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Abstract
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Positron emission tomography (PET) is an important and powerful nuclear
imaging modality and is essential in a range of medical fields. A suitable radiotracer
must be identified in order for PET imaging to provide high quality and quantifiable
data about the pathology. This includes the design and implementation of optimal
radiochemistry that will reliably deliver the radiotracer that can answer the pertinent
biological questions being asked.

PET can be used to study the biological processes which are involved in pain
perception and inflammatory responses that can occur in a number of chronic and
acute conditions. This thesis aims to demonstrate how PET radiochemistry can
enhance our knowledge of these biological processes and permits access to the
underlying molecular mechanisms behind pain and inflammation.

This thesis has been written in an alternative format, comprising the different
areas which have been investigated. The work encompasses the study of the
endogenous opioid system using the opioid receptor antagonist [**C]diprenorphine.
This includes the design and automation of [**C]diprenorphine radiochemistry
followed by the development of a method to reliably analyse its metabolism. Finally
the application of [*'C]diprenorphine in a clinical PET study, investigating opioid
receptor occupancy by endogenous opioids as well as up-regulation of opioid
receptors in the brain, is described.

In the study of inflammation a pro-inflammatory cytokine, recombinant
human interleukin-1 receptor antagonist (rhIL-1RA), was radiolabelled with novel
8 radiochemistry permitting pharmacokinetic study in pre-clinical models. This is
followed by the design of a new technique to radiolabel white blood cells with ®Zr
for quantifiable cell trafficking with PET. For this technique, chitosan nanoparticles
are used to deliver the radio-metal cargo into white blood cells with a proposed
application in inflammatory models. The process of chitosan nanoparticle
construction is described alongside development of a procedure that is optimised for
use in the proposed application.

This thesis covers a variety of topics illustrating the contribution of PET
radiochemistry in the area of pain and inflammation. The synergy between
identification of new biological targets and development of radiotracers and
radiolabelling strategies ensure PET radiochemistry will continue to contribute to our
knowledge of pain and inflammation and aid understanding of its role in countless
medical conditions.
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CHAPTER 1: Introduction (Part 1) — The endogenous opiate system

Pain in Rheumatoid Arthritis

Pain is part of the body’s defence system, the sensation of pain encourages
the body to remove itself from potentially damaging (noxious) stimuli, protects the
damaged tissue area as it heals (through inflammatory pain) and warns or forces us
to rest our bodies. Pain can be initiated by the stimulation of sensory neurons
(nociceptive pain) or through damage or malfunction to the central (spinal cord and
brain) or peripheral (nerves outside of the spinal cord and brain) nervous system
where pain may be initiated by primary or afferent lesions (neuropathic pain).
Nociceptors can respond to thermal, mechanical (pressure applied to tissue or
laceration) or chemical stimuli™. Once a nociceptor is activated by noxious stimuli,
a nerve impulse carries electrical action potentials along the axon of the neuron to
the spinal cord. Nociceptors have two types of axon A-6 fibres and C fibres. A-6
fibres have a myelin sheath (which is found on the axon of a neuron and acts as an
electrical insulator for the neuron increasing the speed at which electrical impulses
propagate along the axon helping to prevent electrical current leaving the axon). The
myelin sheath of A-6 fibres allows action potentials to travel about 20 m/s to the
central nervous system whereas C fibres which are non-myelinated meaning action
potentials are slower to propagate through the axon. This means that nociceptors are
able to transmit pain signals at different speeds, A-o6 fibres broadcast the pain signals
rapidly (associated with immediate and sharp pain on activation of the nociceptor)
while C fibres broadcast the pain signal more slowly which is associated with a dull

pain felt some time after the injury or noxious stimuli occurs.

The C fibres and A-5 fibres carry the pain signal to the dorsal horn of the
spinal cord. From here the pain signals are carried up the spinal cord and brain stem
and finally interpreted in the cerebral cortex as pain™. Sensitisation of the spinal
cord or central nervous system, due to lowering of pain threshold or lengthening in
duration of nociceptor response to noxious stimuli, involves a-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionate (AMPA) receptors, N-methyl-D-aspartic acid
(NMDA) receptors and calcium channels. Excitatory neurotransmitters including
substance P and glutamate are released at the terminals of pain fibres and act upon

NMDA and AMPA receptors leading to Ca** channels being opened. This increased
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Ca®" transport causes spontaneous action potentials conveying a pain message to the

brain.

Rheumatoid arthritis is a systemic inflammatory disorder primarily
manifesting in the joints and is a cause of chronic pain. Although the causes of
rheumatoid arthritis are incompletely understood, autoimmunity (in which the body
fails to recognise native, healthy tissue causing an immune response to be initiated
against its own healthy cells and tissue) plays a primary role in its progression.
Rheumatoid arthritis afflicts around 400,000 adults (0.81 % of the adult population)
in the UK with women (1.16%) being around three times more likely to be affected
than men (0.44%)"?!. Rheumatoid arthritis can affect many of the major organs and
tissues in the body but primarily has an influence on a synovial joint. The synovium
contains a membrane which lines the joint and when functioning correctly acts to
protect it by controlling what can enter into the synovial cavity. The synovial
membrane will also produce a lubricant (synovial fluid) which acts to reduce friction
between the cartilage of the two bones which make up the joint. However in a joint
which is affected by rheumatoid arthritis the synovium becomes inflamed. This
inflammation is caused by the chemotaxis of fluids and immune cells including
CD4"* T cells, B cells and macrophages into the synovium cavity™. The chronic pain
caused by rheumatoid arthritis can cause major distress and disability as well as a
diminished quality of life. Without a direct cure for the disorder, pain alleviation
seems to be the best course of action to improve the quality of life for rheumatoid
arthritis patients. Current treatments include nonsteroidal anti-inflammatory drugs
(NSAIDs) which supress inflammation and also improve pain and swelling, disease-
modifying anti-rheumatic drugs (DMARDSs) which are slower-acting compounds
with the aim of improving the symptoms of rheumatoid arthritis and biological
response modifiers which target the inflammatory mediators in tissue damage!!.

The Pain Matrix

With the development of neuroimaging techniques such as positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI) as well as
electrophysiological techniques such as electroencephalography (EEG) it has
become possible to gain a better understanding of how the brain works, how it
processes signals and how different regions work together. Using non-invasive

neuroimaging techniques to measure brain activity whilst applying noxious stimuli
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can give researchers a better understanding of how various cortical regions process
pain signals or are activated during pain and how these regions may be linked or
communicate with one another. PET studies have been carried out with radiotracers
that image regional cerebral blood flow (rCBF) such as [**0]CO,™ and [*°O]H,0%
1. These radiotracers rely on haemodynamic responses in the brain and changes in
rCBF can be linked to the level of neuronal activity!®. Other radiotracers are used
which will specifically bind to opioid receptorst® @ allowing the visualisation of
receptor occupancy and distribution during painful and non-painful events. Regions
within the brain which have been consistently identified (often through
neuroimaging techniques) as responding to nociceptive stimuli are often given the
collective term ‘the pain matrix’™. The major cerebral regions which make up the
pain matrix include the primary (S1) and secondary (S2) somatosensory cortices, the
insula and the anterior cingulate cortex (ACC). These regions can be split further
into 2 networks, the lateral pain system which involves S1 and S2 regions and the
medial pain system which involves the ACC region. Sensory-discriminative aspects
of pain such as the intensity, duration and location of pain propagate through the
lateral pain network while the medial pain network is responsible for the affective
aspects of pain perception 2. However some reviews have concluded that the term
‘pain matrix’ should be used with some caution as brain responses measured by
neuroimaging techniques which are invoked by a noxious stimuli can not only reflect
nociceptive specific brain responses but also non-nociceptive salient sensory

input*l,

The Endogenous Opioid System

Opioids are one of the most powerful analgesic drugs available and are used
clinically to relieve both acute and chronic pain. Although the human body produces
its own natural (endogenous) opioids such as endorphins, dynorphins and
enkephalins, synthetic or semi-synthetic opioids can be used clinically to enhance
their effect. Synthetic or semi-synthetic opioids have a well-established role in pain
relief however they can also have negative side-effects associated with them such as
tolerance, depression, constipation, breathing difficulties and addiction or
dependence™. One possible route to treat chronic pain is to target and inhibit the
zinc metallopeptidases which breakdown endogenous Met- and Leu-enkephalin

increasing their availability to elicit their analgesic effect. Dual enkephalinase
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inhibitors which target the two zinc metallopeptidases responsible for the breakdown
of enkephalins are currently being trialled as a possible treatment of chronic pain in a

number of pathologies™.

Opioids, synthetic or endogenous, all mediate their effects through the
endogenous opioid receptor system of which there are 3 principle sub-types 6 (delta),
K (mu) and « (kappa). In addition to these sub-types, there is also an ORL-1 (opioid
receptor like) receptor type which has a large degree of homology to the ‘classical’
opioid receptors in terms of structure yet is distinct in pharmacology™™. Each
receptor sub-type has a different affinity for different opioids, and the physiological
processes elicited by opioids can be mediated by a single receptor sub-type or by a
combination of receptor sub-types. The receptors on which opiates induce their
effect are membrane bound G-protein coupled receptors (GPCRs). These receptors
possess 7 transmembrane domains which are linked by 3 extracellular and 3
intracellular loops; they possess an extracellular N-terminus and an intracellular C-

terminus as represented in Figure 1.
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Figure 1: Schematic representation of 7-membrane GPCR. Orange circles represent amino
acids which are identical between the three opioid receptor sub-types and blue circles show

amino acids that differ between receptor sub-types™*®.
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GPCRs are able to sense signal molecules or ligands on the outside of the cell
which induces signal transduction pathways and then ultimately generates cellular
responses. G-proteins use guanosine-5’-diphosphate (GDP) as controls to their
signalling pathway. When GDP is bound the G-protein is inactive, however
exchanging the bound GDP for guanosine-5'-triphosphate (GTP) activates the G-
protein. Signal transduction begins with the inactive G-protein which is coupled to
the receptor as a tetramer composing of 3 sub-units G-alpha, G-beta and G-gamma.
As an appropriate ligand binds, the receptor changes conformation, which causes a
sub-unit to bind a molecule of GTP and then dissociate from the other sub-units
therefore activating the G-protein. On activation of the G-protein, the opioid receptor
is then negatively coupled to adenylyl cyclase (which catalyses the conversion of
adenosine triphosphate (ATP) to 3°-5’-cyclic adenosine monophosphate (CAMP),
Figure 2) which regulates ionic conductances by inhibiting Ca®* ion channels and

potentiating K* channels.
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Figure 2: Conversion of ATP to cAMP

Evidence that opioid receptors can be categorised as GPCRs is convincing, as
binding of agonist' but not antagonist’ to the receptor is regulated by guanine
nucleotides. In addition cellular responses attributed to agonist binding (such as
inhibition of adenyl cyclase and ion channels opening and closing) requires GTP and
can be blocked by pertussis toxin (a typical feature of G-proteins)[”]. The inhibition
of adenyl cyclase and consequential reduction in CAMP which results when opioids
bind to the receptor reduces transcription of several genes with CAMP responsive

! A ligand (molecule or peptide) that binds to a receptor and produces a biological response.
2 A ligand (molecule or peptide) that binds to a receptor and does not activate (blocks) a biological
response.
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promoter elements. Included in the genes, which are regulated, are those which
encode for opioid peptide precursors, meaning that opioids could exert feedback

control of opioid synthesis "1,

As mentioned when an agonist binds to a GPCR, K" ion channels are opened
allowing an efflux of K" ions from the cell causing hyperpolarization of the cell
membrane. This inhibits the firing of neurons and prevents neurotransmitter release
which would otherwise be stimulated by sensory nociceptors. The Ca** ion channels
which are closed as a result of G-protein activation inhibit Ca** currents into cells.
Opioids and other agonists are able to both open K* and close Ca?* channels in the
same cell, the coupling to these ion channels is preserved in specific patches of

membrane, therefore no messenger is needed for this processt”.

Techniques such as site-directed mutagenesis and computer automated
docking simulation (DOCK* programs) have been used to reveal areas of opioid
receptors essential for ligand recognition and to identify pharmacophores of opioid
receptor ligandst*® . It has been shown that there is a high degree of homology
between the three principal receptor sub-types (6, pu and ) with the 7 trans-
membrane helices showing ~ 70% identity and the extra and intra-cellular loops
showing approximately 60% identity!*®l. The fragments of opioid receptors which
show the most diversity are at the amine terminals, carboxyl terminals, the 2" and
3" extra cellular loops and transmembrane segment 48 Mutagenesis studies have
been used to aid in identifying the specific area of opioid receptors that are
responsible for ligand binding and to support the design of new opioid drugs with
enhanced properties for therapeutic use. Regions of amino acid sequence diversity
between the different opioid receptor sub-types appear to be responsible for the
functional differences of the receptors (i.e. different ligand binding and affinities).
Although the extracellular loops of the receptors may differ (2" and 3™ loops in
particular) in amino acid sequence the intracellular loops are very similar, so it can
be concluded that it is in the extracellular loops (although not exclusive to) that
ligand recognition for each opioid receptor sub-type occurs. Given the similarities of
amino acid sequence in the intracellular loops (only at the carboxyl terminus can a
difference be seen) it is expected that all three receptor sub-types couple to similar
cellular effectors systems and mediate these in similar ways™®. However the

coupling of x and J receptors to adenyl cyclase has been known to undergo
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desensitisation® which can be exhibited as the receptor uncoupling from the G-
protein with an enzyme receptor kinase being responsible for the phosphorylation of
the receptor. However | receptors are much more resilient to this desensitisation
from adenyl cyclase. Since the intracellular loops of the 3 opiate receptor sub-types
are very similar in amino acid sequence, it could be at the carboxyl terminus region

where the differences in sensitivity to agonists are determined.

Biology of the opioidergic system.

