging and biodistribati studies **I-mAb9 was
radiolabelled to an efficiency close to 100% andiwm perchlorate was used to block
the uptake of*X into the thyroid, it is still possible that fré& will, to some extent,
interfered with the interpretation of the resullbis problem can potentially be solved
by radiolabelling mAb9 with a radioisotope that sa®t get taken up into the thyroid.
For this reason in this projectin was used because it is not taken up by the idhyro
but also due to its useful imaging properties reahilability.

n does not form strong interactions directly withtibodies/proteins but can form
highly stable complexes with a number of bifunctibrhelating agents, chelating
agents which have a chemically active group thatliad covalently to the antibody.
The Macrocyclics chelating compound p-SCN-Benzyf2Owas selected to be

conjugated to mAb9.

3.2.11.1 Conjugation of mAb9 with p-SCN-Bz-DOTA

SCN-Bz-DOTA conjugates to the antibodies via lyssigde chain amino groups. After
conjugation, the antibody was purified in ordemr¢émove any free chelate before the
"Yn was added. In order to assess the purity argiity of Bz-DOTA-mAB9, prior to
radiolabelling, a size exclusion HPLC (SE-HPLC) \pasformed.

The SE-HPLC indicated that the integrity and puofymAb9 was not altered by the
addition of Bz-DOTA. FACS analysis with Bz-DOTA m8bevealed that the chelated
compound was still able to bind to TSHR in GPI£elBz-DOTA mAB9 was also still

able to compete with*3-TSH for the binding of TSHR in the pre-coated éabThis
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again confirmed that the conjugated chelator wasnilmencing the ability of mAb9 to

bind to the TSHR.

3.2.10.2 *Min labelling of BzScnDOTA mAb9

Bz-DOTA mAb9 was radiolabelled with'in. A range of concentrations of mAb9 and
n were evaluated and different incubation timegsevemployed until an optimal
radiolabelled compound of around 99% labellingosdincy was produced. After the
radiolabelling of the mAB9 with*in, ITLC and size exclusion HPLC indicated that the

radiolabelled compound was of high purity.

3.2.10.3'""in-mAb9 binding assays

Once stablé*in-mAb9 was produced successfully, the next step tainvestigate
whether the radiolabelled complex retained its ingccapacity. A TSHR pre-coated
tube assay showed thHtin-mAb9 still kept its ability to bind to the TSHRwnd its
binding was inhibited by 80% with cold mADb9.

n-mAb9 binding to TSHR in GPI cells was demonstdain a saturation binding
assay. The number of receptors- Bmax- was estimated 656 fmol/mg and binding
affinity, Kd, 2.1 nM. The binding affinity of*I-mAb9 in GPI cells was 3.66 nM,
similar to binding affinity of"*in-mAb9 to the same cells. This suggests tfi4n-
mAb9 binds the TSHR in GPI cells with a similariaitly to **1-mAb9. There appears
to be a big difference between the number of recsptbserved in GPI cells 13-
mAb9 and *in-mAb9 saturation assays. This variability may dee to different
passages of GPI cells being used when the saturatisays were performettiin-
mMADb9 bound to the TSHR in FRTL5 cells, however mbistding was due to non-

specific binding. A study by van der Kallezt al. [241] also reported non specific
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binding to FRTL5 cells [242]**YIn-mAb9 did not bind to FTC-133 and TPC-1 cells,

presumably due to the very low or negligible expi@s of TSHR in these cells.

3.2.11 SPECT/CT imaging of*in-mAb9 in mice

As explained previously**¥-mAb9 can be metabolised into fré&l, which can be
taken up by the thyroid and interfere with imagargl biodistribution results. For this
reason mAb9 was radiolabelled witf'in and afterin vitro studies confirmed its
binding to TSHR, the next step was to perform prglary animal studies in order to
assess the binding 6Fin-mAb9 to the TSHR expressed in the normal thymwiidhe
mouse. SPECT/CT animal studies did not show spebifiding of**in-mAb9 to the
TSHR and radioactivity was widely distributed irethody of the mice aftétin-mAb9
injection. This radioactive distribution patternri@sponds to that previously seen n
mice [244]. Results of both the imaging and bitrhsition studies suggest that there is
no specific binding of*in-mAb9 to the thyroid of mice, and for that reasanfurther

animal studies were conducted within-mAb9.

3.2.11.1 Blood/Plasma stability study with*in-mAb9

Mn-mAb9 bound to TSHR in coated tubes and in GR$ @e vitro, however, it failed
to show specific binding to the TSHR of normal mikceritro. One explanation for this
is that **In-mAb9 might be broken down in the blood as a ltekase its antigen
binding ability. In order to investigate this pimléty, in vivo and ex vivo stability
studies were performed in the blood of mice.

The contro!in-mAb9 showed two bands on SDS-PAGE, one at mtdesueight 250
kDa and the other at 150 kDa. The 250 kDa bands@onably an antibody dimer)
contained 5% of the total radioactivity whereas 1b8k Da band contained 95% of the

total activity.
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"Yn-mAb9 incubated in the blood either ex vivo a@ndvivo gave similar results. In
both studies, bands were also detected at 250 ¢daprising 6% of total activity and
150 kDA (86% total activity) and also showed a band5 kDa containing 8% total
activity). This indicates that it is not extravalscunetabolism in mice causing the third
band to appear, but that there may be some break ¢6'*in-mAb9 in the blood.
Although this suggests that the antibody may bakodown in the blood of mice to a
small extent, there is still a considerable amaninintact radiolabelled*in-mAb9
(86%) circulating in the blood at 6 hours, and leeitas unlikely that the small degree
of breaking down of the antibody in the blood isigiag radiolabelled antibody not to

bindin vivo.

3.2.12 Conclusion for mAb9 studies

mMADb9, a purified IgG2b monoclonal antibody develbeom an experimental murine
model of hyperthyroid Graves’ disease, has beewsho previous studies to exhibit
potent thyroid stimulating activity [227]. In thetter studiy, mAb9 induced full
stimulation of TSHR and acted as a full agonisttfoe receptor. It also demonstrated
high affinity in vitro for binding of the TSHR coated in tubes and CH@scstably
transfected with the TSHR receptor [227]. In thisdy, mAb9 was investigated bati
vitro andin vivo for its potential to act as a imaging and treatneal for radioiodine
resistant thyroid cancemn vitro studies showed thaf and **'in radiolabelled mAb9
were able to bind specifically to TSHR pre-coatedubes and in GPI cells (CHO cells
stably transfected with the TSHRh vivo, though, the outcome was different. Both
n-mAb9 and*?3-mAb9 failed to show specific binding to the TSHiRthe normal
mice. Possible reasons for this are discussed apteh 5. Radiolabelled mAb9 is
therefore unlikely to be of use the diagnosis aedtiment of radioiodine resistant de-

differentiated thyroid cancer.
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CHAPTER 4. RHTSH STUDY
mMAb9 bound to the TSHR vitro however it did not bind to the TSHR vivo. For this
reason, mADb9 is unlikely to be of use in the disgsa@and treatment of radioiodine
resistant thyroid cancer. A new approach was tbesaieeded to target the TSHR.
In this study human recombinant thyroid stimulatiegeptor (rhTSH) was used to
target the TSHR. rhTSH binds to the TSHR and is mencially available. It was
approved for clinical use by the FDA(1998) [2456P4nd in Europe (2001) [247]. It
has a combined molecular weight of 30,000 Da, whnekes it advantageous for a
tumour targeting compound due to its relatively Bisiae.
Due to these features, radiolabelled rhTSH wasuetadl as a potential candidate to
stage radioiodine resistant thyroid cancer. Theralvebjective of this study was to

radiolabel rhTSH and study its binding to the TSbtih inin vitro andin vivo.

Aims of rhTSH studies:

e Radioiodinate rhTSH with®1 and produce a radiolabelled compound with high
purity.

e Study the structure and chemical properties of Hh&8d'*I-rhTSH using SDS
page electrophoresis, size exclusion HPLC and sevanase HPLC.

e Assess the binding of3-rhTSH to TSHR pre-coated tubes and in thyroid
cancer cells.

e Investigate the binding df1-rhTSH to the thyroid and grafted thyroid tumours
in micein vivo with SPECT/CT imaging to establish if radiolabdlidnTSH can
be used as a potential imaging and treatment afgentadioiodine resistant

metastatic thyroid cancer.
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4.1rhTSH study results

4.1.1 Radioiodination of rhTSH using enzymatic subgution

rhTSH was first radioiodinated witt* using the lactoperoxidase enzym:
substitution method. Plearefer to section 2.3.1 for a detal protocol. ITLC analysi
showed thamost of the radioactivity remained in the bot of the ITLC strif, which
indicates a high purity labelle*3-rhTSH with approximately 95% labelling efficient
(figure 4.1-A). SDSPAGE gel electrophoresis analysis showed main intact banc
which @rrespond to the subunit (17 kDa) anfl subunit (21 Da) but no extra banc
(figure 4.1-B). These results indicate that a high purity and higtegrity **

radiolabelled rhTSH was obtaine

rhTSH-1251  rhTSH-125|

¢ i rhTSH.129| rhTSH.12%|
Solvent____ <— Solvent 0 \l/ l/
front front T5KD
S0 KD
I7KD s
25 kD _— 21 KDa- B subunit

2ot ' '—% 17 KDa- a subunit
. ; . 15 kD -
Origin —> ‘ ‘ <— Origin -_—

10 KD p—
5K0

Figure 4.1 Phosphorimager images of ITLC and SDS PAGE aetioresis analysis «*?1-rhTSH.

