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ABSTRACT

Cell surface receptors, which are overexpressed in cancerous tumours, are feasible molecular
targets for tumour imaging. The transmembrane G-protein coupled receptor CXCR4 is
overexpressed in tumours and has a crucial role in organ-specific metastasis of tumour cells. Cyclic
pentapeptides such as FC131 and analogues have been developed to bind with high affinity and
specificity to CXCR4. Unfortunately, when FC131 is radiolabelled and evaluated as a PET
imaging agent, it demonstrates high retention in the liver due to its lipophilic character. Sulfonation
of aromatic groups, such as the phenolic group in tyrosine, results in a significant reduction of a
peptide’s lipophilic character. Evaluation of sulfonated FC131 peptide analogues as PET imaging
agents has been undertaken. In addition to radiolabelled peptides, PET imaging using amino acids
has shown promise for tumour detection. '8F containing radiolabelled amino acids are transported
across the cell membranes by amino acid transporter proteins. As such, several approaches to

synthesise fluorothreonine, fluoroaspartic acid and fluorotyrosine analogues have been examined.
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CHAPTER 1: INTRODUCTION
1.1 Cancer diagnosis

Cancer is the leading cause of death in Australia. In 2010, it was estimated that more than
43,000 deaths were caused by cancer. In the same year, 114,000 new cancer cases were reported.
“Cancer” is a generic term for various diseases in which abnormal cells divide uncontrollably and
may spread to other parts of the body. There are over 100 reported types of cancer, all differing in

malignancy, rate of growth, diagnosis and response to therapy.!*

Accurate cancer diagnosis involves locating and identifying tumours, staging the disease,
and determining the most suitable treatment. Anatomical and structural imaging techniques are the
most common diagnostic tools for the detection of cancer. Common structural imaging techniques
include Computed Tomography (CT) and Magnetic Resonance Imaging (MRI). Such techniques
have the ability to provide detailed images of structural abnormalities at high resolution. However,
structural imaging techniques have significant drawbacks, including their inability to differentiate

tumour types, or malignant from benign growths.>?

Molecular imaging in the form of positron emission tomography (PET) or single photon
emission computed tomography (SPECT) provides real time visualisation of underlying
biochemical processes distinct to tumour growth. This insight into the functional and metabolic
nature of a tumour allows for the detection of functional abnormalities prior to the appearance of

morphological changes visualised by CT or MRI.*
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1.2 PET imaging

Positron Emission Tomography (PET) is a sophisticated nuclear imaging technique that
produces three-dimensional images of functional processes in the body (Figure 1). PET proceeds
by spontaneous positron emission from the nuclei of unstable ultra-short-lived radionuclides.’
After emission, the positron loses energy though interactions with the surrounding tissue and
annihilates with an electron, releasing two gamma photons of the same energy (511 keV) in
opposing directions, which can be captured in coincidence by opposing detectors.® Single photon
emission computed tomography (SPECT) is similar to PET, but differs in image resolution, as it
uses radionuclides that decay to generate a single gamma photon. In addition, photons in SPECT
are captured in multiple directions, similar to X-ray imaging. Poorer image quality can be

attributed to the requirement of a collimator in SPECT to evaluate the origin of each photon.”

Stable
nuclide Annihdlation
photon

511 keV

Positron scatters in
tissue losing energy

A
I
I
I

Positron emitting

isotope @

Annihilation
photon
Q@ 511 keV

Neutrino

Detector

Figure 1: Diagram of PET imaging®

Flourine-18 is the most common radionuclide used in PET imaging. Fluorine-18 is an ideal

radionuclide with a low energy of emission, allowing for increased dosage, and nearly 100%



26

positron decay, limiting unwanted radiation such as beta-decay, electron capture and alpha-decay
(Table 1). The half-life of 110 min is ample time for complex radiosynthesis, yet limits prolonged

patient exposure to ionising radiation.®

Gallium-68 is also a favourable radioisotope as it does not require the use of a cyclotron
for its production. It can be easily accessed from a °*Ge/®®Ga generator, which also results in
significant cost reduction. ®*Ga’" has an obvious advantage of rich coordination chemistry, which
enables relatively straightforward labelling with a chelator. Despite the high energy of emission,

in some applications, the images produced from gallium-68 are comparable to fluorine-18.%

Radionuclide Half-life (min) Emax B (KeV) % B* Decay
150 2.1 1732 100
BN 9.97 1190 100
1nc 20.3 961 100
8Ga 67.6 1899 89
18R 110 634 97
%4Cu 762 6353 18