Delta and p opioid receptors reportedly regulate the transmission of pain
messages cooperatively. However it has been found that the & and p opioid receptors
are expressed by different subsets of primary afferents*®. Mu opioid receptors are
expressed by heat sensitive transient receptor+ potential ion channels (TRPV1+).
These are ligand gated non-selective cation channels and are activated by a number
of chemical and physical stimuli including heat at temperatures greater than 43 °C.
These receptors are found in both the central and peripheral nervous system. Mu
opioid receptors are also expressed in peptidergic unmyelinated nociceptors in the
skint®!. In contrast to this, & opioid receptors are predominantly expressed in
mechanosensitive myelinated primary afferents and TRPV1 negative nociceptors®.
It has been demonstrated that the & opioid receptor is trafficked to the surface of cells
under resting conditions, independently of the neuropeptide substance-P!®! which is
released from terminals of pain responsive neurons following painful stimuli.
Previously, it was understood that the 6 opioid receptor was only trafficked to cells
in a response to the release of substance-P. Since the 6 and p opioid receptors are
distributed differently in pain fibres (TRPV1+ and peptidergic unmyelinated
nociceptors for u receptors and mechanosensitive myelinated TRPV1 negative for 6
receptors) it has been shown that each receptor selectively regulates different pain
stimuli™®!. The & opioid receptor mediates mechanical analgesia and does not require
heat sensitive TRPV1+ nociceptors, while in contrast to this the p opioid receptor

which is expressed by heat sensitive TRPV1+ nociceptors mediates heat pain.

Opioid drugs offer powerful analgesia for chronic pain, however, as
mentioned earlier they are associated with a number of side effects such as addiction
and tolerance as well as physical side effects including nausea, constipation and
breathing difficulties. However there has been some research into a new generation

of opioids that evoke their analgesic action on opioid receptors outside of the central
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nervous system and in doing so avoid all centrally mediated unwanted side
effects!?]. The endogenous ligands which bind to these peripheral receptors are
produced within the skin and in immunocytes. Opioid receptors and neuropeptides
are synthesised in dorsal root ganglia and are transported along intra-axonal
microtubules into central and peripheral neurons. From here opioid receptors are
then incorporated into the neuronal membrane where they can then be activated by
endogenous (or exogenous) opioids. Opioid receptors are then coupled to G-proteins
and when an opioid ligand-receptor coupling is established there is a direct (or
indirect through suppression of cAMP) suppression of Na* or Ca®* currents. This

leads to a reduction of substance P release and ultimately causes the attenuation of

pain; this process IS depicted in Figure 3.
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Figure 3: Opiod receptor transport and signalling in primary afferent neurons?). OR = opioid

receptor, EO = endogenous opioid, OP = exogenous opioid and sP = substance P.

It has been suggested that opioids are actively transported from the brain to
the blood stream via the P-glycoprotein pump (Pgp pump) within the blood brain
barrier (BBB). In the dorsal root ganglia the production and expression of opioid

receptors is increased by peripheral tissue inflammation. As a result axonal transport
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of opioid receptors is enhanced, leading to their up-regulation and this increases

opioid agonist efficacy at peripheral nerve terminals®®Y.,

Pharmacology of the opioid receptor sub-types

As depicted in Figure 1, GPCRs have aspartic acid residues in regions 2 and
3 (residues 95 and 128). These aspartic acid residues have an important role to acts
as a counter ion to basic regions of ligands to assist ligand receptor binding through
electrostatic interactions™*®. It is possible to ascertain the effect on the binding of
agonists and antagonists to the receptor by performing a mutagenesis of the
negatively charged aspartic acid residue at position 95 (Asp®) to a neutral asparagine
residue (Asn®). On performing this mutagenesis experiment it was found that
agonist binding decreased while the affinity for antagonist was unaffected™®. This
showed that this residue (Asp®™) is important in agonist binding, however since
transmembrane sequence 2 is similar in all 3 principal opioid receptor types, this
residue is unlikely to be part of the receptor responsible for selective agonist binding.
This experiment was also carried out at the Asp?® residue with similar results in that

antagonist binding decreased as Asp*?® was mutated to Asn'?,

Cloning of the « opioid receptor showed that amino acid residues at the

amino terminal played an important role in the binding of the non-selective opioid

antagonist naloxone. Residue glutamic acid®’ (Glu®*’

297

, as seen in Figure 1) was also
shown to be of importance and on mutation of Glu“”" to a lysine residue (essentially
changing a carboxyl group to an amino group) a 100-fold reduction of
norbinaltorphimine (nor-BNI, a specific « ligand antagonist) was found*®!. The p

297

opioid receptor has a lysine residue corresponding to the Glu~" residue of the «

opioid receptor. However p-receptors have a 100-fold lower affinity for norBNI

297 acts as a counter ion

compared with k-receptors. This shows that residue Glu
(COQ)) to attract the norBNI ligand. The corresponding amino acid residue of a &
opioid receptor is tryptophan, which is a sterically-hindered and bulky residue which
can block receptor binding pockets, as anticipated norBNI has a low affinity for &

opioid receptorst*®.

The endogenous opioid ligand dynorphin-A is a specific k opioid receptor
agonist. By cloning of the x-opioid receptor it was found that the 2" extracellular

loop has many more residues carrying negative charges compared to the 6 and p
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receptorsi*®. Dynorphin-A carries an excess of basic charges which suggests that
electrostatic interactions may be of importance in its opioid receptor binding
character. Although agonist and antagonist bind to specific sites of the k receptor
there still remains competition for the binding sites, this suggests that binding of a
ligand to the receptor could cause changes in the shape or conformation of the
receptor and therefore hindering the binding of other ligands. In addition some of the
important binding sites of the receptor may overlap in 3-dimensional space meaning
that some sites become blocked as other sites become occupied™!,

Agonists of the & and p receptors also bind to specific regions of G-proteins.
[D-Ala?, N-MePhe?, Gly-ol]-enkephalin (DAMGO) is a selective p receptor agonist
which has affinity for the 1% extracellular loop as well as transmembrane helices 2
and 3 of p opioid receptors??. Morphine also has strong affinity for the p opioid
receptor but uses amino acid residues in the 3" extracellular loop and transmembrane
helices 5, 6 and 7M. Agonist of the § opioid receptor such as [D-Pen2, D-Pen5]-
enkephalin (DPDPE) and Tyr-D-Ser-Gly-Phe-Leu-Thr (DSLET) have affinity for the
3" extracellular loop and transmembrane helices 5 and 7 of the & opioid receptor.

The chemical structures of some of the opiates discussed are depicted in Figure 4.
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Figure 4: The chemical structure of a selection of opiates with affinity for 6, p and k opioid

receptors.
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Site-directed mutagenesis and receptor cloning has proven to be an important
tool in revealing critical regions for ligand binding. These types of study may aid
researchers in their search to design new opiate drugs that can provide powerful
analgesia with limited side-effects.

It has been shown that site-directed mutagenesis studies can help to reveal
specific binding pockets and receptor regions which are important for ligand binding.
In addition to this, computer-aided docking simulation programs (DOCK) and the
message-address concept can aid in the identification of pharmacophores of opiate
ligands™. The message-address concept uses the theory that ligands contain certain
recognition elements that are responsible for their varying binding affinity to the
different opioid receptor sub-types. The message is the shared or universal part of the
molecules structure while the address part is the variable portion giving the molecule
its unique affinity for a particular receptor. For opiate molecules the message part of
the molecule is a tyramine moiety, whilst the address part is a sub-unit attached to

the 3 carbon ring examples are depicted in Figure 5.

NH O
o
o
OH OH
Naltrindole (NTI) Naltrexone
/NH2
NH—<
NH,
K- o1 OH
N H+ O
NH I>\/N

OH

Guanidinylnaltrindole (gNTI) beta-Funaltrexamine

Figure 5: Message-address concept. The red part of the molecule indicates the message part of

the molecule while the address part is blue.
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In general an opiate which does not possess an address part will bind
indiscriminately to the 3 opioid receptor sub-types; an example is naltrexone which
Is seen in Figure 5. It is possible to see how the message portion of opiate ligands are
able to interact with certain amino acids of opiate receptors. The amine of the
tyramine moiety is protonated at physiological pH. This means it is possible for an
electrostatic interaction to be established between the protonated amine and, for
example, a carboxyl functionality (COQ"). Since ligand binding occurs within a
specific region of the receptor this electrostatic interaction is thought to occur at an
aspartic acid residue located in transmembrane helices 3 (Asplll:08) of opiate
receptorsi*®. The phenolic ring of the tyramine message part of opiates interacts with
a histidine residue on transmembrane helices 6 (HisV1:17) where hydrogen bonding
Is established between a lone pair of electrons belonging to the nitrogen atom of the
histidine and the hydrogen atom of the phenol ring!*®!. Opiates which are non-
selective for opioid receptor sub-types are most often smaller molecules than
selective opiates because they don’t possess the address part of the molecule.
However, it is likely that hydrophobic pockets in the vicinity of Asplll:08 and
HisV1:17 accommodate the rest of the molecule and facilitates their binding to the
receptor. Performing sequence analysis of opioid receptors revealed that there was a
cluster of hydrophobic amino acid residues such as phenylalanine and tryptophan
found partway down transmembrane helices 3 to 6. It is these residues that may
account for the hydrophobic property which accommodates the remainder of the

non-selective opiate after the message segment has bound!*®.

Using computer models and site-directed mutagenesis, two locations were
isolated as being important (and unique) in each of the opioid receptor sub-types™®
231 Residue 23 at transmembrane segment 6 (V1:23) and residue 3 at transmembrane
segment 7 (VI1:03) were identified as being the important residues which were
orientated correctly for ligand interactions and consequential binding. Site directed
mutagenesis at these sites showed that two mechanisms were important for giving
opioid receptors selectivity for different ligands. The two identified mechanisms
were mutual attraction (ligands are attracted to a matching amino acid residue or
group of residues in the receptor) and steric exclusion™ (in which an amino acid
residue or a group of residues prevent a favourable or mutual attraction to occur by

steric hindrance).
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In « opioid receptors the amino acids at locations (V1:23) and (V11:03) were
glutamic acid and tyrosine respectively. Ligands which are selective for the k opioid
receptor such as gNTI (Figure 5) commonly have a very basic address moiety which
is able to interact with the glutamic acid residue at position (VI1:23) of the k opioid
receptor, forming a salt bridge. The tyrosine residue at position (VI1I:03) of the «
opioid receptor was shown to have little effect on the binding of « selective opiates,
however large hydrophobic residues such as tryptophan and phenylalanine in close

vicinity are believed to stabilise the hydrophobic character of the address moiety™®!.

The & opioid receptor has amino residues of tryptophan and leucine at
positions (VI1:23) and (V11:03). For & selective opiates such as NTI (see Figure 5) an
indole moiety is commonly incorporated into the address and is stabilised by the
tryptophan and leucine residues which form a hydrophobic pocket for the indole to

occupyt®l.

B-Funaltrexamine (B-FNA, see Figure 5) is an irreversible p antagonist.
Recognition by the p opioid receptor is thought to occur in 2 stepstl. The first step
involves the B-FNA ligand binding reversibly to a distinct binding pocket of the p
receptor. This reversible binding acts to orientate the ligand in the correct position
for the next step which is an irreversible binding reaction of B-FNA with a
nucleophilic site within the receptor. Mutagenesis studies have shown the amino acid
residue which is responsible for the nucleophilic reaction with B-FNA to be a lysine
residue at transmembrane helix 5 of the u receptor® 2®1. The amine functionality
(NHy) of the lysine amino acid acts as the nucleophile in a Michael addition and
attacks the o,-unsaturated carboxyl group of the B-FNA ligand as depicted in Figure
6.
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Figure 6: Lysine amino acid residue on transmembrane helix 5 of the u opioid receptor is

involved in the nucleophilic attack of the B-FNA ligand to form an irreversible covalent bond.

This then forms an irreversible bond of the ligand to the p opioid receptor.
What is interesting however is k opioid receptors have a homologous lysine residue
but B-FNA does not bind to kappa receptors, this could be due to the fact that
residues close to lysine V:05 do not provide a good enough binding pocket in the
kappa opioid receptor to orientate the B-FNA ligand correctly to be attacked by the
nucleophilic lysine. Site directed mutagenesis and computational programs such as
DOCK® help to give researchers a much clearer understanding of how opioid
receptor-ligand affinities are established and maintained. The results from these
studies give new insights which can lead to the design of new opiates with molecular

structures that are optimised for receptor binding affinities.

Some of the opiates which have been discussed, endogenous, synthetic or
semi-synthetic along with their binding selectivity and action (agonist, antagonist or

mixed) can be found in Table 1.
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g-opioid receptor

6-opioid receptor

K-opioid receptor

ORL1

Endogenous peptide

e Endomorphin-1/2
e [-endorphin

e [Lue®]-enkephalin
e [Met’]-enkephalin
e Deltrophin I/11

e Dynorphin A
e Dynorphin B
¢ -neoendorphin

e Nociceptin / Orphanin

FQ

Peptide Agonist e [D-Ala®,MePhe* Gly- | e [D-Ala?, D-Leu”] enkephalin e E2078 e [Arg*, Lys"Jnociceptin
ol’] enkephalin (DADLE) e UFP-102
(DAMGO) ¢ ([D-Pen2, D-Pen5]-enkephalin o
e PLO17 (DPDPE)
o [D-Ala? D-Leu’] e [Tyr-D-Ser-Gly-Phe-Leu-Thr]
enkephalin (DADLE) enkephalin (DSLET)
Peptide Antagonist e D-Phe-Cys-Tyr-D- ¢ IC| 174,864 e UFP-101
Trp-Orn-Thr-Pen-Thr- | e [(H-Tyr-Tic-Phe-Phe-OH)] TIPP e peptide I11-BTD
NH2 (CTOP)
Synthetic Agonist e Fentanyl e 4-[(R)-[(2S,5R)-4-allyl-2,5- e U-69,593 e R064-6198
e Morphine dimethylpiperazin-1-yl](3- e U-50,488
e Sufentanil methoxyphenyl)methyl]-N,N- e ICI 204,448

e Buprenorphine (partial)

diethylbenzamide (SNC80)
e 7-Spiroindanyloxymorphone
(SIOM)

e Nalfurafine
¢ 6’-Guanidinonaltrindole (6’gNTI)
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e Diprenorphine

e NTI 5’ isothiocyanate (NTII)
e Diprenorphine
o Naloxone

pyrrolidinyl) ethyl] acetamide
(DIPPA)

e 5’gNTI

¢ Nor-binaltorphimine

e Diprenorphine

e Buprenorphine

¢ Naloxone

p-opioid receptor 6-opioid receptor K-opioid receptor ORL1
Antagonist e B-FNA e Benzylidenenaltrexone (BNTX) | e 2-(3,4-dichlorophenyl)-N-methyl- | ¢ SB 612111
e Naloxonazine e Naltriben (NTB) N-[1S-1-(-3- e J-113397
« Naloxone « Naltrindole (NTI) isothiocyanatophenyl)-2-(-1- e JTC-801

Area of Receptor
Agonist binds (Kane et
al)*.

e Agonist DAMGO 1%
extracellular loop and
transmembrane helices
Vl1and VII

e Agonist DPDPE and agonist
DSLET 3" extracellular loop and
transmembrane helices V-VII

e Agonist Dynorphin A 2"
extracellular loop

Amino acids at locations
VI1:23 and VI11:03 unique
to each receptor (Kane et
al)*%,

e VI:23 glutamic acid
(297)
e V11:03 tyrosine (312)

¢ VI:23 tryptophan (284)
¢ VI11:03 leucine (300)

e VI:23 lysine (303)
¢ VI11:03 tryptophan (318)

Table 1: A selection of endogenous and synthetic opiates along with their opioid receptor affinities. Data taken from IUPHAR/BPS Guide to Pharmacology
http://www.guidetopharmacology.org?”.
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Introduction (Part 2) — An Introduction to Positron Emission
Tomography (PET) and the use of PET for studying the opioidergic

system.