A: ITLC strips showing 95% labelling efficiency (culated by the phosphorimager software). B: ¢
gel electrophoresis of“4I-rhTSH showing two main bands of approximately 21 kDa afdDa, whict
correspond to the rhTSB-subunit andx-subunit respectively

The effect of increasing concentrations cctoperoxidase and glucose oxidase in
129.rhTSH labelling efficiency was determined usii ITLC. Please refer to sectic
2.3.2for a detailed protocol. The results demonstrated increasing concentrations
lactoperoxidase and glucose oxidase ilendently increase the labelling efficier

(figure 4.2). Both the 0.005 and 0.5 pg quantitiesf glucose oxidase ar

lactoperoxidase resulted in labelling efficiencof close to 100%
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Relationship between glucose oxidase

added and labelling efficiency Relationship between lactoperoxidase

added and labelling efficiency
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Figure 4.2 Relationship between glucose oxidase and lactogaase in the?1-rhTSH radioiodination
reaction against the labelling efficiency. The libg efficiency increases sharply after an additiof
0.001 pg glucose oxidase and 0.1 ug lactoperox

4.1.2HPLC Studies with rhTSH and **3-rhTSH

4.1.21 Size exclusion HPL((SE-HPLC)

To further confirmthe efficiency and structural integrity of-rhTSH, SE-HPLC was
carried out. FirstunlabelledrhTSH was analysed with UV absorption detectior-
HPLC. See sectioB.3.: for a detailed protocol. A single sharp peak of$hiTeluted a

12.33 minutesfigure 4.3).

AU
AU

Figure 4.3: UV size exclusion HPLC chromatogram (280 rfor rhTSH. An intact peak at retenti
time 12.33 is shown.

A series of BioRad gelfiltration standards were also analysed in ordezstimate thi
molecular weight of rhTSH however only 3 peaks weetecte from the 5 distinct
peaks expectedfigure 4.4). The SEHPLC column employed for this analysis \

thereforenot able to achieveood separation with these molecular weight starsl
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For this reason, carbonic anhydrase and lysosyme waiso analysed and used
additional molecular weight standards. Carbonic daase and lysosyme ha
theoretical molecular weights of approximat29 kDa and 14.7 kDa, respective
which are similar to the molecular weight of rhT&H80 kCa) and the rhTSH subunit
(~14 kDa). The retention time obtained in the-HPLC chromatogram with carbor
anydrase, 12.52 minui (figure 4.5), was very similato the retention time obtaine
with rhTSH, 12.33 minutesfigure 4.3). This indicates that the rhTSH analysed has

predicted molecular weight of approximately 30 k

Thyroglobulin: 670,000 Da
Y-globulin: 158,000 Da
Ovolbumin: 44,000 Da
Myoglobulin: 17,000 Da
Myoglubulin (17,000 Da) Vitamin B12: 1,350 Da

All other components 13.23 r
20.28 Vitamin B12 (1,350 Da)

‘\J 18 45 19 40’ i 22. 72 23.92 L
- | ap

12.63

o'z"&'s"é'b'iz'hsBmzzznz's'é'a;
hifutes

Figure 4.4: UV size exclusion chromatogram (280 nm) of BioSeganular weight starards. 3 peaks

were detected at retention time 12.63, 13.23 andl hhutes

0%, carbonic anhydrase: 29 kDa |[%%
lysosyme: 14.7 kDa
o lysosyme Lo
2 carbonic anhydrase 2
0% \ L0z
12.52 14.5
o 2z a4 8 &8 o = ® ® = @ =2 @A B =B O
hiubes

Figure 4.5 UV size exclusion HPLC chromatogram of carbomigdrase and lysosyme. Two peaks w
obtained at retention times 12.52 and 1 minutescorresponding to carbonanhydrase and lysosyme
respectively.
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In order to investigate the effects of the radigiation of rhTSH with'*, **3-rhTSH

was analysed by rac-SE-HPLC. Please refer to section 2.3.ih2nethodology for a
detailed protocol.

In the radio-SEIPLC a main peak at retention time 13.30 minutes was ¢tk
followed by smaller peaks at retention times 19.270.85, 24.19 and 26.22 minu

(figure 4.6). The 13.30 minutes retention time peak mostyikbows the radiolabelle

rhTSH whereas the peak at 85 minutes most likely corresponds to the . The

other extra peaks seen are probably a result afledelling impuritiesbeing present in
the mixture. There is a shift of approximately 1nate in the retention time *#3-

rhTSHin comparison wth rhTSH, which might indicate that the radiolalvglmethoc

has altered the structure of rhT:

20.85

13.30
24,19 26.72

Figure 4.6: Size exclusion rad-HPLC analysis of* radiolabelled rhTSHA major intact peak eluted
at retention time 13.30 followed by minor peaksetention times of 19.27, 20.85, 24.19, 26

4.1.22 Reverse phase HPL

RPHPLC studies were carried out in orderfurther study the purity of rhTSH ai
determine whether rhTSH retains its structure/intg@fter bein( radiolabelled.
Unlabelled rhTSH was analysed by -HPLC using 0.1% TFA/water ar
acetonitrile(ACN)/TFA (pH 2.5) as a mobile phaseai18 column. rhTSH was run
a 5 to 50% ACN gradient for 35 minuteand then 50 to 100% ACfor 10 minutes

(figure 4.7). Please refelo section 2.3.4 for a detailed protocol.
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Figure 4.7 Gradient elution pattern of rhTSH in -HPLC. A gradient of 5 to 50% in 35 minut
followed by 50 to 100% in 10 minutes was used dgated
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Figure 4.8: UV chromatogram of the elution of rhTSH from -HPLC using a C18 column and mok
phase 0.1%TFA/water and ACN/TFA (pH 2.5). A numbésharp peaks eluted from the column v

two main separated peaks at retention times 20d28.77 minute.

rhTSH eluted aa number of sharp pealfigure 4.8). In order to try to achieve atter
separationof the sharp peaks, a number of gradients weredegtot shown). Th
gradient that achieved the best separation waB% ACNfor 30 minutes, 20 to 35¢
for 30 minutes, 35 to 100% ACfor 5 minutes figure 4.9). With this gradient, rhTSI
was separated into 3 main groups of pewith retention time®f approximately 20, 21
and 22 minutesfigure 4.10. It was not however possible to further sepathtse

peaks.
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Figure 4.9: Organic solvent gradient used to elute rhTSF-HPLC. A gradient of 5 to 20% ACfor 30
minutes, 20 to 35% fa30 minutes, 35 to 100% ACfor 5 minutes was used as indica
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Figure 4.10: UV chromatogram and radiochromatogram of the efutbunlabelled rhTSH from a |-
HPLC using a C18 column and 0.1%TFA/water and AGM (pH 2.5 as amobile phase. Each run
was repeated at least 3 tir.

129.rhTSH was then analysed using the samnditions with RI-HPLC in order to

understand if the radiolabelling changed the stmecof rh TSt (figure 4.11).