Table 1: Comparison of PET radionuclides
1.3 FDG imaging of cancer

PET first became recognised as a critical technique for imaging cancer in the 1990s through
mapping of glucose consumption within the body, using the glucose analogue ['8F]-
fluorodeoxyglucose (FDG) (Figure 2, 2). Glucose metabolism is elevated in malignant cells and
the high uptake of ['F]-FDG can correspond to cancerous tissue even without anatomic

correlation. ['8F]-FDG is the most widely used positron-emitting radiopharmaceutical in PET
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imaging. The estimated number of PET studies in the United States grew from 69,000 to 155,000
from 1998 to 2000.° ['®F]-FDG has high sensitivity in detecting multiple malignancies, and is
routinely applied in clinics for staging, restaging and monitoring treatment. Despite its widespread
use, ['®F]-FDG has shortcomings including limited sensitivity to early stage tumours and an
inability to distinguish between cancer and inflammation. In addition, ['"*F]-FDG cannot detect

tumours that do not exhibit increased glucose metabolism, such as prostate cancer.’

OH OH
Q (0]
H HO%
HO/gAMOH HO OH
OH 18F
1 2

Figure 2: Structures of D-glucose and [*F]-FDG

Accordingly, the development of novel radioimaging agents for the detection of cancer is
ongoing. Other ‘targets’ that have been used for radiochemical diagnostic agents include amino
acid transporters, which visualise cells with upregulated metabolism in a similar manner to
['8F]FDG, and extracellular receptors, which are over-expressed in cancer cells and have the
advantage of being specific to the imaging of cancer cells. In addition, receptors are typically
involved with processes essential for cancer growth and survival, such as angiogenesis and cell

migration/invasion.'”
1.4 Amino acid transporters in cancer

All mammalian cells require the following essential amino acids: Thr, His, Met, Phe, Trp,
Val, Ile, Leu and Lys. These amino acids must be obtained through diet and cannot be synthesised
de novo. The primary function of amino acids is to act as building blocks for protein synthesis;
however, some amino acids have additional specific biological functions. Glutamine, glycine and

aspartate are required for nucleotide biosynthesis, a critical process for tumour cell proliferation.
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Serine plays an important role as a one carbon source, essential for nucleotide synthesis and DNA
methylation. Leucine, glutamine and arginine act as signalling molecules and activate mTOR, a

central regulator for tumour formation and angiogenesis (Figure 3). '!-13

Amino acids are internalised via membrane transporter proteins. There are approximately
two dozen amino acid transporters in humans, and tumour cells must upregulate one or more of
these transporters to supply their demand for amino acids.'* These amino acid transporters include
systems L (leucine-preferring, LAT), A (alanine-preferring), ASCT (alanine-serine-cysteine-
preferring), and X.—(cystine/glutamate exchange transporter). Increased expression of LATI,
ASCT?2 and X, in particular, have been associated with cancer metastasis and poor diagnosis in
gliomas, lung, prostate and colon carcinomas. Research over the previous decades has focused

mainly on LAT1 substrates (Figure 3). '5-!7

LATI1 (L-Amino acid Transporter 1) shows high affinity for the transport of branched chain
amino acids (Val, Ile and Leu) and also bulky amino acids (Phe, Tyr, Trp, Gln, Asn, and Met).
LAT-1 is highly expressed in most cancers.'! Recent studies have shown that the hypoxia inducible
factor HIF20 upregulates LAT-1.'* As hypoxia plays a critical role in cancer growth and
progression, the control of LAT-1 expression by HIF2a presents a possible molecular mechanism

for the high expression of this transporter in cancer.!*2

The role of LAT-1 in controlling the cellular uptake of leucine with high selectivity has
further stimulated interest in LAT-1’s involvement in cancer. In addition, LAT-1 is also
functionally coupled to ASCT2 to activate mTOR in cancer. The loss of ASCT2 leads to the
inability of LAT-1 to activate mTOR (Figure 3).2! As such, there has been increased interest in
ASCT?2, which also has an important role in nucleotide synthesis (essential for DNA production

in cancer cells), glutaminolysis (an important energy source in cancer cells) and one carbon
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metabolism (associated with disturbances in nucleotide synthesis and repair in several types of
cancers). Previous studies have shown that ASCT2 function is important for cancer cell growth in

melanoma, acute myeloid leukaemia, lung cancer, neuroblastoma and pancreatic ductal carcinoma.