Positron Emission Tomography

Positron emission tomography (PET) is an extremely powerful nuclear
Imaging technique which allows for the visualisation of in vivo physiological
processes at a molecular level. The technique relies on the use of radioactive isotopes
which decay by positron emission (or B* decay), a process in which a proton of the
unstable radionuclide is converted to a neutron resulting in the release of a positron
(antimatter to an electron) and a neutrino (v). This nuclear process is depicted in
equation 1 where X = positron emitting isotope A = atomic mass Z = atomic number

(number of protons) and Y = Daughter isotope.

AX N+v+p
7 A v ﬁ

Equation 1: Positron emission
The positron released from this process, will travel a small distance in tissue

(a few mm, depending on its kinetic energy) before colliding with an electron
causing an annihilation event which releases 2 photons of equal energy (511 keV) as

represented in equation 2.

e+p — 7y (511 KeV)+7y (511 KeV)

Equation 2: Positron/electron annihilation.
The release of the 2 photons occurs at almost exactly 180 © from the

annihilation event and it is these photons which are detected during a PET scan. The
detectors of a PET scanner are built into a ring which surrounds the subject being
scanned. Each detector in the ring is linked in coincidence with its opposite detector.
Many of the photons produced in an annihilation event between a positron and an
electron will not be detected by the ring of detectors, however some of the 511 KeV
photons which are emitted will be in the plane of the detector ring and opposite

detectors of the ring will be hit by the photons. If two scintillation detector elements
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are hit within a small time window (7-15 ns for a typical clinical scanner)® then
this is logged as two photons occurring from an annihilation event and a line of
response (LOR) is recorded with the annihilation event occurring at some point
along the LOR. Raw PET data is collected over a period of time and upon
completion of data collection, image reconstruction algorithms can be run. The
reconstruction algorithms can be run in conjunction with computed tomography
(CT) algorithms to produce a cross sectional image of the distribution of
radioactivity in the anatomical area being studied. During image reconstruction,
corrections must be made for attenuation (in which photons are scattered from the
LOR), random events — which is related to photons not belonging to the same
annihilation event hitting detectors and detector dead time — which becomes
important as the rate of photons hitting a detector increases®. Figure 7 shows a

schematic illustration of a PET scan.

Positron emission and PET scanner
positron-electron annihilation

Positron-emitting
radionuclide

\ é

o Positron

Electron
‘g
+ R

—h
511 keV 511 keV
amma ra ammara

g Y Annihilation 2 y

Gamma ray
detectors

Figure 7: Schematic illustration of positron-electron annihilation and the coincidence detection

used in PET imaging™.

In terms of sensitivity PET (10° — 10 M) is superior to other imaging
modalities such as CT (10 M) and magnetic resonance imaging (10° M)BY. It is
this high sensitivity offered by PET which allows users to view physiological
processes at a molecular level, whether that is cell trafficking, ligand-receptor
binding or drug pharmacokinetics. What should also be taken into consideration
however is the spatial resolution of the imaging modality. For PET, spatial resolution
depends on many factors one of which is the range that the emitted positron can
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travel in tissue. Positron range differs for various isotopes and depending on the
kinetic energy of the released positron. The spatial resolution of PET is 1-2 mm!®2
which when compared with the high resolution of CT (50 pm) and MRI (100 pm)
appears to be a limiting factor of PET imaging. However it is the superior sensitivity
and versatility of PET with many radiotracers available to target various biological
targets or drug molecules which can be radiolabelled with PET isotopes that make

this imaging modality so attractive.

Some of the important positron emitting isotopes which are used for PET can
be seen in Table 2. Of particular note is that carbon, nitrogen, oxygen and fluorine
have positron emitting isotopes. These atoms are found in abundance in natural
organic compounds as well as pharmacologically active compounds, which means
that, as long as chemical pathways are available, the stable isotope can be substituted
with its positron emitting counterpart without affecting the molecules behaviour
(such as binding to receptor, lipophilicity or metabolism for example). Particular
attention should also be paid to the radioactive half-life (t,,) of the PET isotopes.
First of all the radiochemistry route to incorporate the isotope into the molecule to be
radiolabelled must be matched to the half-life. A radiolabelling procedure (including
radiochemistry, purification and formulation for injection) which takes longer than 3
half-lives of the PET isotope being used is likely to be less useful due to the amount
of radioactivity which is lost during this time. The second consideration about half-
life is that the biological process being probed is matched to the half-life of the
isotope being used. For example if the radiolabelled molecule or ligand has a fast
uptake to its target or has fast bio-distribution kinetics then an isotope such as
carbon-11 (*'C, t,, = 20 minutes) would be a suitable isotope to use. Isotopes with a
longer half-life such as copper-64 (®*Cu, t,, = 12.7 hours) and zirconium-89 (*°Zr, t,
= 78.4 hours) allows PET imaging for much longer time points and is suitable to
match the longer in vivo pharmacokinetics of large bioactive molecules including
antibodies (immuno-PET), nanoparticles and peptides®™. *“Cu may also have some
application in targeted radiotherapy due to its emission of an auger electron®*,
Oxygen-15 (*°0O, t, = 2.1 minutes) has a very short half-life meaning that to
incorporate this isotope into a bioactive molecule is not plausible. 0 is still a very
important and useful PET isotope however, being used as [*>O]H,0 or [*?0]CO, to

measure cerebral blood flow (hemodynamic response), blood volume and oxygen
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metabolism®®. #zr and **Cu have a much lower p* branching (23% and 17%
respectively) compared to the other isotopes in table 2 and this is also something
which should be carefully considered and corrected for in the PET experiment. The
other decay modes of these isotopes need to be carefully considered in terms of
effects of absorbed radiation dose to the patient being scanned. Also associated
gamma emissions may reduce the coincidence count rate performance. For example,
897r has a gamma photon emitted at 909 keV, the energy difference from the 395.5
keV B* (average kinetic energy) and the 511 keV gamma photon of the annihilation
event is big enough for there to be no interference with the PET scan but organ dose

considerations need to be made. Some selected gamma energies are given in Table 2.

Also of particular importance, and especially in receptor occupancy studies,
is the specific radioactivity of the radiotracer. For these receptor studies the notion of
tracer amount is important, the small amount of radiolabelled molecule injected
means there is no observable biological effect to the subject. Specific radioactivity is
the ratio of radioactive isotope to stable isotope (often referred to as carrier) and will
usually carry the unit GBg/pmol (or Ci/umol). Each radioisotope has a theoretical
maximum specific radioactivity which is the specific radioactivity if every atom of a
sample is radioactive. The theoretical maximum specific radioactivity is related to
the radioactive decay constant A (s™) which is the probability that a nucleus will

decay per second and is related to ty,, by the following equation.

n2
1= 2=
t1/2

Equation 3: Relationship between radioactive decay constant (1) and radioactive half-life (ty,).
The rate of radioactive decay is related A as in equation 4 where N = the

number of un-decayed nuclei. The theoretical maximum specific radioactivity for a
radioisotope can be calculated if the decay constant is known and by inserting the

Avogadro number of molecules.

dN_ AN
dt

Equation 4: Rate of radioactive decay.
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The theoretical maximum specific radioactivity for *'C and *®F is 3.4 x 10°
and 6.3 x 10* GBg/pmol respectively!®®!. However the specific radioactivity which is
reached at the end of a radiochemistry production is much lower due to isotopic
dilution. Addition of stable isotope from target material, atmosphere, chemical
reagents, solvents and synthesis equipment decrease this specific radioactivity. For
receptor occupancy studies the specific activity must be high (the dose contains a
low amount of carrier) as molecules or ligands which are labelled with the stable
form of the isotope will compete for receptor occupancy and may bind irreversibly to
a receptor site. This will limit the number of sites that are available for the

radiolabelled counterpart to bind.

Isotope Half-life (t., ) Decay Mode (%) Positron Energy (MeV)
Emax(P") = 1.19
BN 10 min B* (100) ([i )
Eave(B ) =0.491
Emax(B") = 1.73
0 2.1 min B* (100) ([i )
Eae(B) =0.735
"(99.8 Enax(B’) = 0.98
e 20.4 min B (998) ()
EC (0.2) Eae(B") = 0.385
(97
18 P B ( ) Emax(B+) =0.64
F 109.7 min EC (3) )
Ea\/e(B ) = 025
v =1.655 MeV
B (17)
EC (44 Emax ) = 0.65
“Cu 12.7h - (44) )
B (39) Eae(B') = 0.278
v = 1.346 MeV
(23
b @) Emax(B") = 0.89
#zr 78.4h EC (77) i
Eave(B ) =0.397
v=0.909 MeV
%Ga (produced 68 min p (89) Emax(B ) =1.89
by a generator) EC (11) Eave(B”) = 0.844
B (23) )
Enax(B) =153, 2.15
ol 4.18d v (77) 0.602 MeV, .
Eave(B ) = 0.686, 0.974
1.7 MeV

Table 2: Commonly used PET isotopes, data taken from International Atomic Energy

Agency®,
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Carbon-11 - [*'C]

The relatively short half-life of C (t, = 20.4 minutes) means that
radiochemistry routes to incorporate this isotope into molecules must be fast. If the
radiochemistry, purification, formulation and dispensing of the *C labelled tracer
takes too long then there may not be enough radioactive dose to perform the PET
scan. The general rule of thumb is that the production process should be complete
within 3 half-lives of the isotope being used. However there are many examples of
C PET studies in the literature and rapid radiochemistry routes have been
facilitated by efficient and reliable automated radiochemistry systems and advances
in HPLC (high performance liquid chromatography) and SPE (solid phase

extraction) purification technologies.

11C is commonly produced in a cyclotron via the “N(p,a)"'C nuclear
reaction, in which a nitrogen gas target is bombarded with protons. By the addition
of hydrogen or oxygen (typically 1-1.5%) to the target gas *'C can be produced as
either [*'C]methane ([*'C]CH,4) or [*C]carbon dioxide ([*'C]CO,) in the target.
Other nuclear reactions to produce *'C are available such as °B(d,n)**C which uses a
solid boron target™®. Cyclotron produced [*'C]CO, can be used to make [**C]methyl
iodide ([**C]CHsl), one of the most important 'C labelling agents to perform
methylations with nucleophilic precursors. The synthesis of [**C]CHjl can be carried
out via one of two synthetic routes. The first method is referred to as the ‘wet’
method™” and is described in the formula below. This method uses lithium
aluminium hydride to reduce [*'C]CO, to [*'C]methanol ([**C]CHsOH), which is
then converted to [*'C]CHjsl by the addition of hydroiodic acid, as seen in Figure 8.

: 1CH3OH reflux -

ligg, LAH/THF _ HI CH,I

Figure 8: The ‘wet method’ route to [**C]CHsl.
The ‘wet’ method gives a high yield of [**C]JCH3l but the main drawback of

this method is that stable carbon (**C) is introduced during the production processt®’.
Crouzel et al reported [**C]CHjsl radiochemical yields of 80% decay corrected from
[*'C]CO, and specific radioactivities from 74-175 GBg/umol®%. Stable carbon could
be introduced as CO, absorbed from the atmosphere being absorbed into the LiAIH,4
solution, as methanol formed from THF remaining in the LiAlH, solution following
the evaporation step, or from impurities in the cyclotron target body and gas (not
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specific to the ‘wet’ method of [**C]CHsl generation)!*!. This drawback of the ‘wet’
method means that the low specific activity of the generated [*'C]JCHsl will be
carried into the final molecule which is to be methylated with **C. A second route to
["'C]CH3l known as the ‘gas phase’ method yields higher specific activity and is

described in Figure 9 below!?.

1co, N L en L ~ CH,I
350 °C 4 720 °C

Figure 9: The ‘gas phase’ route to ["*C]JCHl.
For the ‘gas phase’ method cyclotron generated ['C]CO, is initially reduced

to [*'C]CH, with hydrogen gas passed over a nickel catalyst. The [**C]CH,4 produced
is then reacted at elevated temperatures with iodine vapour in a free radical
iodination step. To achieve the maximum conversion of [**C]JCH, to [**C]CHsl the
["'C]CHy, is recirculated a number of times through the oven which contains the
iodine. A Porapak trap is used to remove the [**C]CHjl from the circulation at each
pass and when maximum conversion has been achieved the Porapak trap is heated to
remove [*'C]CHsl after which it can be sent to a radiochemistry system!*® 2. As
well as the advantage of giving a higher specific activity of ['*C]CHaI the ‘gas
phase’ route can be used either with a [*C]CO, target as described here or with
[*'C]CH, target which circumvents the need for the initial reduction step and should
also help to produce higher specific activity ["*C]CHsl. Larsen et al reported specific
radioactivities of 550 GBg/umol for [*'C]CHjsl, although the radiochemical yields
were reduced (46% non-decay corrected)*?.