29.25
29.92 !
28.83
28.39 &=
30.71 o
| 3.67 s1q 185 Hilos
L o

o s 0 15 20 25 EY 35 w0 I s0

Figure 4.11: Radiochromatogram of the elution **1-rhTSH from a RPHPLC with a C18 column and
0.1%TFA/water and ACN/TFA (pH 2. as a mobile phasé& number of different peaks were obtain
55% of rhTSH was recovered from the column. Eachwas repeated at least 3 tin
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As with unlabelled rhTSH, several peaks were olethiather than a single pedigure

4.11) but with retenbn times considerablbiggerthan the unlabelled compou

The different peaks obtained in -HPLC analysis with rhTSH an'®3-rhTSH could
possibly be due to dame caused to rhTSH by the pH of the mobile phase wisigiH

2.5. In order to explore thisossibility, a SDSPAGE electrophoresis wit**J-rhTSH

treated with either pH 2.5 or pH 7 was carried. Please refer to secti2.3.4.1 for a

detailed protocol.

rhTSH.1%5|,  rhTSH.1?3,
pH 2.5 pH7

J

10 % radioactivity ,‘;4, —> 30kDa

21 KDa- B subunit
90 % radioactivity <—— 17 KDa- o subunit

Figure 4.12 SDS gel electrophoresis **1-rhTSH treated with pH 2.5 and pH 7. BcpH 2.5 and pH7
treated rhTSH showed a m band ranging from 17 to 21 kDa contain®@f6 of the total radioactivity
A band at 30 kDA which represented 10% of the tdloactivitywas alsaletecte.

rhTSH teated with pH7 and pH 2.5 showidentical lands that range from 21 to
kDa, which most likely represent tlaeand subunit of rhTSH merged togetherthe
resolution was not high enough to separate them v distinct bandsfigure 4.12).
A band at around 30 kDa is also shown at both pkrd pH 2.5, which represen
around 10% of total activity. This band most lik&lgrresponds to the rhTSH dim
This similarity between results at pH 2.5 and phsuggests that pH 2.5 does

affect/damage the structure of rhTSH #?3-rhTSH.

4.1.2.2.1on pairing RP-HPLC
In order to try to optimise the separation of rhT8Hthe RI-HPLC, rhTSH was

analysed using ion pairing FHPLC. Two different ion pairing F-HPLC conditions
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were studied: 0.01 M Triethylammonium acetate (TBEAApH 5.5 and 0.1 M TEA at
pH 7.See section 2.3.5 for a detailed protc

rhTSH in 0.1M TEAA/water pH 7 and 0.01M TEAA/watpH 5.5 eluted as a sing
peak at early retention times of 8.77 and 8.68aetsgely figure 4.13. In 0.1MM
TEAA/water pH 5.5, a broader peak and irtain degree of tailing was seen, wt
compared with TEAA at pH The TEAA/pH7 mobile phase was therefore selecte

the preferred mobile phase to analyse rh with.

0.1M TEAA/water pH 5.5

0.1IM TEAA/water pH 7

e

Figure 4.13 RPHPLC of rhTSH with 0.01M TEAA/water pH 5.5 and OMIEAA/water pH 7 rhTSH
eluted at 8.77 and 8.68 minutes respect.

In order to assess the effects of the radioiodimewith rhTSH with 23, 29-rhTSH

was analysed by RAPLC at the selected conditions of 0.1M TEAA/wgiel7.
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Figure 4.14:Radio RPHPLC chromatograms ¢?1-rhTSH with 0.01M TEAA/water, pH 5.5 and 0.1
TEAA/water pH 7. Three main peaks are shown amtite times 4.11 minutes, 5.6 minutes and ¢
minutes.

In contrast to unlabelled rhTSH, in which a singkeak was obtained, 3 main pe:
eluted with **3-rhTSH (figure 4.14). These extra peaks possibly indicate that
radioiodination or oxidation of rhTSH wit**% is significantly altering the structure
rhTSH.

In order to investigate if the oxidation processswiamaging the structure of rhTS
rhTSH was incubated with lactoperoxidase and gliamgdase to produce ‘oxidist
rhTSH’ and in order to investigate if the labellipgpcess was damaging theucture of
rhTSH, rhTSH was incubated with glucose oxidasetolgeroxidase and sodiur'?"]
iodide: ‘cold labelled rhTSH'. ‘Oxidised rhTSH' antold labelled’” rhTSH wer
analysed in ion pairing FFHPLC with 0.1M TEAA/water pH7. ‘Oxidised rhTSt
analysisshowed a single sharp peak at retention time 8.8%ites figure 4.15),

identical to the peak obtained with unlabelled rHT(figure 4.13). This indicates that

the oxidation of rhTSH is not altering the struetof rhTSH
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Figure 4.15 ‘Oxidised rhTSH’ inalysis in RPHPLC with 0.1M TEAA/water pH7. A main peak
retention time 8.33 minutes is detec
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Figure 4.16 ‘cold labelled’ rhTSHanalysis in RRHPLC with 0.1M TEAA/water pH7. A peak at
retention time 3.0 and 3.8 minu was detected.

Analysis of the ‘old labelled’ rhTSH figure 4.16) showed two peaks at low retenti
times of 3.0 and 3.8 minutes, however, no peakh®va ata retention time of 8
minutes, as was obtained with unlabelled rhTSH axidised rhTSH. This indicate

that the iodinatiomrocess is most likely affecting the structurelof$H

4.1.3'¥-rhTSH binding assay:

The next step was to investigate whet**1-rhTSH bound to the TSHR both in TSF
pre-coated tubes and cells expressing the rece

In order to identify the mao effective binding buffer to be used in the cell dirg
experiments, a number of different buffers werdetsn order to determine whic
buffer gave rise to the highest binding to THSRregping GPI cells. Please refer

section 2.3.6n methodology or a detailed protocol. The percentage of rhTSH

174



bound to the TSHR in GPI cells wisignificantly higher with HAMS-F12 binding
buffer in comparison with the other binding bufféeested figure 4.17). Thereby, in

further experiments, HAM-F12 buffer wa employed in cell binding experimer

% bound

HAMS-F12 HBSS Krebs PBS/0.1 BSA
Buffers used

Figure 4.17:Effect of buffers used on binding to cells in dahding assas. HAMS-F12 buffer gave the
highest percentage of bindinANOVA with Dunnett posthoc was performed using HAMF12 as the
control cell line P<0.000.

4.1.31 Coated tube assay witl**1-rhTSH and cold labelled rhTSH

In order to determine *23-rhTSH bound to TSHR, a competition binding assay u:
TSHR preeoated tubes was carried out. (Please refer taoge2.3.6 in methodology
for a detailed protocol). Increasing concentratiohshTSH inhibited the binding ¢
129_rhTSH to the TSHR in the coated tubes in a concentrat@pendent manner, wi
maximal inhibition of around 90% being achievefigure 4.18). rhTSH bound to
TSHR coated in the tubes with ansy of 360 nM. Coated tube assay studies indic

that'?3-rhTSH retained its receptor binding abilit

150+

-o IC,, =360 nM
100+

50

Percent labelling

c L] L) L) 1
0 1 2 3 4

Log [concentration unlabelled rhTSH nM]

Figure 4.18 Competition assaof **3-rhTSH with unlabelled rhTSH to the TSHR in pre coatedetu
129_rhTSH competed with rhTSH for the binding of TSHR in thbe:.
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4.1.3.2 Cell binding assays with?3-rhTSH

The next step was to assess the binding 6fhTSH to the TSHR in TSHR expressing
cells. In order to do this, competition assays &aturation binding assays were
performed. Cell binding assays were performed id, GPPC-1 and FTC-133 cells.

Please refer to section 2.3.6 for a detailed pamitoc

4.1.3.2.1 Saturation assay with?3-rhTSH in GPI cells
A saturation binding assay was carried out in GHlkan order to determine the kD and
Bmax of **1-rhTSH. Results with GPI cells showed th&l-rhTSH bound specifically

to these cells with a binding affinity of 2.8 nMda Bmax of 1292 fmol/protein

(figure 4.19).
Kd =2.8 nM
Bmax = 1092 nM
1500~
£ .
2 »  Total Binding
S 1000- ¥ — Non-specific Binding
(@]
£ — Specific Binding
©
S
= 5001
©
S 7y
@)
s}

1
0 20 40 60 80 100
Radioligand concentration (nM)

Figure 4.19: Equilibrium saturation binding df3-rhTSH to GPI cells*3-rhTSH bound specifically to
GPI cells with a kD of 2.8 nM and a Bmax of 1092offimg. Results represent specific binding (total
minus nonspecific binding) of triplicate determioat. Mean (+tSEM)

4.1.3.2.2 Saturation assay with?31-rhTSH in TPC-1 and FTC-133 cells
Saturation assay results witfll-rhTSH in TPC-1 and FTC-133 cells demonstrated no

binding (results not shown).
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4.1.33 Competition assay witt*?3-rhTSH and cold rhTSH in GPI cells
Results from thecompetition asses with **1-rhTSH in GPI cells demonstrated tt
rhTSH inhibited the binding *?3-rhTSH by aroun®8%, in a concentration depend

manner figure 4.20). rhTSH bound to the TSHR with ansp of 980 nM
150+

100+ =+ 1C;,=980nM

Percent labelling
[42]
o
1

c L} L] 1
0 2 4 6

Log [concentration unlabelled rhTSH nM]

Figure 4.2Q competition assay ¢**1-rhTSH with unalabelled rhTSH in GPI cells. rhTSH inhikitéhe
binding of **I-rhTSH in a concentration depend manner with the highest concentra of rhTSH
achieving an inhibition of 98%. rhTSH bound to T®HR with a 1G5 of 980 nM

4.1.4"-rhTSH in ternalisation and externalisation assay

4.1.41 Internalisation assa’

The receptomediated internalisation ¢?3-rhTSHwas studied in GPI cells in order
find out if **-rhTSH/TSHR complexes wereeing internalised into ce. Please refer

to section 2.3.7or a detailed procedul
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Figure 4.21:Internalisation assay to determine the amount ofugmte that is internalised over a per
of 120 minutes. The bound excess competitive itdiibivas also used to determine theree of non
specific binding. Around 80% of conjugate was intdised and 20% was membrane bound after
minutes incubation.
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Internalisation was very rapid with approx 80% bé tcell associated radiolabelled
conjugate being internalised after 15 minutes, waerthe membrane-bound fraction
accounted for the other 20% of the total conjugatthis time pointf{gure 4.21). The
non specific binding of rhTSH was on average lhas 6% of the total activity.