14,17, 22

2Na” cr
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Figure 3: The amino acid transporters that are upregulated in cancer coupling.'*
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1.5 Amino acid transporters in tumour imaging

Increased protein synthesis in tumours results in high demand for amino acids. PET
imaging using amino acids and amino acid analogues has shown promise for tumour detection in
organ sites with an undesirable FDG-PET background or low FDG uptake. In addition, increased
amino acid uptake and upregulation of amino acid transporters is more specific to tumour cells
than FDG uptake. As such, amino acid-based tracers are potential alternatives to ['®F]-FDG for
PET imaging of cancer.?? If a given amino acid transporter is expressed at a higher density in
tumours than in surrounding tissue, '3F labelled substrates of the transporter can be used as a tracer
for PET scanning to image the tumour. Several 'F PET probes have been designed and validated

for each of the four amino acid transporters (Table 2), but many are yet to be utilised clinically.'*

14

AAT Transport mechanism Substrates I8F-PET probes
ASCT2 Obligatory exchange Na‘*/AA Ala, Ser, Cys, Thr, GIn | FACBC 5, FMA 6,
exchanged for Na“/AA Electroneutral FPhPA
LATI1 Obligatory exchange AA exchanged Large neutral amino FAMT, FET 4,
for AA Electroneutral acids FPhPA, FACBC 5
xCT Obligatory exchange AA exchanged Cystine, glutamate FSPG

for AA Electroneutral

4F2hc, Chaperone for LAT 1 and xCT - -

CD98hc

ATB% Unidirectional or Na*/Cl/AA%* All neutral amino FET 4
symport Electrogenic acids, all cationic acids

Table 2: Amino acid transporters that are upregulated in cancer.’
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Established radiolabelled amino acids for tumour imaging with PET include ''C-methyl-
L-methionine (MET) 3 and O-(2-['®F]-fluoroethyl)-L-tyrosine) (FET) 4 (Figure 4). MET 3 is an
essential amino acid labelled with ''C (half-life of 20 min) and was developed in the 1980s.?* The
13F labelled FET 4 was developed in the 1990s as it has a favourable longer half-life of 110 min
(Table 4). MET and FET mimic substrates for a class of neutral amino acid transporters via the
LAT-1 system (Table 2).%*

NH
NH, HO ?

HOWSyCHs

o] 18':\/\0
3 4

Figure 4: ''C-methyl-L-methionine (MET) and O-(2-["F]fluoroethyl)-L-tyrosine (FET).

There has been significantly less effort to target the amino acid transporter ASCT2 with
fluorinated amino acid analogues (Table 2). However, system Alanine-Serine-Cysteine (ASC)
transporters, and in particular, ASCT2, are closely associated with tumour growth and
proliferation. ASC has broad substrate selectivity and transports small and neutral amino acids
such as alanine, cysteine, serine or threonine.!* In recent years, a synthetic leucine analogue (anti-
1-amino-3-'8F-fluorocyclobutane-1-carboxylic acid (FACBC) 5) targeting the functional activity
of both ASCT2 and LAT-1 transporter systems has been proposed as a possible radiotracer for
prostate cancer (PCa) (Figure 5). PET imaging with ''C- or '8F-choline is currently used in the
assessment of prostate cancer relapse to detect the site of disease recurrence even with a very low
prostate specific antigen (PSA) level. Unfortunately, choline PET/CT can detect only half of the
prostate cancer (PCa) lesions due to slow PCa cell proliferation. Slow PCa cell growth is due to a

slow membrane metabolism, and this in turn, results in reduced choline uptake. As FACBC §
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uptake instead targets the functional activity of amino acid transporters ASCT2 and LAT 1, the
distribution of the tracer in the body is more favourable than choline. FACBC § PET/CT detection

rates are far better than !'C-choline PET/CT (40% compared to 20%).%

Several '®F labelled alanine derivatives targeting ASCT2 have also been developed, with
3-(1-['®F]fluoromethyl)-L-alanine (L-['*F]JFMA 6) being the most promising, showing higher
uptake than ['®F]FDG in a variety of cell lines (Table 2). L-['®*F]JFMA was metabolically stable
and primarily transported via sodium dependent system ASC in in vitro and in vivo imaging
studies, demonstrating fast and clear accumulation in tumours.?® These promising outcomes
suggest that other ASCT?2 substrates could be labelled to produce PET imaging agents targeting

upregulated ASC amino acid transporters.