["'C]CHsl is used to perform **C-methylation at oxygen, nitrogen and sulfur
nucleophilic sites of molecules, however [**C]methyl triflate ([**C]CHsOTf) can also
be used for this type of ''C reaction. [**C]JCH;OTf can be produced directly from
["'C]CHsl by a metathesis reaction with silver triflate (AgOTH)!®! as seen in the
reaction scheme in Figure 10 below.

AgOTSf

11

Figure 10: Conversion of ["C]CH;l to [**C]CH,OTf.
["'C]CHsl is passed in a gentle stream of nitrogen or helium, through a

column containing AgOTf on graphitised carbon pre-heated to 250 — 300 °Cl* 31,
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Jewett et al, described radiochemical yields of [*'C]CHsOTf as high as 95% from
[*'CICH3I™. [*'C]CHLOTS has been used to produce [*'C]FLB-457, a radiotracer
with high affinity for dopamine receptors™*!l. In this study [**C]CH;OTf was
produced from [*'C]CHsl which was generated via both the ‘wet method’ as well as
the ‘gas phase method’. A comparison of the specific radioactivity of [*'C]JFLB-457
from [*'C]CH;OTf produced via the ‘wet method’ (78 GBg/pmol) was shown to be
lower than that produced from the ‘gas phase method’ (126 GBg/umol)i*.,

The triflate group of [*'C]JCHsOTf is a better leaving group for nucleophilic
Sn2 reactions than the iodide atom of [**C]CHjsl. The triflate group has the ability to
pull electron density away from then *C-methyl moiety using the electronegativity
of the fluorine atoms (Pauling value yx = 3.98) and electron density is also conjugated
towards the oxygen atoms of the sulfonyl group in cross conjugation via the d-
orbitals of sulfur. It is the combination of these properties which make triflate an
excellent leaving group and as a consequence the *'C-methyl group is labile to attack
by a nucleophilic group. The benefits of using the highly reactive [*'C]CHsOTf for
C-methylation reactions include the need for much less forceful reaction conditions
(lower temperatures, pressures and reaction times) which is a benefit considering the
short half-life of *C. Also [*'C]JCHs;OTf is much less volatile when compared to
["'C]CHsl and so can be trapped more easily in small volumes of solvents and at
room temperatures. Also the increased reactivity means that in many cases less
precursor is needed, which can aid the final purification step as well as bring the
overall costs of production down!®. The highly reactive nature of [**C]JCHsOTf may
also have some inherent drawbacks associated with it related to chemo and
regioselectivity. If a precursor molecule has more than one nucleophilic site which
can react then [**C]JCH;OTf may not be the reagent of choice as both sites may be
1'C-methylated. That is unless one nucleophilic site is first chemically protected, but
this will require a second step following radiolabelling to remove the protecting
group which may impinge on the yield and is not always ideal given the short half-
life of *C. Some examples of O-, N- and S- alkylations with [""C]CHsl as well as
["'C]CH;OTf are given in Figure 11 below.
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Figure 11: Examples of ''C-methylation reactions at nitrogen (PK11195, top), sulfur

(methionine, middle) and oxygen ([**C]MeNER, bottom) containing molecules.

["'C]CH3l and [*'C]CHOTf heteroatom methylations occur in the presence
of an excess of the N-, O- or S- containing precursor. This stoichiometry allows for a
fast incorporation of the 'C radiolabel with a satisfactory radiochemical yield™"'.
The radiochemistry can be performed in a solvent system, on a solid support (captive
solvent method) or on a microfluidic system depending on how complex the
radiochemistry route is and the number of steps involved. The most widely used of
these routes is the solvent system; in this system the radiolabelling precursor
([**C]CHsl or [M'C]CHOTH) is first of all trapped in an appropriate polar aprotic
solvent such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO) or
acetonitrile (MeCN) which will facilitate a nucleophilic Sy2 reaction. The solvent
may already contain the precursor and an appropriate base or these can be added
following the trapping. The role of the base is either to deprotonate the reactive
functional group of the precursor (OH, NH or SH) and make it more nucleophilic, or
trap hydrogen iodide which is produced during the **C-methylation and displace the
reaction equilibrium. For trapping [*'C]CHsl a low temperature is required (although
this is not possible with the high melting point of DMSO, (18 °C) due to its volatility

and also because [*'C]CHsl is carried, in a high dilution, by a high nitrogen gas flow.
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The reaction vessel is sealed and can be heated to begin the radiolabelling. Once this
is complete the crude reaction mixture containing the radiolabelled product as well
as some starting material and possible side products is transferred to a HPLC column
to isolate the radiolabelled product which can be followed by SPE formulation.

Solid support or captive solvent system methods represent simple and easily
automated approaches to **C-methylation** *®!. The captive solvent method involves
the trapping [*'C]CHsl on a small stainless steel loop which is pre-coated with the
precursor to be radiolabelled. Once trapped in the loop with the precursor the
["'C]CHsl is allowed some time to react with the precursor after which the contents
of the loop are washed onto a HPLC column for purification!*®). Another type of
solid support :C-methylation occurs on a C18 or C8 SPE cartridge*®!. The concept
Is the same as with the loop method in which the desmethyl precursor molecule is
loaded onto the SPE cartridge shortly before [*'C]CHsl is trapped and allowed to
react with the precursor. Following this the crude reaction mixture is eluted from the

cartridge with an appropriate solvent and sent for HPLC purification.

Radiochemistry being performed on microfluidic systems is a more recent
approach to the field microfluidic systems to allow the user to perform reactions on a
micro- or nano-litre scale in continuous flow micro-reactorsi*”. These systems can
allow the user to perform multiple reactions to optimise reaction conditions and
subsequently the radiochemical yields of the tracer being developed. Parameters
such as reagent concentration, temperatures and reaction time (which is controlled by
the infusion rate of reagents into the micro-reactor and hence the amount of time
reagents spend in the reactor) can be easily controlled as these systems allow for the
manipulation of microlitre volumes of liquids. Another advantage of the system is
that an increase to the specific surface area in which the reagents react allows an
improvement of mass and heat transfer in the system which subsequently enhances
reaction kinetics!*”). Being able to manipulate microlitre volumes of reagents means
that there is a cost benefit in regards to reagents and consumables and with the
introduction of the lab on a chip technology the amount of space required is reduced
as well as the ease of shielding the system. Both **C and *®F radiochemistry has been

developed on such systems!*" .
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Fluorine-18 - [**F]

18 is an ideal isotope to be used for PET; with a moderately long half-life (t,
= 109.7 minutes) a high abundance of positron emission (97 % B*, 3 % electron
capture) and a low positron energy (B'max = 0.64 MeV). These properties are
advantageous to PET experiments, for example; the high ratio of p* emissions is
beneficial to detector count rate and therefore the sensitivity of detection. Also **F
has a B*max Which is relatively low when compared to 'C (0.98 MeV), ***| (1.53
MeV and 2.15 MeV) and ®*Ga (1.89 MeV). This lower B*max energy of *F means the
emitted positron has a shorter range in tissue (2 mm?) before an electron
annihilation event and leads to better resolution PET images. Another consequence

of the low B*max €nergy is a smaller radiation dose to patients being scanned.

However it is important to also consider the physiochemical properties of
fluorine. Other than hydrogen (1.20 A), fluorine has the smallest van der Waals
radius (1.47 A)[SO]. The small radius of fluorine means that a mono-fluorinated
derivative of an endogenous molecule may be equivalent to the endogenous
molecule in terms of steric demand and as such should have the same biodistribution
and metabolic pathway. The second property to consider is electronegativity,
fluorine has the largest electronegativity (Pauling value y = 3.98) amongst all of the
elements. This strong electronegative character means that if fluorine is substituted
into a molecule an effect on neighbouring functional groups may occur and the
reactivity of the molecule may be modulated, in addition the pKa of the molecule
may well change. Another important property to consider is the strength of the C-F
bond (with a bond dissociation energy of 105.4 kcal/mol)®®. The strength of the C-F
bonds means they are more stable to metabolic transformations in vivo making *®F

substituted molecules an attractive radiolabelling strategy.

There are two forms of *®F which are commonly produced in cyclotron
targets; [*®F]fluoride ([**F]F) and [“®F]fluorine ([**F]F,). The fluoride version is
made by the nuclear reaction **0(p,n)*®F in which an oxygen-18 enriched H,O target
is bombarded with protons. [®F]F, is made by the nuclear reaction “°Ne(d,a)™F in
which a neon gas target is bombarded with deuterons. Stable fluorine must be added
in the production [*®F]F, to act as a carrier in order to remove it from the wall of the
cyclotron target, this means that [*°F]F, is often produced with a low specific

radioactivity. However there is an alternative route to [**F]F, which involves a two
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shoot target approach, providing the isotope in a higher yield®. The two shoot
method involves the 0(p,n)'®F nuclear reaction in the first shot, in which an
oxygen-18 gas target is proton bombarded. This produces [*®F]F" which is adsorbed
on to the walls of the target. Following the first shot, the costly oxygen-18 gas is
recovered by cryotrapping before *F is released from the target walls as [*F]F,. This
is achieved by a second cyclotron irradiation (second shot) of a noble gas and stable
fluorine gas mix which will cause the exchange of fluorine atoms form the cyclotron

target wall and the release of [**F]F..

Being able to obtain ‘®F in these two forms offers great versatility to the
chemistry that can be performed with them. The radiochemist has the option of using
either nucleophilic non-carrier added [*®F]F or carrier added electrophilic [*F]F,1%2.
With [*®F]F,, electrophilic substitution by reaction with a nucleophile and addition
across a double bond are common ways of incorporating the radioisotope.
Nucleophilic [*®F]F will arrive from the cyclotron in oxygen-18 enriched water and
the [*®F]F is trapped on an anion exchange cartridge while the oxygen-18 enriched
water is collected in a separate vial. The retained [*°F]F is then eluted from the
cartridge with a solution of potassium carbonate (K,CO3) containing the cryptand
Kryptofix-222 (Kz2). This cryptand selectively complexes potassium cations (K”)
and so [*®F]F is eluted from the cartridge as a complex of [**F]KF/Kx, which is
soluble in solvents such as MeCN. Furthermore the decrease in charge density on the
chelated potassium, dissociates the ion pair [*®F]KF and increases the nucleophilicity
of the [*®F]F". Next, the [**F]KF/Ka, complex needs to be dried via azeotropic
distillation with MeCN. If the azeotropic distillation step is not completed then the
[*|F]F would simply react with the water to form [**F]JHF. Using [‘®F]F directly to
label molecules is not usually a good option as often the molecules being
radiolabelled contain electron rich aromatic rings which are nucleophilic like [**F]F,
also forcing reaction conditions are often required which may cause side reactions in
the target molecule®. [*®F]F can be reacted directly onto a small molecule if it
contains a good chemical leaving group such as a tosylate or triflate. However due to
the multi-functionalities of macromolecules [*®F]F cannot always be directly used to
radiolabel them. Instead an *®F labelled small organic prosthetic group capable of
being covalently linked to the macromolecule under mild reaction conditions is

required. The prosthetic group will possess a reactive chemical function such as

Page 52 of 223



tosylate or a carbonyl. Some common '®F prosthetic groups include
[*8F]fluoroethyltosylate ([*®F]FEtTos), [*8F]fluroethylbromide,
[*|F]fluorobenzaldehyde  ([**F]JFBA), N,  succinimidyl-[*®F]fluorobenzoate
([*®*F]SFB) and [*®F]fluoroacetaldehyde as depicted in Figure 12 below.
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Figure 12: Common “®F prostetic groups and some of the typical approaches to preparing them.
1) [*®*F]fluoroethyltosylate, 2) [**F]FBA, 3) [*®F]fluoroacetaldehyde and 4) [*®F]FSB.
'8F prosthetic groups can then be utilised to label small molecules as well as

peptides, proteins and antibodies®**®!. Careful consideration should be given to the
8¢ radiolabelling precursor to be used. For the *®F radiolabelling of small molecules
which act upon a receptor for example minimal changes to the molecular structure
should be made during the radiolabelling procedure. If the molecular structure is
altered too much this may affect the binding properties of the ligand to its receptor as
well as the pharmacokinetics of the molecule and may also effect the lipophilicity of

the molecule which may be important if the target receptor is located in the brain and
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the molecule needs to cross the BBB. Considerations also need to be made to the
metabolic stability of the prosthetic group. An aliphatic *®F prosthetic group will
generally have less metabolic stability when compared to an aromatic *®F prosthetic
group. Nucleophilic aromatic (SnAr) *8F-fluorination is of great importance in the
field of *®F radiochemistry. For SyAr *®F-fluorination reactions the aromatic ring
must be activated by an electron withdrawing moiety (such as a halogen, cyano or a

nitro group) in the ortho or para position to the leaving group®”).

['|F]FBA can be synthesised by a simple nucleophilic aromatic substitution
reaction (SyAr) and [*®F]fluoroacetaldehyde is prepared from [**F]FEtTos and a
Kornblum oxidation with DMSO followed by distillation see Figure 13 below. The
volatility of fluroacetaldehyde means that the *®F product can be distilled from the
reaction mixture avoiding the need for an intermediate purification step. The product
is also easily trapped in water and is shown to be highly hydrophilic in its hydrate
formP4. The carbonyl group is easily accessible with no steric effects to deter a
nucleophilic attack and other reaction types such as aldol and Mannich reactions
could be used with this '®F prosthetic group. All of these attributes make
[*8F]fluoroacetaldehyde a promising peptide labelling agent.
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Figure 13: Kornblum oxidation of [**F]FEtTos with DMSO to produce [**F]fluoroacetaldehyde.

[*®F]fluoroacetaldehyde and [**F]FBA can then be used to radiolabel peptides
and proteins via a reductive amination reaction on a lysine residue of the target

peptide which is depicted in Figure 14.
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Figure 14: Reductive amination reaction between lysine residue on a peptide/antibody and
[*®F]fluoroacetaldehyde.