From these results it is apparent that the degfasternalisation is greater than the
remaining rhTSH found on the outer-membrane ofGRé cells. Externalisation assays
provide more information about the degree of rangcdf the radiolabelled ligand.
Because of the possibility of metabolism of intdise *?3-labelled proteins the
internalisation/externalisation assay may be nespreted by assuming that the
supernatant radioactivity is immunoprotein bouncewln fact the activity may be due
to low molecular weight metabolites in solution.

In order to discriminate between these two possés| the supernatants were collected
and a TCA precipitation assay was performed sogtaein was precipitated out of the
solution. Please refer to section 2.3.8 in methoglplfor a detailed procedure. Results
show that more than 90% of the radioiodine rempnogein bound and that metabolism

does not confound interpretation of the resditgi(e 4.22).

TCA

% protein from supernatant of
rhTSH saturated cell

% protein from supernatant of
rhTSH unsaturated cell

40 T T 1
0 50 100 150

Time (minutes)

percentage protein-bound radioactivity

Figure 4.22 TCA precipitation assay to determine the amounprotein bound radioactivity over a
period of 120 minutes. The percentage of the tmahts of supernatant and pellet sample are shown.
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4.1.4.2 Externalisation assay

An externalisation assay was carried out in ordedé¢termine the rate of rhTSH
externalisation and the integrity of externalise@$H. Please refer to section 2.3.7 for
detailed protocol. 60 % of the internalised acyivilad become externalised after 120
minutes Figure 4.23. There was no major difference between exteratabis in the
presence and absence of competitor, suggestingthettof the externalised rhTSH was

degraded.

Externalisation

-»- |nternalised fraction (+ competitor)

60 g —&— Internalised fraction (- competitor)

0 T T
0 50 100 150

Incubation time (min)

Percentage of total internalised

Figure 4.23: Time dependant externalisation of pre-internali€8erhTSH in GPI cells, in the presence
and absence of competitor. 60% of internalisedvidgtbecame externalised and there was no major
difference in the presence and absence of competito

As with the internalisation assay, a control expent was also carried out to ensure
that the immunoconjugate remained bound“t Please refer to section 2.3.8 for a
detailed protocol. Results show that more than 8b%e radioiodine remained protein
bound and that, as above, the metabolism *Bf-rhTSH does not confound

interpretation of the resultfidure 4.24).
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Figure 4.24 TCA precipitation assay to determine the amounprotein bound radioactivity over a
period of 120 minutes. This graph is displayed psraentage of the total counts of supernatanpafidt
sample.

4.1.5In vivo binding

129.rhTSH selectively bound to the TSHR both in TSR coated tubes as well as
TSHR expressing GPI cells. For this reason it e@assidered worthwhile to assess the
binding of**1-rhTSH n vivo.

Biodistribution and imaging studies were carried wuinvestigate the binding df-
rhTSH to the thyroid and subcutaneously grafted ElRTumours in mice. Animals
were injected intravenously with eith€rl-rhTSH alone of*1-rhTSH together with an
excess of unlabelled rhTSH (blocking control) andmmed using SPECT/CT at several
time points post injection. Please refer to seco8.8 in methodology for detailed
protocol. A representative image at the 2.5 houetpoint is shown ifigure 4.25

For the bioodistribution study, mice were injecteith either*?1-rhTSH or*?J-trypsin
inhibitor as a negative control tracer due to itsilar molecular weight to the rhTSH

(23 kDa). Mice were killed and tissues dissectatl @unted 2 hours after injection.
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4.1.5.1*3-rhTSH SPECT/CT imaging studies

In the SPECT imaging studies, accumulation*f-rhTSH in the kidney and the

bladder was clearly visible after 1 hodig@re 4.25). However, no thyroid uptake was
observed. There was uptake in the tumour in baghbthcking control and®1-rhTSH,

at all time points. Invivo-scope software analyses used to quantify the signal in the

tumour. {igure 4.26). Please refer to methodology for detailed protoco

2.5 hours

rhTSH-1%5|

Blocking
control

Figure 4.25: SPECT/CT imaging of mice at 2.5 hour time poineaft3-rhTSH injection. Upper half:
2_thTSH MIP, Sagittal, Coronal and Transverse ragaf mice and lower half: Blocking control:
Sagittal, Coronal and Transverse region of mice lameer half. The red arrow points to the grafted
FRTLS tumour.
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Figure 4.26: Invivoscope ROI quantification analysis Bfl-rhTSH and blocking control. 3 mice were
analysed at 0.5, 1,2,3,4,5,6 hours p&$rhTSH injection.

Quantitative analysis of the ROI's demonstratedomstant activity in tumour witff3l-
rhTSH at all time points up to 6 hours (around OMBq) (figure 4.26). With the
blocking control, an increase in the activity i tumour is observed ranging from 0.13
MBq at 30 minutes to 0.23 MBq at 6 houfgygre 4.26). This suggests that most

uptake is in fact occurring due to non specific hatsms.

4.1.5..2 Biodistribution

Biodistribution studies were conducted in orderctmfirm the imaging results and to
explore whethet1-rhTSH bound to the thyroid and FRTL5 grafts ircmiPlease refer
to section 2.3.8.1 for a detailed protocol.

129_rhTSH uptake measured in the tumour and thyro&b Wigher than that obtained
with the*® Trypsin Inhibitor (T1) -control figure 4.27). However the levels measured
in the blood were much higher witf-rhTSH indicating that®J-rhTSH is circulating
for longer in the blood thalf-TI. The uptake of*I-rhTSH was also higher than that
of **1-Tl in the intestine, pancreas, spleen, stomaukr, heart, lung, muscle and tail.
Since the uptake dfA-rhTSH was not only higher in the tumour and thgroid but
also in receptor negative organs, it cannot be loded that the uptake observed with

129.rhTSH in the thyroid and tumour is due specificeptor binding.
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Figure 4.27: Biodistribution of**1-rhTSH in mice. The average amount of radiotraneasured in mice,
is shown. Y axis represents the percent of tot@icper g and uptake of injected dose per organ

4.1.5.3 Blood stability studies

Blood stability studies were performed to see whetkhe radiolabelled rhTSH
remained intactn vivo during the imaging study. TCA precipitation assaysl SDS-
PAGE electrophoresis were carried out on blood $esnafter injection of*1-rhTSH

into mice. Please refer to section 2.3.8.1.Zfdetailed protocol.
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Figure 4.28: TCA precipitation assay on blood removed fromani&hour post injection of
29-rhTSH and"A-TI. The percentage in the pelletfl-rhTSH and*J-Tl is shown.
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Results from the TCA precipitation assay showed tha majority of the activit

remaned in the pellet with bot'?3-rhTSH and*?-TI (figure 4.28). This confirms that

both*?3-rhTSH and'*I-TI remained itact in the blood during ttin vivo studies.
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Figure 4.29 Phosphorimager image of reduced and non redu@®-PAGE electrophoresis of*-
rhTSHincubated in the blood of mice. Two animals weiedted i.v. with'®I-rhTSH and after 6 hours
their blood removed.

Results from SDSRAGE electrophoresis of*?3-rhTSH in blood samples analyst
under reducing conditionthowed a band ranging from 16 to 22 kDa, which rhikety
represents the andp subunit of rhTSHfigure 4.29. The non reduced gel showet
band at approximately 30 kDa which represents tiESH dimer. These studi

therefore show that the stability **3-rhTSHwas most likely not compromisén vivo.