H, &COZH
18
F
OH

1g£F NH,

5 6

Figure 5: Fluorine-18 labelled FACBC and FMA.
1.6 Overexpressed receptors and their targeting peptides

In addition to overexpression of membrane bound transporters, tumour cells overexpress a

range of receptors involved in many primary human cancers.?’

oyp; integrin and RGD
Integrins are a subclass of cell adhesion receptors important for cell-to-cell and cell-to-
extracellular matrix interactions. They are heterodimeric transmembrane glycoproteins consisting

of non-covalently bound a and B-subunits. Integrins are involved in cell migration, differentiation
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and survival during angiogenesis.?® Tumour angiogenesis, or the growth of new blood vessels from

pre-existing vasculature, is a well understood mechanism vital to tumour growth and spread.?’

The avBs integrin is highly expressed on activated endothelial cells during angiogenesis.
Inhibition of oyf3 mediated cell matrix interactions has been found to induce apoptosis of
endothelial cells and oyp3-positive tumour cells. As such, o3 antagonists are currently being

clinically assessed as potential anti-cancer drugs.>°

The ovBs integrin binds to a range of extracellular matrix ligands including fibronectin and
victronectin, which contain the common tripeptide binding motif Arg-Gly-Asp (RGD). Peptides
that mimic these natural ligands have been developed in search of integrin-targeting
pharmaceuticals. One example of an RGD peptide is the anti-angiogenic peptide Cilengitide (7,
Figure 6) which binds selectively to the oyBs integrin with subnanomolar 1Cso values.’! The
structure of Cilengitide was established through a series of ligand orientated design experiments
which included the reduction of conformational space by cyclisation, spatial screening of cyclic
peptides, and N-methylation. In the cyclic arrangement, the RGD motif forms a kink around

glycine, which mimics the RGD conformation of the binding site in fibronectin.*?

Structure activity relationship studies found that a hydrophobic D-amino acid (e.g. D-Phe)
and the proton of the amide bond between residues 3 and 4 (Asp and D-Phe) were essential for
activity. Position 5, however, proved to have no effect on biological affinity and was found to be
a dispensable residue. N-methylation of amino acids (such as N-methyl valine in 7) was found to
enhance resistance to proteolytic cleavage. The cyclic RGD peptide Cilengitide (Arg-Gly-Asp-D-

Phe-N(Me)Val) 7 was found to be the most potent antagonist fitting the aforementioned criteria.??
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Figure 6: Cilengitide
Chemokine receptor 4 (CXCR4) and the targeting peptide FC131

The human chemokine system includes 40 chemokines and 18 chemokine receptors.
Chemokine receptors are defined by their ability to induce directional migration of cells toward a
gradient of a chemotaxis. CXCR4 is a chemokine receptor that selectively binds the chemokine
stromal cell-derived factor 1 (SDF-1). CXCR4-based chemotaxis acts directly on tumour cell
migration and invasion towards an SDF-1 gradient.?* High expression levels of SDF-1 have been
found at common sites of breast cancer metastases, including axillary lymph nodes, lungs, liver

and bone marrow.>*

Certain chemokine receptors, such as CXCR4, also play a critical role in enabling HIV-1
entry. Studies of CXCR4 antagonists have therefore been initiated in the search for anti-HIV
therapeutics.®> Anti-HIV compounds derived from self-defence peptides of horseshoe crabs,
tachyplesin, and polyphemusin have previously been investigated. T22 ([Tyr>'?,Lys’]-
polyphemusin, was found to be the most potent anti-HIV peptide (Figure 7, 8). T22 is an 18-
residue peptide amide, which adopts an antiparallel B-sheet structure, incorporating a type-II turn
maintained by two intramolecular disulfide bridges. Structure activity relationship studies revealed

that T22 could be downsized to the 14-residue analogue T140 (Figure 8, 9), which contains only
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one disulfide bridge, Substitution of Trp-3 for L-3-(2-naphthyl)alanine increased potency and
introduction of citrulline at position 9 decreased cytotoxicity. Further, the inhibitory activity of
T140 against HIV-1 entry though CXCR4 is far greater than that of T22 (ICso values of 0.43 nM

and 5.05 nM respectively) indicating the enhanced ability of T140 to bind to CXCR4.3¢-38

1 3 5 7
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Figure 7: T22 ([Tyr>'2,Lys’]-polyphemusin

Given CXCR4’s role in tumour development and proliferation, analogues of known
antagonists such as T140 9 have been extensively studied towards developing anti-cancer lead
compounds. The four pharmacologically most important residues of the T140 9 for binding to
CXCR4 were first confirmed by molecular dynamic modelling and through a series of alanine
scans. Indispensible residues were Arg?, Nal®, Tyr® and Arg'*. The Arg'* residue of T140 was
shown to form strong hydrogen bonds with Asp!”! of CXCR4 while Arg? was shown to be extended
near the N-terminus of CXCR4 interacting with Asp'®and Asn'!. The Tyr’ and Nal® residues were
shown to form a hydrophobic network of stabilisation with the Phe!7#, Tyr!®® and Phe®”! of the

receptor.’’