Using this strategy for radiolabelling peptides with **F requires careful thought as
the method will radiolabel random lysine residues of the peptide with *F. This
strategy may not be appropriate if the radiolabelling occurs at a lysine residue which
is essential to the proteins biological activity or is involved in the proteins binding to
receptors. In order to gain site-specific radiolabelling, chemically modified peptides
may be used, one such example uses aminooxy functionalised peptides®®®. A
reaction between the aminooxy functionalised peptide and an *®F labelled carbonyl
(such as with [*®F]FBA or [*®F]fluoroacetaldehyde) to form an oxime. The benefits
of the chemoselective ligation approach®® are the high chemoselectivity and
regioselectivity offered, the use of an unprotected aminooxy peptide precursor giving
the benefit of a 1-step radiolabelling scheme and the reaction can proceed in aqueous
media at pH 4-7",

The extensive use of ®F PET means that more **F-prosthetic groups and
reaction routes to incorporate the isotope into peptides, proteins and antibody
fragments are being developed by radiochemists. For example, it has been
demonstrated how the lysine moiety of peptides can be targeted for site specific
radiolabelling, but cysteine moieties can also be used. The cysteine residues of
peptides and antibody fragments can be coupled through a michael addition with a
8E_prosthetic group containing a maleimide functionality or a maleimide derivative
can be coupled to the peptide in an initial step before being radiolabelled with an *®F-
prosthetic. This approach has been demonstrated with [**F]SFBE® as well as with
[**F]FBAI®: %2 a5 seen in Figure 15.
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Figure 15: Cysteine targeted radiolabelling of peptides. The top scheme shows a route using the

prosthetic group [*®F]SFB and the bottom scheme shows a route which uses the prosthetic

group [**F]FBA.
For targeting the thiol groups of cysteine residues in

di-sulfide bridge must be reduced. Cai et al used tris(2
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(TCEP) to liberate thiol groups which could be reacted by Michael addition with N-
[2-(4-'®F-fluorobenzamido)ethylJmaleimide ([**F]JFBEM, produced from [**F]SFB)
to provide chemoselective radiolabelling of RGD-peptide in an 80% incorporation
yield (non-decay corrected)®®. The approach by Cheng et al and Namavari et al was
to take their target biomolecules and anchor on an aminooxy reactive group via a bi-
functional linker which contained a maleimide group at one end and an aminooxy
group at the opposite end. In both cases dithiothreitol (DTT) was used to reduce the
disulfide linkages of the target molecules. A Michael addition then occurs between
the thiol group of the affibody or protein and the maleimide group of the bifunctional

linker to give the aminooxy functionalised bio-molecule!®®

. The aminooxy
functionality can then be reacted with the aldehyde [*F]FBA to give the
radiolabelled protein through an oxime linkage. In comparison to the [**F]JFBEM
route, the overall radiochemical yield is lower (26-30% decay corrected®) using

this approach.

18 radiochemistry is a large and extensive research field and often the need
to produce a “®F-prosthetic group as a first step of the radiochemistry poses a big
challenge to fully automate the production of an *®F-radiolabelled tracer. The entire
process is multi-step and involves the trapping and elution of [**F]F form the
cyclotron, azeotropic drying of [*®F]F", reaction of [**F]F to produce a prosthetic
group followed by purification, reaction of the '®F-prosthetic group with the target
molecule/peptide (in some cases followed by a deprotection reaction), purification of
the final product and formulation for injection. Automating all of these steps will
often require modification of radiochemistry systems in some respect or working

over multiple radiochemistry platforms.

Copper-64 - [**Cu]

The long half-life of **Cu (t,, = 12.7 hours) makes it an extremely useful PET
isotope to study biological processes which have long in vivo kinetic. The positron
branching of ®Cu is reasonably low at 18% of decays occurring by B* emission,
however an Auger electron emission also occurs which has some therapeutic
potential making this isotope useful for targeted radiotherapy as well as for PET
scans®¥. %4Cu can be produced in a cyclotron via the nuclear reaction *Ni(d,2n)**Cu
in which a highly enriched nickel-64 (®*Ni) target is bombarded with deuterons to

produce ®*Cu amongst some other impurities!®. Following cyclotron irradiation the
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target disk is dissolved in strong HCI and is transferred onto an anion exchange resin

column where ®Cu is purified and finally eluted as [**Cu]CuCI,"**.

Copper chemistry is dominated by chelation chemistry and different types of
ligands which complex to the metal can determine the oxidation state that copper sits
in. For example highly covalent and polarisable or ‘soft’ ligands (thioether, nitrile
and cyanide for example) will stabilise the Cu™ oxidation state. Less polarisable
ligands which show less covalency (such as perchlorate ions (ClOy4) or sulfate ions
(SO4%)) will favour the disproportionation of Cu* to Cu metal and the Cu?®* oxidation
state®!. For Cu* the 3d electron shell is filled and the coordination numbers and
geometries of the complexes formed with Cu® are governed by steric considerations
of the ligands. Complexes of Cu* may occur with coordination numbers 2, 3 and 4
with linear, trigonal planar and tetrahedral geometries. Cu?* has a 3d° electron
configuration meaning that ligand field stabilisation energy becomes important.
Coordination numbers of 4, 5 and 6 are adopted by Cu®" and the octahedral and
tetrahedral geometries of these complexes undergo Jahn Teller distortions due to the

B34 Cu® complexes are less suited to being used for

3d° electron configuration
radiolabelling because the ligands are relatively labile and therefore have low in vivo
stability. However complexes of Cu®* are much less labile toward the exchange of
ligands which is in some part due to the activation energy from the ligand field

stabilisation*],

For ®Cu to be utilised as a radiopharmaceutical the metal needs to be
chelated to a strong and non-labile ligand to remain stable in vivo. It should be noted
that thermodynamic stability of a ®*Cu complex does not always infer kinetic
stability in vivo as in a biological system and at tracer concentrations, the complex
will be challenged by metal binding proteins and enzymes as well as by natural
metabolism. The body has many native copper transport proteins and enzymes which
utilise copper so the administered ®*Cu must be complexed to a ligand which is not
easily exchangeable for these proteins and amino acids. And finally the copper
complex must not be susceptible to redox chemistry in the body, In general high
levels of ®*Cu found in the liver during a PET scan indicates the instability of the

%4Cu complex®!.
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There is much research interest in bi-functional ®*Cu chelators that are able to
form very stable complexes with copper and have a reactive functionality linked to
them which allows the complex to be coupled to biologically active molecules like
proteins, antibodies or nanoparticles®®. Macrocyclic chelators of copper are well
studied, examples include 1,4,7-triazacyclononane-N,N',N"-triacetic acid (NOTA),
1,4,7,10-tetraazacyclododecane-N,N',N",N"-tetraacetic acid (DOTA) and bicyclic

sarcophagine ligands (Sar) derivatives as can be seen in Figure 16.
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Figure 16: some common macrocylcic chelators and bi-functional chelators of ®Cu. 1) NOTA,
2) DOTA 3) N-NE3TA 4) p-NH,-Bn-DOTA and 5) BaMalSar.

NOTA is able to trap %Cu in a cage like structure via the 3 amine molecules

of the macrocycle and the metal is held further in place by the 3 carboxyl pendants to
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form a 6 coordinate complex to from a distorted trigonal prismatic geometry®®. The
4-membered macrocylcic ligand DOTA complexes ®Cu using the 4 amine
functionalities of the cyclen ring as well as 2 of the carboxylic arms. This forms a 6
coordinate complex in a pseudo octahedral geometry® with 2 of the carboxylic
arms not being used to chelate the metal, leaving them free to be used as a linker.
Some examples of adding reactive groups to both NOTA and DOTA macrocycles to
produce bi-functional chelators which can be coupled to bioactive molecules®” can
be seen in Figure 16. Incorporation of **Cu into a selection of NOTA and DOTA bi-
functional complexes will occur under mild conditions (room temperature or 37 °C)
up to a maximum of 90 minutes®®. The Sar bifunctional ligand BaMalSar (Figure
16) can be conjugated to bioactive molecules through the maleimide group. One
group demonstrated that BaMalSar could be conjugated to cyclic peptides before
being radiolabelled with **Cu and was used for tumour targeting with PET®. Cai et
al, compared the in vivo stability of a [**Cu]DOTA and a [**Cu]Sar complex coupled
to an RGD peptide, and found greater in vivo stability with the [**Cu]Sar complex
this was confirmed with preclinical PET images in which the [**Cu]DOTA

derivative was shown to release *Cu which was taken up in the liver®,

One elegant way for radiolabelling antibodies with ®*Cu is based on a pre-
targeting strategy which uses Diels-Alder click chemistry™. With this strategy the
initial step is to modify the antibody of choice with a transcyclooctene, the modified
antibody is injected and allowed to accumulate at the target site. Once the free
antibody has been cleared from the body (1 or 2 days perhaps) [**Cu]-NOTA
modified tetrazine is injected which will target the modified antibody which is
already at the biotarget. A [4+2] click cycloaddition reaction will occur between the
cyclooctene of the modified antibody and the tetrazine modified ®*Cu]-NOTA
coupling the two to produce the %Cu radiolabelled antibody at the target site"™. A

schematic of this chemistry can be seen in Figure 17.
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Figure 17: A [4+2] click cycloaddition of a modified antibody with [**Cu]-NOTA modified with

tetrazine.

[**Cu] finds a use beyond bi-functional chelation to image proteins and
antibodies. Since copper is a trace metal found in the body, there are many proteins
and enzymes which are utilised in the transport, uptake, distribution and excretion of
copper in the body. Copper in vivo, will be complexed by albumin, ceruloplasmin,
transcuperin or histidine for transport purposes or to form a copper pool for transport
to the liver and kidney!™™. Also the redox properties of copper are exploited in
enzymatic systems since the metal can accept and donate electrons, changing
oxidation states from Cu*, Cu®* and Cu®*. There are a variety of enzymes which
utilise copper as a cofactor for respiratory oxidation and neurotransmitter synthesis
for example!™. The imbalance of copper in the body is associated with a number of
pathological conditions such as Wilson’s disease, which causes an accumulation of
copper in the liver, kidney and brain, or Menkes disease, which is associated with a
deficiency of copper containing enzymes. Copper radionuclides have a use for the
diagnosis and for the monitoring of conditions such as these. Also changes to copper
metabolism may be observed in a number of inflammatory disease and changes to

copper metabolism pathways can be imaged non-invasively and quantitatively using
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[%*Cu]CuCl, PET for example!®* ™. [**Cu]-histidine complexes have also been used
as a diagnostic technique of Wilson’s disease in rats!’?. It was postulated that the
delivery of ®*Cu as [**Cu]-histidine would lead to biliary excretion of radio-copper in
an ATP7B dependent mannerl’.

There are many other important applications of ®**Cu PET. Of particular
interest is the use of **Cu to radiolabel cells for trafficking and tumour imaging [™*
81 Different carriers have been investigated to transport 5*Cu into various types of
cells via mechanisms of phagocytic engulfment! or other receptor mediated uptake
pathways such as pinocytosis. Pala et al used chitosan coated magnetic nanoparticles
as the carrier of ®Cu to offer a dual imaging (PET and MR) application!’*. Another
group used [**Cu]-pyruvaldehyde-bis(N4-methylthiosemi-carbazone), ([**Cu]-
PTSM), to radiolabel cells™. It was found that [®*Cu]-PTSM acts as a redox active
transporter of Cu® into cells. The lipophilic complex enters the cell by passive
diffusion, the internalised ®**Cu?* is reduced to ®*Cu* causing the metal to dissociate
from the PTSM complex. This renders the ®*Cu trapped inside the cell as Cu* while
the PTSM structure can diffuse out of the cell. Radiolabelling of white blood cells
for scintigraphy with single-photon emission computed tomography (SPECT) with
radio isotopes such as indium-111 (***In) and technetium-99m (**"Tc) is used
regularly in clinical assessment of inflammation. However (PET) offers superior
quantification and sensitivity and is attractive for monitoring the regional signal from
migrated radiolabelled cells to pathological tissue in infectious and inflammatory

diseases.

In conclusion copper is a very important PET isotope owing to its long half-
life allowing for the study of biological processes with longer in vivo kinetics. As
demonstrated here, radio-copper can be chelated to appropriate macrocyclic
molecules making it stable in vivo and the subsequent chelated copper can be
coupled to peptides and antibodies of interest. Additionally radio-copper can be used
to diagnose and monitor pathological conditions associated with the imbalance of
copper in the body as well as studying changes in copper metabolism, a consequence

of a number of inflammatory conditions.
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Zirconium-89 - [*°Zr]

The positron emitting isotope ®Zr has emerged as a promising candidate for
radiolabelling antibodies and antibody fragments for immuno-PET!? 76781 [897(] has
a radioactive half-life of 78.4 hours and decays by p* with 23 % efficiency. The
relatively low energy of the emitted positron (0.4 MeV) of %Zr in comparison to
%4Cu (0.65 MeV) results in improved spatial resolution of PET images using ®°Zr.
Also the quality of the PET image is not affected by the decay characteristics of *zr,
a relatively high energy gamma photon (909 keV) does not interfere with the 511
keV gamma photons which are detected during a PET scan. The long half-life (t,, =
78.4 hours) allows for circulation times to permit optimal biodistribution and target

uptake of antibodies labelled with *zr.

[*Zr] is commonly produced via the nuclear reaction ®Y (p,n)*Zr, in which a
disc of natural yttrium is bombarded by a proton beam in the cyclotron. Purification
of #zr from yttrium and other radio-impurities can be achieved using a hydroxamate
column. Zirconium-89 is removed from the hydroxamate resin with an oxalic acid

solution (1.0M) to give a product in high radiochemical purity!”®).