4.1.54 Second biodistribution study of**1-rhTSH in tumour grafted mice

One possible explanation for the lack of blockirfgreceptor uptake observed in tl
SPECT/CT imaging studmight be that annsufficient dose of cold rhTS was used
which may have been insufficient to saturate theepeors. A second biodistributic

study was therefore performed using a higher déseld rhTSH. This study also us

an alternative nospecific control tracy, **1-labelled Carbonic anydrase (M: 29kDa)

in the hope that its kinetics would match thos*#1-rhTSH more closelyPlease refer

to section 2.3.8.%or a detailed protocc
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Figure 4.3Q Biodistribution of**3-rhTSH, **1-CA and blocking control in mice. The average amtoof
radiotracer measured in 2 mice, is shown. Y axsasents the percent of total activity per g anthke
of injected dose per organ . Results show uptakbeoblocking control and CA control in the tumaund
thyroid was much higher than witfl-rhTSH.

The results of this biodistribution studfiglire 4.30) unexpectedly showed that the
radioactive uptake in the thyroid and tumour witie tblocking control and?®l
radiolabelled carbonic anydrase control was higleenpared to that df2-rhTSH. This
was also the case for all other tissues sampledsélnesults suggest that the uptake
observed for®1-rhTSH in the tumour and thyroid was primarily dtenon specific

mechanisms.
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4.2 Discussion of rhTSH studies
Radiolabelled proteins and peptides have emergedefsl agents in the diagnosis and
treatment of cancer [155, 156]. Radiolabelled plgstioffer the advantages of being
small, low in antigenicity, fast in clearance amagbid in tissue and tumour penetration
[248, 249]. Furthermore, with the advance in pepadd protein synthesis techniques it
is easy and relatively cheap to produce new pepfpdeteins to be tested as potential
radiopharmaceuticals [248, 249].
As previously discussed, some differentiated thd/rmancers de-differentiate and lose
the expression of NIS, and thereby the ability @adily take up radioiodine into the
thyroid [109, 250, 251]. This impairs the stagirfgreécurrent disease with radioactive
iodine. There have been reports, however, that stawat some radioiodine resistant
thyroid cancers still express the TSHR [247]. Thees TSHR could potential be used
as a marker for radioiodine resistant de-diffeetd thyroid cancer.
In chapter 3, mAb9 anti-TSHR antibody was invesadafor its potential to target
radioiodine resistant thyroid cancer. mAb9 monoalamtibody bound specifically to
the TSHRIin vitro, however it did not bind specifically the TSHRthe thyroid of mice
in vivo. For this reason, an alternative approach foretarg radioiodine resistant
thyroid cancer was evaluated in which radiolabelted SH (Genzyme) was used
instead of MAD9 to target radioiodine resistantaity cancer. TSH is an endogenous
ligand for the TSHR and it was considered approgria use because of its relatively
small size of approximately 30 kDa. Also, Corsedti al. [181] previously
radioiodinated rhTSH with® and performed binding assays that showderhTSH to
bind to TSHR expressing cells (PTC-1) [181]. In sihestudies,*3-rhTSH also
appeared to bind to PTC-1 tumour xenografts in mjit81l]. However, these

experiments were just preliminary and further ekpents are required in order to
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conclusively show that this is the case. In thigpthr experiments were carried out to

try and confirm these findings.

4.2.1 Radioiodination of rhTSH with '3

The first step was to radiolabel rhTSH witffl. Several different methods can be
employed in the radioiodination of proteins, antiles and peptides and they usually
differ mostly in the nature of the oxidising agdat converting I- into the reactive
species of 4 and I [169]. These reactive species most often substinib tyrosine
residues of proteins, however substitution can @escur in histidine, cysteine and
tryptophan residues [169]. These methods include two oxidation methods
chloroamine-T [252] and the lodogen [253] method] anzymatic substitution method
which uses lactoperoxidase enzyme [172].

The first step in this study was to attempt to pi®la high purity?® radiolabelled
rhTSH. The direct hydrogen peroxide enzymatic nadimation method was used for
this purpose. This radioiodination method was fidtoduced by Marchalonist al.
[172] and employs lactoperoxidase in the preseticetoace of hydrogen peroxide to
oxidise the radioactive iodide [172]. The hydrogemoxide used in this reaction can
either be used directly or produced in solutionghycose oxidase. This technique may
result in less denaturation to susceptible protéiaa Chloramine-T and lodogen [172].
In this study the lactoperoxide method in whichcglse oxidase generates hydrogen
peroxidein situwas used.

The most effective concentrations of glucose oxadasd lactoperoxidase for the
lactoperoxidase/glucose oxidase labelling methorkwesperimentally determined and
they coincided with the amounts used by Corstl. [181]. In order to estimate the
radiolabelling purity, ITLC was used. ITLC resuisowed a labelling efficiency close

to 100%. ITLC is a good indicator of the approxiemdabelling efficiency of a
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radiolabelled compound, however, alone it does pimvide information on the
presence of small aggregates and impurities imatmlabelled compound and for this
reason a SDS-PAGE gel electrophoresis was alsouctel SDS-PAGE results
showed two bands of 21 kDa and 17 kDa, which nikety represent the: andf3
subunit of the rhTSH respectively . The predictedlenular weights of the andf
subunit of rhTSH are 13,829 and 15,840 Da respagtiand the theoretical molecular
weight for the rhTSH dimer is 29,660 Da [96]. Celeal ran rhTSH in a SDS-PAGE
electrophoresis and detected bands of 20,940 Dd.&®30 Da corresponding ¢oand

B subunit respectively [96]. Both ITLC and SDS-PA@Gsults clearly indicated that a

high purity*® radiolabelled rhTSH was therefore prepared.

4.2.2 HPLC studies with rhTSH

HPLC studies were conducted to study in more défil purity of rhTSH and?3-
rhTSH. Due to its intermediate size of 30,000 Das inot certain whether the most
suitable method to analyse it would be size exclusiPLC or reverse phase-HPLC
(RP-HPLC). Usually size exclusion HPLC is used tepasate and analyse
proteins/compounds of higher molecular weight, whsrRP-HPLC is most efficient
for the analysis of smaller molecular weight pegsid Therefore experiments were
carried out with each of these systems to idemtigé/optimal conditions for the analysis
of rhTSH. lon pairing RP-HPLC can further improwgparation and therefore was also

used to analyse rhTSH.

4.2.2.1 Size exclusion-HPLC (SE-HPLC)
The first HPLC system to be evaluated was sizeusiwmh HPLC (SE-HPLC) and
results showed a single peak corresponding to pipeogimate molecular weight of

rhTSH. The size of a compound analysed in SE-HP&€Che determined by measuring
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their retention times from a column calibrated aghiknown standards. In this
particular case, the SE-HPLC did not manage toragpahe different components of
the molecular weight markers into distinct peakisisTis probably because the type of
SE-HPLC column used, YMC, has very small pores dnds does not separate the
larger molecules, just smallest ones. Small pretam this column usually elute

relatively quickly from the column and there is psoresolution between bigger and
smaller proteins but better resolution of smalltgwmes from lower molecular weight

contaminants. In order to overcome this problemerapound with a similar molecular
weight to theo subunit, lysosyme, and one with similar molecwaight to the rhTSH

dimer, carbonic anydrase, were analysed in the BEEH Carbonic anydrase and
lysosyme have a theoretical molecular weight ofkP& and 14.7 kDa respectively,
which are similar to the theoretical molecular virtigf the rhTSH dimer of 29,660 and
a subunit, 13.820 Da. The retention time obtaineth wiarbonic anydrase was very
close to the retention time obtained with rhTSH,ickhindicates that the rhTSH

analysed by the SE-HPLC eluted as a rhTSH dimanadpproximate molecular weight
of 30,000 Da. Radiolabelle?-rhTSH eluted approximately 1 minute later than
unlabelled rhTSH in this SE-HPLC column. This cob&lcaused by the radioiodination

process altering the structure of rhTSH.

4.2.2.2 Reverse phase HPLC (RP-HPLC)

The resolution of SE-HPLC is not very high and éfiere there usually needs to be
differences of around thousands of Da in orderdoieve separation [254]. For this
reason smaller proteins and peptides of hydrophodiiare are usually better analysed
using reverse phase-HPLC (RP-HPLC) rather thanesizision HPLC. Moreover,
separation in RP-HPLC offers the advantages ofékelution being improved by the

use of buffered mobile phases and ion-pairing ag@%4].
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The separation in RP-HPLC depends on the hydrophHmbding of the solute molecule
from the mobile phase to the immobilised hydropbhobgands attached to the
stationary phase [254]. The solute mixture igafit applied to the stationary phase in
the presence of agueous buffers, and the solugeslated by the addition of organic
solvent to the mobile phase (usually acetonitrilElution is usually achieved by
gradient elution where the amount of organic salveincreased over a period of time.
The solutes are, therefore, eluted in order ofeasing molecular hydrophobicity, rather
than size [254].