Cyclic pentapeptides (previously described by Dechantsreiter et al.3? with RGD peptides)

were chosen as a molecular template to orientate these four requisite residues in proximity. In
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search of smaller T140 analogues, Fujii et al.>® found that cyclic pentapeptides containing the four
pharmacologically most important residues of the T140 peptide (Arg?, Nal®, Tyr® and Arg'#) were
similar in potency to T140. The peptide with the highest affinity for CXCR4 was cyclo(Nal'-Gly?-
D-Tyr’-Arg*-Arg’) and was named FC131 (Figure 8, 10). The CXCR4-antagonistic activity (ICso
value of 4 nM) of 10 was identical to that of T140 despite a significant reduction in structural

complexity.*®

Arg’ Nal® O Tyr® Lys7

oy )Y Sy ¢ &(¥ww
J\rWJ\rmﬂNk({Q

Arg™0 Cit'2 O Tyr10

Figure 8: T140 9 and its analogue FC131 10.

Structure activity relationship studies of FC131 10 suggest that Arg®> and hydrophobic

2-Nal' bind deep in the receptor main binding crevice, while Arg® and D-Tyr® experience
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conformational flexibility and face the extracellular surface of the receptor. As such, structural

modifications of FC131 peptides could be considered at the Arg* or D-Tyr? positions.***!

1.7 Radiolabelled peptides for PET imaging of cancer

Human cancer cells overexpress many receptors that are potential molecular targets.
Radiolabelled peptides that bind with high affinity and specificity to such receptors on tumour
cells have great potential for diagnostic imaging and targeted radionuclide therapy. For example,
the somatostatin 11 (SST) receptor is overexpressed in some types of neuroendocrine tumours

(NETs) and has been targeted effectively with SST peptide analogues in nuclear imaging.*?

"n-DTPA-octreotide (12, Figure 9) was the first US Food and Drug Administration
(FDA) approved diagnostic radiopeptide for scintigraphy of patients with NETs. The high
expression of SST receptors in various cancers has provided the molecular basis for the success of
"n-DTPA-octreotide 12 as a tumour targeting peptide and opened new avenues for the

development of other tumour specific peptides with potential use in nuclear oncology.*344
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Figure 9: Somatostatin and ''In-DTPA-octreotide
Many peptides exhibit extremely high affinities (nano- or sub-nanomolar range) for cell
surface receptors. The successful development of new radiolabelled peptides for imaging of cancer
is dependent on molecular modifications of a given peptide while preserving the binding affinity

for target receptors.*’
1.8 Synthesis of radiolabelled peptides

There are two distinct methods of incorporating radionuclides onto peptides: indirect and
direct. A common direct method of incorporating radiometals onto peptides is pendant labelling,
which involves a bifunctional metal chelator that both attaches itself to the peptide and coordinates
to a radiometal (Figure 10).#” A method of indirect labelling is via prosthetic groups, which are
bifunctional labelling agents that contain both the radionuclide of interest and a functional group
allowing for bioconjugation to peptides. The radionuclide is first installed on the prosthetic group

before conjugation to the biologically relevant peptide.*47
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Figure 10: Methods of incorporating radionuclides onto peptides*’

Automation in radiolabelling

Radiopharmaceuticals can be synthesised routinely and safely if their synthesis is
automated. In addition, automation results in higher reproducibility and robustness, Good
Manufacturing Practice (GMP) compliance, uniformity of end products and better control on
sterility and dissemination.>® Accordingly, much effort has focused on the development of
automated modules to facilitate radiochemical reactions effectively and reproducibly in lead-
shielded hot cells. The iPHASE MultiSyn module for example, is an automated multi-synthesis
radiosynthesiser that is capable of synthesising radiometal containing theranostic agents (Figure

1 1)‘48,49
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Figure 11: iPHASE MultiSyn module for automated radiosynthesis.*