In a similar fashion to [®*Cu], the radiometal ®zr also requires a chelator to
transport the isotope in vivo as well as to offer in vivo stability. Zirconium, in the +4
oxidation state, is a hard Lewis acid and will therefore form stable complexes with
hard Lewis bases such as hydroxamate ligands. Desferrioxamine (DFO) is a
hexadentate ligand which has hydroxymate groups available for the binding of Zr™
see Figure 18. DFO is also a natural product and is a siderophore (an iron chelating
compound made by microorganisms) produced by Streptomyces pilosus, a family of

Actinobacteria.
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Figure 18: DFO chelation to **Zr
DFO is already used in the clinical setting to chelate and therefore remove

iron and aluminium from a patient who has an overload of either metal. Because of
this, the biodistribution and toxicity of DFO were well studied making it’s
translation as a chelating agent for ®Zr in immuno-PET more straightforward. DFO
complexes to Zr** using three of the hydroxamate groups, the coordination sphere is
made complete by the addition of two water molecules to make an 8 coordinate
complex which is thermodynamically favourable, as determined by density function
theory (DFT)Y". DFO can be linked to a biomolecule using a number of different
functional groups such as isothiocyanates or via an activated ester, in this way DFO
can be reacted with lysine groups of proteins and antibodies. There are two modified
chelators which are employed in coupling DFO to peptides and antibodies through
random lysine groups, N-succinyl-DFO-tetrafluorophenol ester (N-suc-DFO-TFP-
ester) and p-isothiocyanatobenzyl-DFO (DFO-Bz-NCS)®%. The method for
conjugating these modified chelators to biomolecules differs slightly for each.
Preparation of N-suc-DFO-TFP-ester occurs in a multi-step process, in the first step
DFO is reacted with succinic anhydride to produce N-succinyl-DFO. Next iron is

chelated to the complex, this protects the hydroxamate groups of DFO from reacting

Page 64 of 223



with tetrafluorophenol ester. In a final step the tetrafluorophenol group is added to
form N-suc-DFO-TFP-ester. To conjugate N-suc-DFO-TFP-ester to random lysine
groups of antibodies or proteins a basic pH is required and the conjugate can form a
stable amide bond with lysine residues®®. To proceed with the ®Zr radiolabelling
the iron must first be removed from the chelate, this is achieved by an exchange with
ethylenediaminetetraacetic acid (EDTA) in a molar excess. One advantage of this
method is that it is possible to get a UV signal for HPLC analysis of Fe-N-suc-DFO-
TFP-ester (430 nm wavelength) meaning that it is possible via size exclusion

chromatography to assess the chelator to antibody ratio.

Some of the disadvantages with using N-suc-DFO-TFP-ester as the chelator
of ®2Zr is that the multi-step procedure is time consuming and the antibody that is
being conjugated may not be stable to conditions used to exchange the iron form the
chelate prior to radiolabelling. As a result DFO-Bz-NCS was investigated as a
chelator’®. DFO-Bz-NCS is commercially available and can be conjugated to lysine
moieties of peptides and antibodies via a thiourea linkage. The conjugation
conditions gave a chelate : monoclonal antibody (mAb) ratio of approximately 1.5:1.
[*Zr]-Bz-NCS-mAb was produced in > 85% radiochemical yield and was shown to
be stable in serum for up to 7 days with < 5% of Zr released®. However, some
consideration needs to be given to the buffer used to store the radiolabelled DFO-Bz-
NCS-mAD, any buffers which contain chloride ions should be avoided as radiolysis
of these ions to form hypochlorite (OCI") will react with the thiourea unit of the
linker and release ®zr from the antibody!™®!. Figure 19 shows both N-suc-DFO-TFP-
ester and DFO-Bz-NCS linkage to random lysine groups of monoclonal antibodies
(mAD).
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Figure 19: Conjugation of N-suc-DFO-TFP-ester and DFO-Bz-NCS to lysine groups of
monoclonal antibodies.

It should be noted that other strategies have been used to conjugate antibodies
to the DFO ligand prior to radiolabelling with 8Zr. For example cysteine groups can
be engineered onto antibodies at specific sites to not interrupt the biological activity
of the antibody and these then may be targeted by DFO with thiol reactive linkers®,
This strategy offers regioselective conjugation of DFO to antibody. Also, in a similar
manner to that which was described for [**Cu], Diels-Alder click chemistry can be

used to introduce DFO into biomolecules. Tetrazine-modified DFO can be reacted
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with norbornene modified antibodies in a bioorthogonal cycloaddition reaction to

couple the chelate with the antibody™®.

There are still some issues to be resolved with the use ®Zr PET however. If
897r is released from the chelate in vivo the radiometal may accumulate in mineral
bone, giving a radiation dose to the bone marrow. Different studies have shown an
accumulation of ®Zr in bone ranging from 3% to 15% at 72 - 168 hours post
injection. A number of factors are thought to contribute to the loss of stability of
[*Zr]-DFO complexes, including the structure of the ligand, with linear ligands such
as DFO being less stable than macrocyclic ligands such as the ®*Cu chelators NOTA
and DOTA. Also the cavity size which is created by the chelator and the radius of
the metal ion has an effect. If the sizes of the cavity and the ionic radius are similar a
more stable complex is formed, however if the metal is not completely engulfed by
the ligand then the complex is less stable. Zr-DFO complexes only take 6 of the
possible 8 coordination sites and so there is some possibilities for metal loss form the

complext®,

In order to prevent and minimise the loss of ®zr from DFO, alternative
chelators need to be developed which will not allow for the release of ¥zr in vivo. It
seems logical that to get a more stable complex of ¥Zr in the preferred octadentate
geometry then a ligand which possesses four hydroxamate groups would be ideal.
The three hydroxomate groups of DFO requires two water molecules to complete the
coordination sphere of the complex, whereas four hydroxomate groups would
saturate the coordination sphere and presumably create a more stable complex with
897r. Currently DFO is the only known chelator for ®Zr, however some preliminary
work has been completed to examine new potential chelates for 8zr. Some studies
have investigated four bi-dentate hydroxamte groups to chelate Zr in a 4:1 Ligand:Zr
complex®. Groups have also studied the use of octadentate ligands such as 3,4,3-
(L1-1,2-HOPO) (Figure 20) which has a carbon backbone with four

hydroxypyridinone groups which are used for &zr chelation®.

Page 67 of 223



Figure 20: The octadentate %Zr chelator 3,4,3-(LI-1,2-HOPO).
[*Zr] has ideal physical decay characteristics to be used for immune-PET

studies over long periods due to its long half-life of 78.4 hours. The long half-life
also means that good tumour to background ratios for antibodies can be attained and
biological processes at late time points can be imaged. The low energy of the emitted
positron also offers the potential of high spatial resolution of the PET images. The
909 keV gamma photon, which is produced during the decay of %Zr, can be easily
gated off from the 511 keVV gamma photons which are detected during a PET scan.
However the 909 keV may also pose a problem in terms of radiation dose to the
subject and to non-target organs. However as more advanced and more sensitive
PET/CT scanners are developed the opportunity to obtain high quality PET images

with a smaller injected radioactivity dose may be achievable.

However, in comparison to %Cu the 78.4 hour half-life of ®Zr is more
beneficial when studying long biological half-life processes. Additionally B*
branching is slightly higher (23%) for ®Zr when compared to ®Cu (17%) which
gives a slightly improved count rate and sensitivity in PET scans. Also, the 909 keV
gamma photon emitted by %Zr is also much lower when compared to the 1.34 MeV
gamma photon of ®**Cu and the 1.7 MeV gamma photon produced by [***I] which
must be considered in relation to patient radiation doses. Finally, in contrast to
copper, zirconium does not have any naturally occurring plasma protein carriers and

therefore there is less competition to displace ®Zr from its chelate.

Synthetic Opiates used with PET
Opioid receptors were first seen in the CNS by radioligand binding
techniques in rodents in the 1970s®!. When the technique of PET was introduced it
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proved an invaluable tool in many fields, including providing an extensive
understanding of the opioidergic system. The synthetic opiate diprenorphine (DPN)
Is a non-selective opiate antagonist. DPN and buprenorphine (BPN) both belong to a
family of compounds called the Bentley compounds Figure 21.

DPN, R = CH,
BPN, R = t-Bu

I
HO==R

Figure 21: Chemical structures of DPN and BPN.
The first of these compounds to be labelled with a PET isotope was N-

[*'C]methyletorphine in 1981. The radiochemistry used [“‘C]formaldehyde as the
labelling agent’®”). In the case of DPN and BPN, N-cyclopropyl[*'C]methyl-
diprenorphine (N-[*!C]DPN) was originally described in 1985 which was soon
followed with the radiolabelling of BPN with *'C by the same radiolabelling route in

19871 as seen in Figure 22.
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Figure 22: *'C-labelled DPN and BPN via [*'C]cyclopropanecarbonyl chloride.
The precursor molecules are acylated with [*'C]cyclopropanecarbonyl

chloride to form a **C-amide as well as a **C-ester at the phenol functionality as a

minor-product®®. The !C-amide product which is formed is then reduced with
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LiAlH, in tetrahydrofuran (THF), N-[**C]DPN was produced in 35% radiochemical
yield and N-[**C]BPN was produced in 20% radiochemical yield via this method!®®
81 N-["'C]BPN and N-[*'C]DPN were both used for in vivo imaging of baboon as
well as mouse brain with PET!, Comparing the two radiotracers suggested that N-
["'C]DPN was the more promising ligand for the imaging of opioid receptors using
PET, as it produced a significantly higher striatum/cerebellum ratio compared to N-
[*'C]BPN. However both radioligands were rapidly metabolised via N-dealkylation,
resulting in the loss of the labelled moiety. Therefore it was suggested that labelling
at the C-6 position (see Figure 21) would result in a more metabolically stable tracer.
Previous groups®®™ ®% reported a procedure for labelling DPN at the 6-methoxy
position, again in two steps but using [**C]CHjsl as the labelling agent. When Lever
et al., reported this procedure they used a precursor which was protected at the C-3
position with t-butyldimethylsilyl (to prevent methylation at the C-3 phenoxy group),
however this gave the product labelled at the C-3 as well as the C-6 position (with a
ratio of 6:4 with diprenorphine and a ratio of 8:2 with buprenorphine, in both cases
the desired products produced in the minor fraction)!®. This showed that the t-
butyldimethylsilyl protecting group was unstable in the presence of the strong base
sodium hydride (NaH). A strong base is essential for deprotonation of the hydroxyl
group at the 6 methoxy position to yield the more reactive alkoxide group (RO")
which is then able to react with [!C]CHsl in an Sn2 nucleophilic substitution.
Therefore a protecting group which would remain stable in highly basic conditions
was required. The protecting group needed to be stable in the presence of NaH to
allow preferential generation of the anion and subsequent methylation at the C-6
position but also needed to be easily removed once the methylation reaction was
complete, Luthra et al®! investigated three alternative protecting groups. The
protecting groups investigated were triisopropylsilyl, triisobutylsilyl and
triphenylmethyl (trityl). It was found that the trityl protecting group was both stable
in basic conditions and was acid labile, making it easy to remove post methylation at
the 6-methoxy position. The trityl protected precursor for both BPN and DPN can be
prepared in 2-steps. The first step requires demethylation of the molecule with
LiAIH, (using CCIl4/THF), to give the tri-hydroxy compound. In the second step the
trihydroxy compound is reacted with triphenylmethylchloride in the presence of
triethylamine. It is essential that the trityl-protected precursors are well-separated

from the starting materials, diprenorphine or buprenorphine as this will ensure that
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the corresponding **C labelled compounds are produced in high specific activity.
The trityl protected precursor can then be radiolabelled at the 6-methoxy position
with C in two steps, firstly methylation with [**C]CHsl or ['C]CHsOTf under
basic conditions followed by the removal of the trityl group with hydrochloric acid,
Figure 23 below depicts the radiolabelling of DPN via the trityl protected precursor.

A/A NaH, ["'C]CH,! A/A

105 °C, 5 minutes

K <

__HCl@m) A/A
105 °C, 2 minutes
11C 0]

Figure 23: Synthesis of [**C]DPN via the trityl protected precursor [3-O-trityl, 6-O-desmethyl]-
diprenorphine (TDPN).

[*'C]DPN has favourable pharmacological properties and is one of the most
widely used PET ligands to study the endogenous opioid system™ " However,
the short half-life of **C may hamper some PET studies in which longer biological
kinetics or longer term effects are being investigated. For these types of studies DPN
labelled with *°F may be a better alternative. Two *®F labelled DPN derivatives have
been produced by *8F-fluoroethylation using [*®F]FEtTos at the hydroxyl C-6
position or at the N-17 position substituting the methylcyclopropyl group. These
reactions produce respectively the 6-O-[2-[*®F]fluoroethyl)-6-O-
desmethyldiprenorphine ([**F]DPN) and the N-[*®F]fluoroethyl-DPN derivatives!®
(Figure 24).
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Figure 24: 6-O-[2-[*®F]fluoroethyl)-6-O-desmethyldiprenorphine and N-[**F]fluoroethyl-DPN.
The N-[**F]fluoroethyl-DPN derivative proved unsuccessful showing low

binding affinity to the opioid receptors. This revealed the significance of the
methylcyclopropyl moiety in the affinity and selectivity of the molecule to opioid
receptors. ['*F]JDPN proved to be the most promising *°F labelled DPN for PET
studies. Nevertheless one major hurdle for the automated radiosynthesis of ['*F]DPN
molecules remains. That is the requirement to purify the intermediate [**F]FEtTos
prior to its reaction with the DPN precursor. [*®F]JFEtTos must be separated from the

di-tosylate precursor in order to avoid cross linking reactions of two DPN molecules.

The binding pattern of [**F]JDPN was compared with opioid sub-type
selective ligands *H-DAMGO (u-selective), *H-DPDPE (3-selective) and >H-
U69,593 (k-selective) and saturation experiments carried out using concentrations of
[*8F]DPN at twice their dissociation constant. [!C]DPN had been shown previously
to have fast brain uptake kinetics and in comparison, [**F]DPN showed a lower brain
uptake but with a slower brain clearance compared to [**C]DPN 8. The lower brain
uptake of [°F]DPN may be due to the molecule possessing a lower BBB
permeability as a result of the additional [**F]fluoroethoxy group on the molecule.
Another major difference found between [*C]DPN and [**F]DPN was the rate of
metabolism in mice, with [**F]DPN showing a faster metabolism®. Despite this the
similarities in the pharmacokinetics and receptor binding of [*®F]DPN compared to
[*'C]DPN and the longer half-life of *®F allows for longer scanning periods and more

complex scanning protocols with displacement studies as an example!®®!.