RP-HPLC is a very useful technique for the analgdipeptides and proteins due to a
number of factors. First, it is possible to acki@xcellent resolution using a range of
chromatographic conditions for very closely relatedlecules as well as structurally
very distinct molecules. Second, the mobile phdsaracteristics can be changed in
order to manipulate chromatographic selectivity &udly, excellent reproducibility of
repetitive separations carried out over a longqekeaf time can be achieved, due to the
stability of the stationary phase materials undevaasied range of mobile phase
conditions [254]. A number of factors should beetaknto account when considering
RP-HPLC separation analysis. These factors incladdumn components and
specifications, the solvents used, elution gradiflotv rate and sample preparation
[254].

Trifluoroacetic acid (TFA) at pH 2.5 is normallyags as a starting condition mobile
phase in RP-HPLC as the low pH can suppress thsaitton of the acidic groups in the
solute molecules and generate sharper peaks [REadt peptides elute from a £
reverse phased column in 30%ACN, and in order tprave separation a shallower
gradient can be used.

rhTSH was analysed initially in a 0.1%TFA/pH 2.5bre phase solution. If the solute

was homeogenous, rhTSH should elute as a singlk, peavever rhTSH analysis
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showed several peaks indicating heterogeneity & gample. In order to try and
optimise the elution of rhTSH, different gradiemisre tested in an attempt to further
separate the different peaks. Of the different igratd tested, just one (5 to 20% ACN
for 30 minutes, 20 to 35% for 30 minutes, 35 to%0ACN for 5 minutes) achieved a
better peak separation, as it managed to clegplgrate the peaks into 3 main groups.
129.rhTSH was also analysed in RP-HPLC using the seomelitions as that used with
unlabelled rhTSH and as with rhTSH, several pead®ween but with longer retention
times suggesting that the components had become Imydrophobic.

One reason why rhTSH ard?-rhTSH analysed in 0.1%TFA/water at pH 2.5 were
showing a number of different peaks in the RP-HRIoGId be due to the low pH 2.5
damaging the structure of rhTSH. In order to inigege this possibility, an SDS-PAGE
gel electrophoresis was carried out with rhnTSHte@at pH 2.5 and pH 7. There was
no indication that the low pH was in fact damagding rhTSH, and for that reason it is
unlikely that the extra peaks obtained with rhTShtl 43-rhTSH analysed in RP-

HPLC were the result of degradation caused bydhepH.

4.2.2.3 lon pairing RP-HPLC

The retention times of solutes such as proteinsp@ptides can be modified by adding
ion pairing agents to the mobile phase. lon paiaggnts bind to the solute through
ionic interactions, which can result in an increas¢he solute hydrophobicity and by
doing so change its selectivity. lon pairing RP-iIPhas the advantage of improving
the chance of achieving complete resolution ofsdr@ple components.

In order to try and improve separation on the RR;Hé&n pairing RP-HPLC was tested
with triethylammonium acetate buffer (TEAA) at bodid 5.5 and pH 7. TFA and

TEAA are both weak hydrophobic ion pairing ageneéshide any change in retention

times found with the TEAA system relative to theATBystem are mainly due to a
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change in the pH and the resulting differenceshia ibnization of the carboxyl side
chains of glutamic acid and aspartic acid and #reninal carboxyl group [254].
Peptides exhibit increased hydrophilic charactehenTEAA system and for that reason
retention times are reduced dramatically.

When unlabelled rhTSH was analysed, a single siafH peak was obtained with
pH 7. At pH 5.5 a broader single peak with a degifgailing was obtained. After these
analyses it was concluded that the optimal metloodnalyse rhTSH was ion pairing
RP-HPLC with TEAA/water pH7.

The next step was therefore to determine if theloradination of rhTSH was
damaging/altering the structure of rhTSH. In ordedo this,**1-rhTSH was analysed
under the previously determined optimal conditiohBAA/water at pH 7. Two extra
peaks were shown wit-rhTSH in comparison with rhTSH. This indicatecthhe
radioiodination process was possibly damaging ttnecwire of rhTSH. Also, the
recovery of-*I-rhTSH from the column was measured and showedattvaind 40% of
129.rhTSH was being retained in the column.

The radioiodination process can potentially intexfevith the receptor binding site of a
ligand and damage the binding ability of the protéirough oxidative damage caused
by the labelling reagents. Damage may also occua assult of substitution of the
isotope into the receptor-binding site if the lati® tyrosine-rich. These possibilities
were explored by RP-HPLC using the previously oéd conditions. To investigate
whether oxidation was damaging rhTSH, rhTSH wasibated with glucose oxidase
and lactoperoxidase: to produce ‘oxidised rhTSHI &minvestigate whether the iodine
substitution process was damaging the rhTSH, rh&$ incubated with glucose
oxidase, lactoperoxidase and cold iodine {K/§[) to produce ‘cold labelled rhTSH.

Results showed that oxidation of rhTSH did not appe affect rhnTSH, however cold
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labelling of rhTSH did appear to inflict some degd damage to rhTSH. It is however

unknown if this would interfere with the binding &fTSH to the TSHR.

4.2.3 Binding of radiolabelled rhTSH to the TSHR invitro

Radiolabelled peptides must retain their recepiodibg capacity if they are to function
as effective radiopharmaceuticals. In order to stigate*?3-rhTSH’s receptor-binding
ability, studies were conducted in tubes pre-coatgd TSHR and in cells expressing

the TSHR.

4.2.3.1 Coated tube assay

A competition assay was carried out in which tubeated with TSHR were used to
assess the ability of rhTSH to inhibit the bindafd*1-rhTSH.

rhTSH inhibited the binding ofA-rhTSH in a concentration dependent manner, with
the maximal concentration of rhTSH achieving 90%ibition. The 1Go value of
rhTSH was 360 nM. This indicated th&fl-rhTSH bound to the TSHR coated in the

tubes.

4.2.3.2 Cell binding assays:

The next step was to study the ability 87-rhTSH to bind to the TSHR in cells.
Saturation and competition radioligand binding gssaere carried on the thyroid
cancer cell lines: FTC-133, and TPC-1 cells an&aR transfected cell line, GPI cells,
in order to determine both the receptor number (Braad the binding affinity (Kd) of
129_rhTSH in the different cells. In addition to sffec binding to target receptors,
radioligands may also bind non-specifically to ote#es, notably the cell membrane.
These non-specific interactions may be occurring wuthe charge and hydrophobicity

of the ligand, more so than because of the sequsgrefic structure [255].
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Unlabelled rhTSH was used as the competitor to oreason-specific binding to ensure
that all the target receptors were occupied, sb dhg binding observed would be to
other receptors, or be due to interactions with ¢k membrane. There are many
characteristics that can influence the outcomeinflibg assays, one of them is the
binding assay buffer used. In order to identify ethbinding assay buffer yielded the
most favourable results, the percentage of binevag studied with different binding
buffers in TSHR expressing GPI cells. HAMS-F12 i@snd to be the most efficient
buffer, and therefore this buffer was used in sgbeat binding assays.

Measurable Bmax and Kd values were obtained forcg®s only. FTC-133 and TPC-1
cells showed no binding, most probably due to gy Vow or negligible expression of
TSHR in these cells, as demonstrated by RT-PCR,Fad Western blot experiments
carried out in chapter 2.

Studies in GPI cells showed rhTSH to bind to TSHiEhw& a Kd of 2.8 nM and Bmax
of 1092 fmol/mg. Corneli®t al. used'®1 radiolabelled bovine TSH'{A-bTSH) in
TSHR transfected GPI cells and reported a Kd o6 hl [256]. The reported binding
affinity of 1.56 nM was thus similar to the Kd olnted in this study. In another study,
the binding of*3-rhTSH was used in TSHR transfected cell lines arkd of 56 nM
was reported, which is slightly lower than the Kitaaned in this study [257]. The
differences between the kD in the paper and thigdystcould be due to the use of two
different batches of rhTSH. Different batches o3k have different degrees of
sialylation and sulphation and it has been showan ttiis can affect biological activity.
The differences reported in these studies could &ks a result of differences in
experimental setting such as incubation times,ibqduffers, binding buffers, pH and
other conditions that can influence the resulta binding assay.

Competition binding assays carried out in TSHR egping GPI cells showed that

rhTSH inhibited the binding of3-rhTSH to the TSHR in a concentration dependent
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manner with the highest concentration of rhTSHbithig the binding to the TSHR by
around 98%. This assay reported agl€@f 980 nM, which is considerably higher than

the Kd obtained in the saturation assay studies.