DOTA peptides

Gallium-68 is a positron emitting isotope with a half-life of 67.6 min, which predominantly
decays via 1.92 MeV positron emission (89%). The relatively short half-life and charged
hydrophilic nature of gallium-68 lead to advantages such as rapid renal clearance and limited harm
to the patient due to reduced dose. Furthermore, gallium-68 is conveniently and economically
obtained from a ®Ge/®®Ga generator.’® Macrocyclic chelators that contain three or four nitrogen
atoms in the ring are typically used to introduce radiometals such as ®Ga. DOTA (1,4,6,10-
tetraazacyclododecane-1,4,7,10-tetraaceticacid) remains the most commonly used chelator as it is
readily available and has well-understood coordination chemistry.’! The somatostatin receptor—
targeting radiopeptide [®®*Ga]DOTA-Tyr-Octreotide (°® Ga-DOTATOC) (Figure 12, 13) is used

routinely in diagnostic imaging of somatostatin receptor-positive tumours. The same ligand
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labelled with high or medium energy beta emitters such as yttrium-90 or lutetium-77 can be used

D m(
A Q(Q @
(e %

in therapy.*?

Figure 12: [*Ga]DOTA-Tyr-Octreotide.
Indirect '8F~ fluorine labelling of peptides

Introducing fluorine-18 into peptides can be complicated. The harsh conditions required to
facilitate direct '8F~ fluorination of aromatic and aliphatic precursors are typically not compatible
with peptides as the latter may degrade at the high temperatures required.>® While peptides are
typically soluble in water, such conditions are not suitable for nucleophilic substitution with
fluoride due to a high degree of solvation, reducing its nucleophilicity. Enhancement of the
solubility and nucleophilicity of '8F~ in organic solvents is achieved by the addition of a phase
transfer catalyst (PTC) such as [2.2.2]cryptand (K222) or by the addition of bulky
tetrabutylammonium cation. Enhancement is achieved as PTCs not only solubilise the '*F-, but
also create sufficient charge separation between the '8F~ and the cationic counterion to form
reactive ‘naked’ fluoride. Poorly nucleophilic bases such as carbonate or bicarbonate ions are
typically used for radiofluorinations.’* Indirect fluorination is the most feasible method of
incorporating fluorine-18 onto peptides. Indirect fluorination can be carried out by initial

radiofluorination of a small organic molecule, known as a prosthetic group. This prosthetic group
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is then conjugated to the peptide under mild conditions. Radiolabelled prosthetic groups are
bifunctional labelling agents that incorporate both the fluorine-18 radionuclide and a reactive

functional group that facilitates ligation to the peptide.

Acylation is a common technique used to ligate radiolabelled prosthetic groups to peptides
via amide bond formation. Amide bonds are relatively stable bonds in-vivo and are highly abundant
in peptides.’® Acylating precursors are generally activated carboxylic acid derivatives that can be
coupled to an amine group in the corresponding peptide. Some of the most common acylating
prosthetic groups are N-succinimidyl 4-'8F-fluorobenzoate (['*F]SFB) (Scheme 1, 16) and 4-
nitrophenyl 2-'8F-fluoropropionate (['*F]NFP) (Scheme 2, 23) due to their in-vivo stability and
favourable biological characteristics. In order to synthesise a fluorobenzoylated derivative, a
fluorobenzoate active ester must be synthesised, such as ['*F]SFB (Scheme 1, 16).3” Typically,
synthesis of '8F-labelled activated esters used for peptide acylations requires several steps. For
example, ['®F]SFB 16 is produced by a 3-step process: i) substitution of 4-trimethylammonium
ethyl benzoate 14 with '8F~; ii) saponification of the ethyl ester; and iii) activation of the carboxylic
acid 15 as the NHS ester 16 (Scheme 1). ['®F]SFB can then be coupled to a free amine on a peptide
or protein 17. The major limitation associated with incorporation of a '8F~ fluorobenzoate moiety
is its hydrophobicity, which can negatively affect the biodistribution of the peptide conjugate. The
labelling efficacy of ['®F]-fluorobenzoate with hindered amines is also problematic.>®