["'C]DPN is an opioid receptor antagonist with high affinity for all opioid
receptor sub-types (non-selective). Activation of the endogenous opioid system by
experimental painful stimuli or by a clinical pain stimulus causes an increase of
endogenous opioid peptide release leading to enhanced opioid receptor occupancy

71 This has been seen in patients with inflammatory pain, where a decrease in
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["'C]DPN opioid receptor binding was observed. Two possible reasons for this have
been cited, one is that when a painful stimulus is applied to the body, endogenous
opioids are released and compete with [**C]JDPN for opioid receptor occupancy.
Endogenous opiates may have a higher affinity for receptors and so displace
["'C]DPN. Another possible explanation is that [*C]DPN opioid receptor binding
decrease is representative of a loss of opioid receptor bearing neurons, which is most
likely to occur following lesions in the central nervous system. If the reason for the
loss of opioid receptor binding was due to endogenous opioid release blocking
receptors, this should be observed in all types of neuropathic pain whether central or
peripheral. If however the loss of opioid receptor binding is due to the loss of opioid
receptor bearing neurons then this would be seen in central neuropathic pain only.
Using [*'C]DPN and PET, Maarrawi et al., investigated changes in central opioid
receptor binding in a sample of patients having neuropathic pain with a balanced
number of central and peripheral cases. By comparing the two sets it would be
possible to decipher if the loss of opioid receptor binding was due to secretion of
endogenous opioids or due to the loss or inactivation of receptor bearing neurons in
neuropathic pain. Relative to control subjects both peripheral and central pain
subjects showed significant decrease in opioid receptor binding in a number of
regions. In the central pain group the decrease of opioid receptor binding was
asymmetrical and predominated in the brain hemisphere contralateral to the
neuropathic pain. However the group with peripheral neuropathic pain showed
bilateral and symmetrical decrease in opioid receptor binding most likely as a result
of the release of endogenous opioids®. A lateralised decrease in [**C]DPN opioid
receptor binding was seen exclusively to central pain patients. The most likely
explanation for this is the loss or inactivation in opioid receptor bearing neurons,
however this was not co-localised with lesions in the brain. However, focal lesions
are able to cause neuronal damage at distant but interconnected sites and so
metabolic inactivation of opiodergic synapses at regions connected with damaged
areas was given as a possible explanation for this®"!. Differences in opioid receptor
binding between central and peripheral pain groups may help to understand their
differing susceptibility to opioid therapy. The study by Maarrawi et al is one of
many examples of how PET is increasing our understanding of the biology and
pathology of pain and inflammation whether from the central nervous system or

from a peripheral source.
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[*'C]DPN has also been used to quantify cerebral kinetics in PET studies®™.
In this study three different protocols were used to fit the Kinetics to a tissue model
(Figure 25).
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Figure 25: Compartmental model showing uptake and binding of [*'C]DPN, showing rate

constants (K) for each compartment.

Three separate protocols were used, i) tracer only, in which an intravenous
injection of [“'C]DPN containing a sub-pharmacological quantity (0.2-0.5 pg/kg
body weight) of cold DPN is administered. ii) pulse chase, in which [*'C]DPN is
injected and 30 minutes after injection a displacement dose of the opioid antagonist
naloxone is injected. iii) pre-saturation, in which a dose of naloxone (chosen to
saturate all [*'C]DPN sites) is administered 5 minutes prior to the injection of
["'C]DPN. The tracer only protocol establishes the total binding of [*'!C]DPN to
receptors and allows for the calculation of Kq (the concentration of [**C]DPN needed
to occupy 50% of the receptor sites, a measure of the affinity of a ligand for a
receptor). By pre-saturating receptors with naloxone (a non-selective competitive
antagonist) and then administrating [“'C]DPN, non-specific binding can be
calculated, since all specific sites are occupied by naloxone, any binding sites taken
up by [**C]DPN are non-specific. And finally the pulse chase protocol experiment
was used to establish the specific binding of [**C]DPN at opioid receptors. Jones et
al., found that these protocols fit the 3 compartmental model (Figure 25), however
none of the scanning protocols could show changes to Ky as this would require

sequential scanning with [*'*C]DPN at differing specific activities.

BPN is structurally, very similar to DPN, only differing in a tertiary butyl
group replacing a methyl group at C-20 which gives BPN a chiral centre at this
position and makes BPN more lipophilic compared to DPN. This lipophilic group in
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the BPN molecule has been shown to cause some rearrangements to the molecular
structure. One group proposed an acid catalysed rearrangement, forming a furan ring,
in an intramolecular reaction between the 6-methoxy position and substituents at the
C-20 position™! (Figure 26).

a5 H@ﬁ o (e
= O — 8t - 8%

Figure 26: Proposed acid catalysed re-arrangement of BPN.

In other conformational studies of the Bentley compounds, it was found that
for BPN, hydrogen bonding occurred between the alcohol group at the C-20 position
and the oxygen atom belonging to the methoxy group at the C-6 positiont%!,
However this H-bonding is only a possibility in the S diastereocisomer where the t-

butyl group is in the lowest energy conformert%,

BPN has been used clinically for the treatment of mild to severe pain since
the 1970s and is also used to treat opiate addiction™. A complex
pharmacodynamics means that BPN can be thought of as a non-selective, mixed
agonist-antagonist semi-synthetic opiate. BPN has a partial agonist® effect at p
opioid receptors and acts as an antagonist at k opioid receptors. BPN has a slow
onset and a long duration of action at p opioid receptors where it acts as a partial
agonist. Being a partial agonist gives BPN an advantage in the treatment of opioid
addiction as it is much more difficult to cause an overdose and side effects such as

respiratory depression can be avoided!*°Y.

It was discovered that BPN also had agonist effect at the orphan receptor
ORL1™2 3 receptor which has a large degree of homology to the p, & and k opioid
receptors in terms of structure but is distinct in pharmacology. Nociceptin is the
endogenous ligand to the ORL1 receptor; it is a heptadecapeptide and shows both

¥ Ligands which can activate receptors but have only partial efficacy.
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[102]  Bloms-Funke et al.,

hyperalgesic and antinociceptive properties in vivo
compared the action of BPN and nociceptin in a series of experiments. Knowing that
opioid receptors are coupled to G-proteins and activation of the G-protein occurs
when GTP is bound, the group made a cell membrane using agonist-stimulated
[*°S]GTPyS incorporated into cells with OLR1. Dose response curves were then
established using nociceptin and BPN and both compounds stimulated [*°*S]GTPyS.
From this BPN was characterised as a partial agonist at ORL1 with differing potency
and efficacy compared to nociceptin, the results show an ECs, value of 0.0013

umol/1 for nociceptin and an ECsg value of 0.079 pmol/l for BPN[2,

Another group synthesised a number of BPN analogs in an attempt to
improve the analgesic effects of BPN and to reduce potential abuse and unwanted
side effects! "%l This group created an analog of BPN in which the t-butyl group on
C-20 was replaced with a cyclobutyl moiety, this compound was identified as a
selective k opioid receptor partial agonist, which offers antinociceptive effects with a

low potential for illicit abuse*!.

By radiolabelling synthetic opiates it is possible to study their cerebral
pharmacodynamics, which offers the potential to design new opiates with better
nociceptive effects but with limited side effects. A PET study with radiolabelled
opiates also offers ways of understanding the biology of pain, as well as how the
endogenous opioid system functions. A number of PET ligands which are non-
selective, such as DPN, or are selective for a particular opioid receptor sub-type (e.g.
["'C]carfentanil for the p receptor) are available and can be used to probe the

endogenous opioid system under numerous experimental states.
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Introduction (Part 3) — Inflammation and Rheumatoid Arthritis

Inflammation as a therapeutic target

Inflammation is a biological response to a harmful stimulus such as tissue
trauma, infiltration of pathogens into the body or an accumulation of necrotic cells
and can be classified as acute or chronic. Acute inflammation will have a rapid onset
and the inflammation may quickly become severe whereas chronic inflammation will
have a much slower onset and may lead to long term inflammation that may last for
months or even years. In response to acute inflammation we may expect locally
increased blood supply, increased vascular permeability and increased influx of
leukocytes and other inflammatory mediators to the affected areal’®. Acute
inflammation is often associated with the infiltration of neutrophils to the site of
inflammation or noxious stimuli, whereas in chronic inflammation the infiltrating
cells are predominantly mononuclear cells including lymphocytes, monocytes and

macrophages®.

During painful inflammation endogenous opioids including B-endorphin,
met-enkephalin and dynorphinA are found in circulating leukocyte cells as well as in

21 These cells are recruited to migrate to injured and inflamed

lymph nodes
peripheral tissue, the transport of the cells is directed by adhesion molecules. The
first step of migration is the ‘rolling’ of leukocyte cells along the walls of blood
vessels and this is mediated by selectin®! (a family of adhesion molecules). Once
the leukocytes are ‘rolling’ they become exposed to tissue derived chemokines,
which are small cytokines that induce chemotaxis, a phenomenon by which cells
direct their movement according to certain chemicals in the environment.
Leukocytes are then pulled out of the circulatory system, by integrins toward the site
of damage or inflammation and fix the cells to endothelia® (a thin layer of cells
which form on the interior of blood vessels). Integrins are a type of receptor that
mediate attachment between cells and the tissue surrounding it, typically the
receptors inform a cell of the molecules in its environment that evoke a response in
the cell. In this case the integrin receptors inform the cell of the inflamed tissue,
which fixes the cell to the endothelia. Finally the cell migrates through the vessel

wall, directed by another set of adhesion molecules and immunoglobulin ligands.
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Autoimmune diseases such as rheumatoid arthritis are characterised by
painful inflammation and hence the migration of leukocytes to inflamed tissue. By
radiolabelling leukocytes (as well as other types of white blood cell) and imaging
their migration through the body, it may be possible to provide a quantitative in vivo
measurement of inflammation and a diagnostic tool for various inflammatory
diseases. Since white blood cells (and in particular neutrophils) are central to any
inflammatory response, monitoring their distribution and kinetics is important in
understanding their role in inflammation as well as devising rational therapeutic
strategies and potentially more effective treatments of rheumatoid arthritis and the
pain associated with the disorder. SPECT and PET are non-invasive, sensitive and
quantitative medical imaging modalities which are well suited to following, in vivo,

the selective migration of specific immune cells to a source of inflammation.

Inflammation Imaging

There are a number of strategies which can be used to image inflammation
and infection with molecular imaging techniques such as SPECT and PET. These
imaging modalities can be used to characterise, diagnose and monitor inflammatory
conditions such as inflammatory bowel disease, rheumatoid arthritis and
degenerative joint disease. Some of the most well-established clinical approaches
include indium-111 (***In) or technetium-99m (**™Tc) labelled leukocyte for SPECT
imaging and [**F]JFDG PET imaging. However, the field of inflammation imaging is
expanding and with more strategies being studied to probe inflammation more

radiopharmaceuticals are being explored.

One particular strategy may be to target leukocytes which are migrating to
and localising in the site of infection/inflammation. By radiolabelling the migrating
leukocyte cells the radioactivity will be delivered to the site of inflammation and can
be detected. Of course for this strategy and all other inflammation imaging methods,
careful consideration needs to be given to the physical half-life of the radioisotope
employed. Radiolabelling of leukocyte cells may occur ex vivo or in vivo, for the ex
vivo strategy whole blood must be extracted from the patient and the mixed
leukocytes need to be isolated. Next, the leukocytes can be radiolabelled and
following this the radiolabelled leukocytes are re-injected. Radiolabelling leukocytes

in vivo often involves the use of antibody antigen interactions such as radiolabelled
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antigranulocyte or receptors on the leukocytes can be targeted for example with

radiolabelled chemotactic peptides or cytokines such as interleukin-8t%+ %1,

Another route to inflammation imaging would be to target with a
radiopharmaceutical, mediators of the inflammatory process which migrate to, or
may already be present at, the site of inflammation. Alternatively a radiolabelled
form of the mediator can be used directly. An example of this type of strategy is E-
selectin which is an adhesion molecule expressed on activated endothelial cells.
Anti-E-selectin monoclonal antibodies have been radiolabelled with ***In and used to
image rheumatoid arthritis with SPECTI!,

['|F]FDG may also be used to image inflammation, however the drawback of
using this strategy is the non-specificity of [*®F]FDG. Infiltrating granulocytes have
an increased demand for glucose as a source of energy and this can be imaged with
[*|F]FDG. However [**F]FDG is taken up in any cells which have increased glucose
metabolism such as tumour cells as well as in scar tissue/wound repairt*® which

makes the tracer non-specific to inflammation and infection imaging.

Examples of inflammation imaging strategies have been described above, and
many different radiopharmaceuticals can be used. However it is important to
consider their characteristics. The radio tracer should have good accumulation and be
well retained in the site of infection or inflammation. Additionally there should be a
good target to background ratio, so the time at which images are taken (to allow for
background clearance) should be taken into careful consideration. Accumulation of
the radiopharmaceutical into non-target organs should be minimal to minimise the
radioactive dose to patients and there should be no toxicity associated with the
radiopharmaceutical. Ideally, a radiotracer that can detect the early onset of
inflammation is desirable. A radiopharmaceutical for inflammation imaging, which
meets all of these characteristics, seems ambitious and so compromises may be made
depending on the type of inflammation being studied and what is required of the
radiopharmaceutical.

The Interleukin receptor family and interleukin-1 receptor antagonist (IL-1RA)
Immune and inflammatory responses can occur in the brain as a reaction to

[108]

diverse insults such as seizures and Alzheimer’s disease'™ . Inflammation in the

brain causes an increase in circulating immune cells such as microglial cells. These
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immune cells can express, release and respond to pro-inflammatory mediators such
as cytokines. Interleukin-1 (IL-1) is a well-studied pro-inflammatory cytokine, and
there is evidence that IL-1 plays a key part in neurodegenerative conditions, both
acute (such as a stroke) and chronic (such as Alzheimer’s disease)™*. The IL family
is thought to comprise at least 10 molecules and IL-1 was originally described over
50 years agot%®l. IL-1 consists of 2 proteins, IL-1a and IL-1p, which are synthesised
as precursor proteins (Pro-IL-1a and Pro-IL-1B) by many cell types of both the
peripheral and central immune system. The biologically active Pro-IL-1a is cleaved
by a protein enzyme called calpain. Pro IL-1p, in contrast, is not biologically active;
this precursor can however be cleaved by the caspase-1 enzyme to produces a
biologically active 17 kDa protein. How the active form of the protein is secreted
from cells is not yet fully understood, though it is suggested that a number of
possible pathways could be involved that are dependent on the nature and intensity

of the inflammatory stimulus*®.