4.2.4 Internalisation and externalisation assays

In the thyroid, TSH binds and activates the TSHR; arotein coupled receptor, and
consequently triggers G-protein-regulated effectarscluding adenyl cyclase,
phospholipase C, calcium channels) [258]. Mostivatdd GPCRs are rapidly
desensitised at the cell surface in a processrhalves phosphorylation and B-arrestin
binding. GPCRs are internalised via clathrin-coapets or other less understood
pathways, and they can be either dephosphorylatédticiently recycled back to the
cell surface or sorted from endosomes to lysosoamelsdegraded [258]. The rate of
GPCR internalisation, recycling and lysosomal sgrtdiffer widely among receptors
[258]. Previous studies suggest that the TSHRagdled back to the cell surface [69].
However, additional studies need to be conductedrder to conclusively determine
how exactly the TSHR is internalised and show agsieely whether it is recycled back
to the cell surface or degraded in lysosomal vesicl

Internalisation and externalisation assays are ocomhynused tools forin vitro
characterisation of novel radiopharmaceuticals [ZB89-261]. An optimal receptor—
ligand would, in addition to having high tumour sheity, also provide lysosomal
targeting and trapping of the radioisotope, couplgti rapid recycling of the receptor
to the surface [262, 263]. In this way the radipe could accumulate and be retained
in target cells for some time and consequently gh imaging contrast or strong
therapeutic effect could be achieved.

Results from internalisation assays showed 80% aif associated radiolabelled

conjugate was internalised at two hours, whereaanar 20% of the total conjugate
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accounted for the membrane-bound fraction at im fpoint. These results indicate
that most of the radiolabelled rhTSH is internalis€hese results are in accordance
with previously reported studies that concluded tha majority of TSH is internalised.
Due to the possibility of* being metabolised into fréé?, internalisation assays may
be confounded by assuming that the supernatanbaeiility is bound to the protein
when in fact the activity may be due to free iodidesolution. A TCA protein
precipitation assay confirmed that most of ¥ffewas still bound to the rhTSH, as there
was just a small amount of metabolised fréedetected. It was therefore unlikely that
the small degree of fre¥ was interfering with the accurate interpretatiohthe
internalisation assay.

The presence and integrity of externalised ligaad be detected in externalisation
assays performed in the presence and absence pketiton Externalisation assays are
undertaken by performing internalisation into tleiscand then incubating them further
for 2 hours . After the incubation time the extdised fraction can be determined. After
2 hours incubation at 37°C approximately 60% otinalised activity had become
externalised. There was however no significaneddhce between externalisation in the
presence and absence of competitor, suggestingntbat or all of the externalised
peptide was degraded. A study by Baratti-Elleaal. [264] reported the majority of
internalised receptor molecules (90%) were recytdeithe cell surface. The study used
stably transfected L cells that express the TSHpir, **I-labeled bTSH, and anti-
TSHR antibodies. These results have reported sutiata higher recycling of rhTSH,
however some other studies also reported a loweuatof TSH being recycled back

onto the membrane, with most of it being degradeitié lysosomes.
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4.2.5In vivo binding

In vitro experiments performed previously confirmed tHatrhTSH bound specifically
to the TSHR both in the TSHR coated tubes and iIHR &xpressing GPI cells. For this
reason, it was considered worthwhile to investighte binding of**1-rhTSH in viva.
FRTL5 cells are a fast growing rat thyroid celldjnwhich maintains functional
characteristics of iodide uptake and thyroglobglymthesis over prolonged periods of
culturing. FRTLS5 cells derive from primary cultured Fischer rat thyroid glands.
FRTL5 cells are employed in a series of assayswihieasure thyroid stimulatory or
inhibitory factors [265].

In chapter 3.1.2.2.1, FRTL5 cells were demonstratedxpress the TSHR, aré-
rhTSH was also shown to bind specifically to FRTihSrevious studies. Due to these
features, these cells were injected subcutaneaushice with the intention of studying

the binding of?3-rhTSH to a the TSHR viva.

4.2.5.1 SPECT/CT imagingstudiesin mice with *23-rhTSH

SPECT/CT imaging studies were first carried outwaitice. Three mice bearing FRTL5
grafted tumours were selected for imaging. Theseemvere injected.v with **3-
rhTSH and were scanned at intervals of 1 to 6 hpaoss injection.

As explained previously, interpretation of resudhsm this experiment is complicated
by the fact that radioiodine released in-vivo bytabelism of the labelled peptide may
also be taken up by the thyroid via the sodiumnedsymporter (NIS). In order to
control for this possibility, mice were given patasn iodide in their water 3 days prior
to experiments as well as sodium perchlorate adteired intraperitoneally
immediately before injection of tHé3-rhTSH. Sodium perchlorate is a potent inhibitor

of the NIS function and thus an effective inhibitufr active iodide transport [4, 266-

268].
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A blocking study using co-injection of unlabellddT'SH was also carried out in order
to determine whether any uptake observed was dapdaific or non-specific binding.
Some degree of non-specific binding is expected thuehydrophobic and ionic
interactions with other sites on the cell surfabeywever, this percentage must be
relatively low enough to allow specific bindinglte observed [269]. The tumour region
of mice was quantified using invivo-scope softwar&he quantification analysis
indicated that no substantial differences in thevig in the tumour was observed
between'?3-rhTSH and the blocking control. It would be thespected that the
blocking control study should have shown reducetiviac in the tumour and the
thyroid, and this therefore raises questions atmuispecificity of thé?1-rhTSH uptake

in the tumour. These results suggest that moshefhinding of'?3-rhTSH to the
FRTLS5 grafted tumours is in fact due non-specifiading although one alternative
possible explanation is that the dose of cold rh'M&s$ not enough to saturate TSHR

receptors and effectively block the binding of-rhTSH

4.2.5.2 Biodistribution with **3-rhTSH

Biodistribution studies were performed in orderassess the binding 6f-rhTSH to
TSHR in both the thyroid and the FRTL5 grafted twmsoin mice. Trypsin inhibitor
(T1) was initially used as a control in the biodistition studies as it has a similar
molecular weight to rhTSH, 23 kDa. In order to ddbe uptake of freé®? into the
thyroid and tumour via NIS, mice were given watethvwpotassium iodide as well as
injected with sodium perchlorate prior to tha-rhTSH, as detailed in 2.3.8.1.

In this biodistribution study the uptake Bfl-rhTSH in the tumour and the thyroid was
much higher than th&3-TI control and this could be interpreted to bedific binding

to the receptor. However, the activity seen inliteed was also higher than the control

so it can be assumed tHal-rhTSH is circulating for longer in the blood thére *-
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TI. Possibly as a result of this longer half-lifethe blood, the uptake &-rhTSH was
not only higher in the thyroid and the tumour bigbahigher in non specific organs such
as muscle, heart, liver, spleen and pancreas ceuwhpar'?3-TI. Since there is no
significant expression of THSR in these organss thuggests that the increase in
activity seen in the tumour witlf3-rhTSH in comparison to contrdfA-Tl is due to
non specific mechanisms. It also suggests thatctirerol used,**-Tl, is not an

appropriate control to be used with rhTSH becatisi&s enore rapid clearance.

4.2.5.3 Second biodistribution study with?3-rhTSH

A second biodistribution study was conducted torestsl the question of whether the
amount of cold rhTSH added in the blocking contsas not enough to saturate the
receptors and therefore not enough to completelgkbihe binding of*1-rhTSH to the
thyroid and tumour. A different®¥ radiolabelled control peptide with a similar
molecular weight to rhTSH, carbonic anydrase (CAaswalso used in these
experiments.

In this study, the blocking control and tH&l-CA control showed higher uptake than
the **-rhTSH group in the tumour as well as in the thgrdhis clearly suggests that
most uptake of radioactivity occurring in the tumaand thyroid was due to non
specific binding and not due to the specific bimdaf **1-rhTSH to the TSHR in the
thyroid and grafted tumour.

Corsettiet al.[181] in a similar study showed th&fl radioiodinated rhTSH bound to
TSHR in PTC-1 TSHR positive cell lines. In this dagyurhTSH was successfully
radioiodinated with**1 and binding assays were performed to assessiritiing to
TSHR expressed in PTC-1 cells. This study showat!tA-rhTSH bound to the TSHR
in these cells with a high affinity. The authors thfis study then carried out

biodistribution studies to assess the binding“@trhTSH to PTC-1 tumours grafted
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into mice.*®3-rhTSH appeared to bind to PTC-1 xenografts ineiompared with non
TSHR expressing cell xenografts. However, thereewsome potential flaws in this
study that may have misguided the author to thi€lcsion.

Only two animals of each cell line (two did not eags TSHR, ARO and two expressed
TSHR, PTC-1) were used for the biodistribution stgdand no statistical analysis was
employed. Perhaps the slightly higher uptake regorih TSHR positive grafted
tumours was therefore due to the variability ofad#tlso, there was no blocking control
included so perhaps most of the binding that repbrh the study was due to non

specific binding.