Pepﬁde
1. ["®F]Fluoride o

0.__O
K222/K,CO5 Peptide
DMSO TSTU NH2
2 Hydrolysis
“OTf
NMe;* (OF) 18F 18F
1

3

Scheme 1: Synthesis of [!®F]-labelled peptide via [*F]SFB.
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Another commonly used acylation prosthetic group, which overcomes some of the
shortcomings of fluorobenzoate, is 4-nitrophenyl 2-'3F-fluoropropionate, ['*F]NFP 23. ['*F]NFP
23 possesses good in-vivo stability, is readily synthesised, and has favourable biological
characteristics. ['8F]NFP 23 is a particularly useful acylation agent due to its small size as
compared to the fluorobenzoate derivative. As a result, peptides labelled with a 'SF-
fluoropropionoyl group may have similar binding affinity and biological character to the parent

peptide and are less hydrophobic.*®

Initial efforts to synthesise ['*F]NFP 23 by Guhlke et al.>® were complex (Scheme 2).
Propionate esters are volatile, therefore a bulky ester protecting group was introduced. The bulky
bromide ester 20 undergoes bromide—fluoride substitution under nucleophilic radiofluorination
conditions. The fluorinated ester 21 is then purified and hydrolysed. The trimethylammonium salt
of the fluoropropionate 22 is then treated with dinitrophenyl carbonate to form the desired ester
23. Liu et al.%? attempted to simplify this procedure by limiting the synthesis to one pot with only
a single RP-HPLC purification step (Scheme 3). However, the synthesis of 23 remains relatively
complex as 24 requires '8F~ labelling 25, hydrolysis 26 and activation of the potassium salt. In

addition, the process requires two drying steps.5°
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Scheme 3: Chen et al. synthesis of [*F]NFP.
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Studies in the Hutton group have since developed an innovative one-step and automated

radiochemical synthesis for the preparation of ['*F]NFP 23. In this procedure, the active ester 28

is formed and subsequently radiofluorinated with '*F in a single step (Scheme 4).8
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Scheme 4: One-step radiosynthesis of ['*FINFP and acylation of peptide.’®

Furthermore, simplification of the synthesis of [!*F]NFP 23 has enabled straightforward
preparation of relevant tracers for PET imaging of ayfs related tumours such as ['®F]GalactoRGD

31 (Scheme 5, 31).%°
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Scheme 5: [!®F]FP -Galacto RGD synthesis with [/*F]NFP.

The only other example of 1-step radiosynthesis of '®F-labelled acyl prosthetic groups is
the preparation of 33 by Olberg et al®' Olberg showed treatment of the TFP ester of
trimethylammonium nicotinamide 32 with '8F- gave 33 (Scheme 6). ['®F]Fluoronicotinic esters

functionalised with a suitable leaving group at the 2-position are highly activated for nucleophilic
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aromatic substitution with ['®F]fluoride (Scheme 6). Olberg et al. described the synthesis of 2-
['8F]fluoropyridine, 33 in high yields of 60-70% with high specific activity. The '*F labelled
prosthetic group based on a nicotinic acid tetrafluorophenyl ester did not require any additional
electron withdrawing substituent for activation, as is common for nucleophilic homoaromatic
substitutions. The active ['®F]-fluoronicotinic ester 33 was used to acylate an RGD peptide in

phosphate buffer/DMSO/MeCN for 10 min to afford amidated product 34 in 84% yield (Scheme

6, 34).61
F
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Scheme 6: Radiosynthesis of TFP ligation to RGD peptide.®!
1.9 Radiolabelled peptides and problems with lipophilicity

The sub-optimal biodistribution of radiolabelled peptides is a common problem in PET

imaging, as peptides are often lipophilic. Lipophilicity results in uptake of the peptide in the
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hepatic system, which can potentially hamper visualisation of a tumour.®? In addition, uptake in
the hepatic system increases protein binding and reduces the free fraction of peptide in plasma
available for binding.®* FC131 peptides showing high affinity and specificity for the CXCR4-
receptor have been developed as radiotracers for the non-invasive imaging of tumours.®* FC131
10 has previously been radioiodinated with '?*1 to generate 35 (Figure 13) (Kp= 0.4 nM). However,
the lipophilicity of 35 resulted in poor imaging.** A common method to overcome lipophilicity in
cyclic pentapeptides is to attach a hydrophilic group such as glucose (as in 31) which can result in

reduced liver uptake, increased tumour uptake and increased renal clearance.®

Figure 13: [1?*]-FC131

One of the few CXCR4-directed radiolabelling agents in development is FC131 analogue
36, which incorporates a ¥Ga-DOTA moiety (Figure 14). Biodistribution studies showed that the
increase in hydrophilicity due to incorporation of the DOTA moiety and %®Ga** was effective in

reducing the liver and intestine uptake.5°
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Increasing hydrophilicity of radiolabelled peptides by sulfonation