4.2.5.4 Stability of**3-rhTSH blood in vivo and ex vivostudies

One possible reason wH§”I-rhTSH showed binding to the TSHR vitro but notin
vivo may be due to th&1-rhTSH breaking down in the blood. In order to éstigate
this possibility**31-rhTSH was incubated in blood boith vivo andex vivoand after 2
hours the blood was analysed using TCA precipmatassays and SDS-PAGE
electrophoresis. The results showed that most ef'fh-rhTSH structure remained
intact, and for that reason it could be concluded¥3-rhTSH was not breaking down
in blood and instability of the tracer was not tkause of the imaging and

biodistribution results obtained.

4.2.6 Conclusion of rhTSH studies

rhTSH presented as a promising potential radiotigantarget the TSHR in radioiodine
resistant thyroid cancer, and robustvitro binding to TSHR expressing cells was
encouraging. Howevem vivo studies showed that rhTSH does not bmdivo, and for
that reason rhTSH cannot therefore be considersditable candidate to target the

TSHR in radioiodine resistant thyroid cancer.
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CHAPTER 5. GENERAL SUMMARY AND CONCLUSIONS

Differentiated thyroid cancer (DTC) is usually tieéwith total thyroidectomy,
followed by**Yi radioiodine ablation in order to eliminate anyrid remnants. To
diagnose and stage recurrent thyroid cancer, retiv@aodine (RAI) whole body
scanning (WBS) is used [76, 77, 80]. Some thyraidcers de-differentiate and lose the
expression of the sodium iodide symporter (NIS)ichlis responsible for the uptake of
radioactive iodine into the thyroid and thyroid toums [108, 210, 243]. Without this
transporter, the disease cannot be staged anddreéh radioactive iodine WBS,
therefore a new approach is needed.

There have been some reports that showed thaiadatie resistant thyroid cancers still
express the thyroid stimulating hormone recept@HR) [114, 118]. These studies
indicated that TSHR might be a valuable targetages and treat radioactive resistant
de-differentiated thyroid cancer, and thereforeegixpents were carried out to
investigate this.

Monoclonal antibodies have emerged as useful toaisrget specific receptors in a
number of cancers and therefore the aim of thegmsg of this study was to use
radiolabelled mAb9, a whole IgG anti TSHR monoclar#ibody, to target TSHR in
radioiodine resistant thyroid candarvitro andin vivo.FTC-133, TPC-1 and GPI cell
lines were used in this study and the expressiarSefR in these cells was evaluated
using FACS, RT-PCR and Western blot studies toreniat these cell lines expressed
the TSHR. Results from these studies showed that&8R expressed TSHR at high
levels but that the non- transfected human cedsliRTC-133, TPC-1 as well as the rat
FTRL5 cell line had much lower or undetectableslevof TSHR expression.
Thereafter, mAb9 was radiolabelled witfil and**in, andin vitro binding studies in

the above mentioned TSHR expressing cells shovad?hmAb9 and"*in-mAb9
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bound to the THSR in GPI cells with a high bindaf@nity but showed no or
negligible binding to the other cell lines. Thiogled that the antibody retained its
binding ability after radiolabelling and showed sifie interactions with receptor
expressing cells, but not receptor negative @ehstro. In vivo studies in mice were
then carried out to evaluate the specific bindifitfd-mAb9 and**in-mAb9 to the
TSHR in the thyroid of mice, a tissue known to @g TSHR, however no significant
bindingin vivowas seen. Thus, these studies concluded thauglhadiolabelled
mMADb9 bound to TSHR with a high affinitg vitro, it failed to bind to the TSHR in the
thyroid of mice. For this reason, mAb9 was consdarot suitable to be used as a
potential aid in the diagnosis and treatment ofaiadine resistant thyroid cancer and
hence no further studies were carried out withalathelled mAb9.

In the second part of this study, rh TSH was expldoe the targeting of the TSHR.
This approach appeared promising due to a preyalisninary study that showed
radiolabelled rhTSH bound to TSHR expressing @eils grafted thyroid tumours in
mice [181]. Studies were carried out to evaluagertibustness of this strategy by
testing whether radiolabelled rhTSH bound to TSHR humber of different
experimental contexts as those used in the predimipaper. Inn vitro binding studies,
the ability of**1-rhTSH to bind to TSHR was tested in a numberadflines that were
not previously used in the preliminary study. Farthore, different radiolabelling
methods were employed and extensive optimisatepssivere undertaken until the best
radiolabelled product was achieved.

Additionally, because an n number of only two argweas used in the preliminary
study, it was not possible to show if the bindilgerved was statistically significant. In
the studies carried out in this thesis, a higheamber of animals were tested, which

allowed to determine if any binding observed wasalty statistically significant.
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In the first stage of this study, rhTSH was radieléed with*?1 and cell binding assays
were carried out to assess its bindimgitro. **1-rhTSH was shown to bind to the
TSHR expressing cells and therefore the next saptwevaluate the binding Bfl-
rhTSHin vivoto grafted thyroid tumours and to the thyroid oten SPECT/CT

imaging studies and biodistribution studies fatedhow specific binding df-

rhTSH to the thyroid and thyroid cancer grafted dums. The conclusion of these
rhTSH studies was therefore that although radidlketdehTSH bound to the TSHIR
vitro, it did not bind to either grafted tumour or thgroid in micein vivo. These

studies concluded that, like radiolabelled mA8;rhTSH was not a suitable
diagnosis/treatment tool to be used in radioiodiealifferentiated thyroid cancer.
However, the animal model used in theseivo studies was not ideal, as it was shown
in vitro that most binding of-rhTSH to these tumour cells was due to non sjpecif
binding.

The reasons for the lack of uptake of mAb9 and HhirBvivo are not clear. It may be
that the levels of TSHR expression in the thyrdichace are not high enough for
effective targeting despite being sufficient to ntain normal thyroid function in these
animals. Future studies should therefore inclugdeeasurement of these expression
levels using a suitablkex vivotechnique. Another possible reason for lack okt
could be due to endogenous TSH competing for rabédled rhTSH in mice. This issue
could be addressed in future studies by perforrakperiments where mice were given
thyroxine to block their levels of endogenous TS#bbe carrying out experiments with
radiolabelled rhnTSH and mAb9. A dose response coowdd also be performed to
determine if higher concentrations'6f-rhTSH could overcome any competition from
mice endogenous TSiH vivo. Thein vitro binding studies of radiolabelled mAb9 and
rhTSH were performed in cells expressing the huiraHR and although published

studies have reported that both compounds alsotbitite mouse receptor it would be
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appropriate to perform studies to confirm that oéabelled mAb9 and rhTSH do bind
to the mouse receptor vitro.

Although the hypothesis behind this project is theadifferentiated thyroid cancer cells
continue to express TSHR, the cell lines studiecevfeund to express only very low
levels of TSHR. The published literature is dividadthis issue. Geraet al.[116]

used immunohistochemistry to analyse the expregsidisHR in human follicular and
papillary thyroid cancer samples and concluded TisR expression persisted
virtually in all cases of thyroid cancer. Matsumeétoet al.[118] used
immunohistochemistry and detected decreased expnesiSTSHR in poorly
differentiated human thyroid cancer samples. Parktral.[117] and Ohtaet al.[119]
found TSHR mRNA to be expressed in thyroid canigcewever at lower levels than in
the thyroid controls. Eliseit al.[120] did not detect expression of TSHR mRNA in
human samples of primary anaplastic thyroid cancer.

It is therefore important that the levels of TSkEpression in a series of clinical
examples be confirmed before extensive targetindiess aimed at this receptor are
undertaken. An important component of any furthedies should be robust non-
transfected cell lines that have been confirmeekimess higher levels of TSHR (if
indeed such lines exist). These cell lines coutshthe used to create more robust mice
models to further test the binding8fl-rhTSHin viva.

Whole antibodies might not be ideal to use&ivo due to their large sizes. In a future
project, antibody fragments with better pharmacetproperties could be tested. The
ideal tumor-targeting antibodies are intermediaed multivalent molecules, which
provide rapid tissue penetration, high target tgs@rand rapid blood clearance. Recent

biodistribution studies [266] indicate that bivalamtibodies such as diabodies (60
kDa), and minibodies (80 kDa) may be best suiteduimor imaging and therapy due to

a higher total tumor uptake and better tumor-t@dlatios than intact IgG molecules.
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Also, some small molecules TSHR agonists have Heealoped and these could be
radiolabelled and tested for their potential usthendiagnosis and treatment of
radioiodine resistant thyroid cancer [267, 268].

Another plausible future option would be to findifferent approach to target
radioiodine resistant thyroid cancer, however ssméanew biomarker has been found to

be uniquely associated with de-differentiated tid/aancer.
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