Sulfonation of peptides was first proposed by Previero et al.%” as a convenient solution to
increase hydrophilicity of tyrosine and tryptophan without introduction of structural complexity.
Studies in the Hutton group have shown that late stage sulfonation of tyrosine-containing peptides
is a feasible and efficient method to increase hydrophilicity.®® Sulfonated “RGD” peptide 37
radiolabelled with ['"*F]NFP 23 had excellent in-vivo results with good tumour uptake and low
retention in non-target organs in a small animal PET imaging study. The kidney to liver uptake
ratio was higher than the labelled non-sulfonated RGD peptide, suggesting increased

hydrophilicity of the peptide, as renal clearance was enhanced (Figure 15).68
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Figure 15: ["8F]-fluoropropionate sulfonated “RGD” peptide.
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1.10 Aims

Aim 1: Apply sulfonation method to CXCR4-targeting peptides

Given the hydrophobic nature of FC131 10 diminishes its utility as a CXCR4-targeting
peptide, our first aim is to investigate sulfonation of FCI31 and analogues to improve
biodistribution. FC131 analogues will be synthesised by standard SPPS protocols, macrocyclised,
globally deprotected, and further reacted under the sulfonation conditions previously described by

the Hutton group (chlorosulfonic acid in TFA, Scheme 7) .

Qe O Qs
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?V\ ?*\

Scheme 7: Sulfonation of FC131 analogue with chlorosulfonic acid.

2

Aim 2: Expand direct '8F fluorination of nitrophenyl ester prosthetic groups and

radiolabelling of CXCR4 targeting-peptides

Previous work by the Hutton group utilised ['*F]NFP 23 to radiolabel RGD peptides
(Figure 15).%° Although NFP acylation is well understood, we are interested in further exploring
the nitrophenyl activated ester as a method of installing [!'8F]-fluorobenzamides and
['8F]-fluoronicotimamides. With optimised radiolabelling conditions established for 18F-
fluorination of nitrophenyl activated esters, these conditions will be applied to FC131 peptides

containing a free amine on a side chain (Scheme 8).
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Scheme 8: Radiofluorination of 4-nitrophenyl esters containing appropriate leaving groups.
Aim 3: Investigate synthesis of '®F-labelled threonine

In addition to targeting CXCR4 receptors for cancer imaging, we also aim to target amino
acid transporters with '®F-radiolabelled amino acids. We are particularly interested in the ASCT2
amino acid transport system and, as such, we will synthesise radiofluorinated threonine. Two
methods are proposed for the radiofluorination of threonine: via ring opening of epoxide 43 via
8F- fluoride, and by isotope exchange (!°F—'8F) of trifluoroborate threonine analogue 45 (Scheme

9).

© OH O
N 1) 18 1ep
OPS  peproton or
S SRR
NH > )
2 OH F OH 18F
| F 18F_19
PSR kel 3
~F
NH, NH,
45 46

Scheme 9: Methods to achieve radiolabelled “threonine’ analogues via an epoxide or

trifluoroborate.
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RESULTS AND DISCUSSION

CHAPTER 2: SULFONATION OF CXCR4-TARGETING PEPTIDES

2.1 Sulfonation of FC131-type peptides

A variety of methods are available to improve in vivo properties of a radiolabelled peptide,
including conjugation of hydrophilic groups such as sugars and PEGs. However, incorporation of
biodistribution enhancers can be difficult due the limited reactive sites on a given peptide and the
protecting group manipulations required for the conjugation of sugars or a PEG group.%® The
simple, one-step, site-specific sulfonation of cyclic RGD pentapeptides has previously been
developed within the Hutton group and resulted in dramatic improvement in biodistribution
properties (Figure 15).%% As the sulfonation occurs on the tyrosine residue of the RGD peptide, we
decided to implement the same strategy of sulfonation of a tyrosine-containing FC131 peptide.
RGD peptides typically contain a lysine residue to allow for acylation of a fluorine-18 containing
prosthetic group.”® Similarly, as the arginine in position 4 of FC131 10 is exposed to the
extracellular environment during binding to CXCR4, a lysine will be substituted at this position.*!
Thus, the initial target was cyclic pentapeptide 39, containing lysine and sulfonated tyrosine
residues. Peptide 39 could be accessed by sulfonation of 38, which would be available from linear
protected peptide 47. The linear protected peptide would be assembled via a typical solid phase

peptide synthesis strategy’' from 48 (Scheme 10).
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