Once bound to IL-1 receptors (IL-1R), both IL-1a and IL-1p will exert a
comparable effect biologically. There are three types of IL-1R, these include, IL-
1RI, IL-1RACP and IL-1RII. As IL-1 binds to IL-1RI, the complex then associates
with IL-1RACP (also known as receptor accessory protein) to form a larger complex
which allows intracellular signalling. The type Il receptor, (IL-1RII), does not have
an intracellular signalling domain, meaning that when IL-1 binds, no signalling
occurs and IL-1RII acts as a decoy receptor. All of the three receptor types can also
exist in soluble form as sIL-1RlI, sIL-1RAcP and sIL-1RII. Both sIL-1RII and sIL-
1RACP, are able to inhibit IL-1 mediated signal transduction. sIL-1RII does this by
binding the precursor prolL-1B making it unavailable to be cleaved to the active
form. And sIL-1RACP is inhibitory to IL-1 by binding to IL-1RI and therefore
making the receptor unavailable.

The IL-1 group of cytokines is rather unique as the cells which express IL-1
also express the competitive IL-1 antagonist (IL-1RA). Secretion of the genes which
encode for IL-1B and IL-1a can be induced by pro-inflammatory stimuli such as
other cytokines, cellular injury and cellular hypoxia™®. IL-1p and IL-1a are up-
regulated rapidly at the mRNA level and within hours at the protein level in response
to toxic stimuli, whereas expression of IL-1RA is delayed™®!. The administration of

exogenous IL-1 into healthy neuronal cells in the brains of animals has been shown
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not to cause injury, however if IL-1 is administered with other cytokines a synergic
effect has been seen leading to neurotoxicity!®!. This shows that IL-1 may be unable
to act independently, but may require other cytokines to exhibit its pro-inflammatory

nature.

Preclinical experiments have been carried out with IL-1RA which have
shown that protection against neuronal injury stimulated by the administration of
toxic doses of excitotoxins (excitatory amino-acid receptor agonists such as
glutamate) is evident by the administration of exogenous IL-1RA as well as by
stimulating an over-expression of endogenous IL-1RAI®!. [L-1RA s
neuroprotective as it disrupts the formation of the IL-1-2>IL-1RI->IL-1RACP
complex by binding to and blocking IL-1RI receptors. In addition to directly using
IL-1RA to block IL-1RI receptors other strategies may be used, for example
administrating antibodies which neutralise IL-1p or inhibit the cleavage and release
of IL-1pB by deleting the gene which encodes for caspase-1. Also, deletion of genes
which encodes for both IL-1a and IL-1f has been shown to reduce brain damage in

micel%®!

. However, deletion of either gene alone has proven ineffective as a
neuroprotective action suggesting a compensation effect may occur between IL-1a
and IL-1B. In contrast, deletion of the gene encoding for IL-1RA increases brain
damage in mice adding further evidence to the neuroprotective action of IL-1RA!!,
However, is interleukin receptor blockade the correct target for neuroprotective
effects? IL-1 only needs to occupy a small number of receptors before a biological
response in target cells is observed, so most cells have an abundance of unoccupied
receptorsi®. In order to successfully block and saturate all IL-1RI receptors, there is
a requirement to have a large concentration of the antagonist IL-1RA. Another
strategy may be to target production and release of biologically active IL-1 receptor

ligands directly or perhaps target downstream signalling events.

IL-1RA has been demonstrated to be neuroprotective in preclinical studies of
experimentally induced ischaemic brain damage and has a potential as a therapeutic
strategy in stroke™. 1L-1RA may also shows promise for therapeutic treatment of
inflammatory pain, however the pharmacokinetics are still not completely
understood. By radiolabelling IL-1RA with [*®F] and using PET, the
pharmacokinetics of [®F]IL-1RA could be better understood. IL-1RA was

radiolabelled randomly at a free amine sites (such as lysine residues) or at the amino
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terminal site, and the binding of [*®F]IL-1RA to IL-1 receptors was studied using
PETES U The radiolabelling of IL-1RA with [*®F] is discussed in the proceeding
chapters of this thesis.

Cannabinoids (CBs) are another type of molecule which show
neuroprotective and anti-inflammatory actions on glial cells and neurons by
inhibiting the release of pro-inflammatory molecules including cytokines and IL-1
amongst others!**?. CBs act at G-protein coupled receptors of which two types are
identified, the CB; receptor which is mainly found in the brain and the CB, receptor
which is mostly expressed in the immune system. The neuroprotective properties are
thought to be mediated through a variety of mechanisms including the inhibition of
calcium influx into cells and the inhibition of glutamate release to reduce neuronal
cell death. CBs are known to inhibit the release of pro-inflammatory molecules
including IL-1 and cytokines, Molina-Holgado et al., also suggest that CBs induce
the release of IL-1RA and negatively regulate the action of IL-1p in the brain via IL-
1RA blocking IL-1 receptors. These results demonstrate the complex and in some
parts still unknown downstream signalling mechanisms provoked by the IL-1

cytokines.

However, a peptide which is smaller than IL-1RA (17 kDa) may also be able
to accumulate in joints and might also be a good tracer for inflammation in
rheumatoid arthritis, could be investigated. One potential target is anti-TNF (tumor
necrosis factor) antibodies. Like interleukin, TNF is another family of pro-
inflammatory cytokines inhibited by anti-TNF. There is potential to use anti-TNF
therapies in treatment of rheumatoid arthritis, however further investigation into its
pharmacokinetics needs to be considered such as blood brain barrier permeability
since the size of anti-TNF antibodies range from 150-165 kDa. Radiolabelling anti-
TNF would be required to carry out these pharmacokinetics experiments.

Radiolabelling white blood cells for cell trafficking and diagnosis

Radiolabelling with SPECT isotopes **!In and *™Tc

White blood cells are actively recruited to sites of inflammation and their
migration to the inflammatory/infectious foci may be tracked using radioactive
probes. Radiolabeled leukocyte scintigraphy with SPECT using **™Tc (t,, = 6 hours)

and ™In (t,, = 67 hours) chelates is the most widely used clinical procedures for the
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assessment of inflammatory diseases**®. The physical properties of the radio-isotope
used for SPECT imaging is of high importance, the energy of the gamma rays should
be compatible with the gamma camera. And as usual the radioactive half-life must be
compatible with the physiological process under investigation. The longer
radioactive half-life offered by *In allows for longer scanning sessions and a
greater delay between injection of radiolabelled white blood cells and image
acquisition. *In does however have some disadvantages including low resolution
images and high tissue radiation doses received to the patient. The shorter half-life of
%™Tc means that image acquisition occurs typically a couple of hours post
administration and a further advantage of using *™Tc is that the photon energy is

well suited for gamma-camera allowing for high resolution images™?!.

Any radiometal, in its ionic form, will not be able to permeate the cell
membrane of white blood cells; a chelator is required to transport the radio-metal
into the cell. It is important that the radio-metal has high stability in the complex and
there is a minimum loss of free radiometal. The first chelate described for this
purpose was 8-hydroxyquinoline (oxine)™* **]. Bidentate oxine binds to *!In via
nitrogen and oxygen atoms to form a 3:1 ligand to metal complex. This lipophilic
and pH neutral *!In complex is able to enter the cell via passive diffusion, once
inside the cell the complex is reported to break down and ***In binds to intracellular
components, forming a stable radiolabel™*!. However, a significant drawback to
using [*"'In]Joxine, the radiolabelling efficiency is low in the presence of plasma as
110 will exchange from oxine to transferrin. This prompted further research into a
new chelator for ***In white blood cell labelling and tropolone was introduced as an
alternative to oxine. Like oxine, tropolone forms a 3:1 ligand to metal complex
which is water soluble. Importantly, blood cells can be radiolabelled with
[*"In]tropolone in the presence of plasma, meaning that damage to cells is reduced
as the step to remove or wash plasma from the cells is omitted and the time taken to
perform radiolabelling is reduced®!. The water solubility of the [**In]Jtropolone
complex also means that no ethanol (a possible source of cytotoxicity) is required to
solubilise the complex as is the requirement with [*!InJoxine. On further
investigation [*!In]tropolone was suspected to have a detrimental effect on

chemotaxis of radiolabelled neutrophils in contrast to [***InJoxine which showed
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little change to chemotaxis of neutrophil cells radiolabelled with this complex*'".

Figure 27 depicts some of the **In complexes discussed here.

QA 7

Figure 27: [**'In]oxine (left) and [**!In]tropolone (right).

Radiolabelling of leukocytes with ®™Tc has the benefit that the gamma-ray
energy of 140 keV is equivalent to the wavelength emitted by conventional X-ray
diagnostic equipment making the gamma-ray easily detectable for SPECT imaging.
%MT¢ requires a chelator to deliver the radiometal into the cell in the same way as
"In does and the chelator of choice for ®™Tc is hexamethylpropyleneamine oxime
(HMPAO). In this complex, the [*™Tc]TcO** core, with technetium in the +5
oxidation state, is co-ordinated by 4 nitrogen atoms of the HMPAO ligand giving the
complex an overall neutral charge (Figure 28). The lipophilic [*"Tc]HMPAO
complex passes into white blood cells, through the cell membrane by passive
diffusion. Once inside the cell, [*"Tc]JHMPAO is trapped and a number of possible
mechanisms for this have been postulated. One mechanism suggests that once inside
the cell, [**™Tc]JHMPAO is broken down into a more hydrophilic complex, becoming
trapped as it is not possible for this complex to pass through the cell membrane™®!.
Another possible mechanism is that [**"Tc]JHMPAO binds to non-diffusible proteins

inside the cell again trapping the radiometal inside the cell*¢.
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Figure 28: [*"Tc]JHMPAO complex.

However, *"™Tc radiolabelled leukocytes are less stable than *In

radiolabelled leukocytes, and every hour 5-7% of the radiolabel elutes from the
white blood cells into the kidneys and bladder!**®!. This means that imaging must be

performed within 3 hours of administration.

For white blood cell radiolabelling to be successfully used as a tool for
inflammation and infection imaging and diagnosis, the radiolabelled white blood
cells must maintain their viability and function. There are a number of ways to assess
that cell function has not been altered following radiolabelling. The Trypan blue
assay can selectively dye non-viable cells blue while cells with an intact cell
membrane will remain uncoloured. A similar test can be carried out with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT), this is a
colourimetric assay in which yellow MTT is reduced to purple formazan in living
cells. In addition flow cytometry can be used to assess cell phenotypes and changes
to the integrity of cell membranes. Flow cytometry operates by passing cells through
a laser beam and measuring the scattered light and/or fluorescence that is emitted
from the cell. Certain cell phenotypes can be made to fluoresce if they are exposed to
fluorescently labelled antibodies specific for that cell phenotype, flow cytometry can
then be used to sort the different cell phenotypes. In a similar way live and dead cells
can be stained with fluorescent dyes and sorted by flow cytometry.

Cell viability may also be tested in vivo by investigating the bio-distribution
of radiolabelled autologous cells. Following administration, viable cells should pass
rapidly through the lungs followed by uptake in the liver and spleen; on the other

hand damaged cells may be retained in the lungs. Although some caution must be
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used when accessing cells in this way as some pathologies may involve the
recruitment of white blood cells to the lungs and liver. Another method of
investigating that the function of the cells has not been altered by radiolabelling is to
carry out chemotaxis studies. In radiolabelled granulocytes it was shown that there is
a significant decrease in chemotaxis in [**InJoxine labelled cells which was much
smaller with [*™Tc]JHMPAO radiolabelled cells*?’!,

Radiolabelling cells with PET isotopes

White blood cell trafficking with PET isotopes such as *®F, ®Cu, ®zr and
%Ge to monitor and diagnose inflammatory disorders is receiving great interest
recently. PET is an ideal imaging modality to follow the migration of white blood
cells to sources of inflammation in vivo. PET has advantages over SPECT for this
purpose, as the sensitivity offered by PET (10™!-10™"2 M) is at least 1 — 2 orders of
magnitude higher than SPECT (10™° M), The signal from white blood cells
radiolabelled with PET isotopes can be quantified (after scatter, partial volume and
motion correction techniquest*?Y), something which is not as easily achieved with
SPECT. The in-vivo tracking of radiolabelled white blood cells using PET means
that it is possible to track the selective recruitment of white blood cells during
pathogenesis, detect possible and probable infectious/inflammatory foci and devise
and follow rational therapeutic strategies for patients with inflammatory disorders by

carrying out longitudinal studies.

Various approaches have been investigated to track radiolabelled white blood
cells in vivo with PET and using ®*Cu. Pyruvaldehyde-bis(N*-methylthiosemi-
carbazone) (PTSM) was used to chelate ®*Cu and this complex (Figure 29) was used

to radiolabel rat glioma (C6) cells for cell trafficking!!.

Figure 29: [**Cu]PTSM complex

Page 86 of 223



Cu®" forms a stable complex with PTSM (K. = 10*®)!™®! and the lipophilic
[Cu]PTSM complex passes through the cell membrane. Inside the cell the redox-
active [**Cu]PTSM complex is broken down as the ®*Cu®" is reduced to ®*Cu* by
intracellular components and is released from the complex. **Cu* becomes trapped
inside of the cell due to its ionic charge and the PTSM molecule can diffuse back out
of the cell™. Adonai et al., demonstrated that [**Cu]PTSM cell uptake occurred
rapidly up to 3 hours of incubation with C6 cells. The cell uptake of [**Cu]PTSM
becomes constant between 3 and 5 hours of incubation, however efflux studies
showed that C6 cells which had been radiolabelled for 5 hours retained more **Cu
than those which had been incubated for 3 hours!”. The reason for this was that the
reduction of [**Cu]PTSM to liberate **Cu* continued between 3 and 5 hours of
incubation trapping more of the radiometal. However [**Cu]PTSM does show a high
rate of efflux of ®*Cu from the cell (approximately 50% of the radiolabel lost after 5
hours)[™). Possible explanations for the loss could be active cellular elimination or

saturation of uptake.

Another group looked at the possibility of using a polymer
(polyethyleneimine, (PEI)) and labelling it with ®Cu to form
[*“Cu]polyethylenimine ([**Cu]PEI) as well as [**Cu]PEl-polyethylene glycol
([**Cu]PEI-PEG) to monitor the migration of cellsl’™. It was postulated that the
amine moieties of PEI could chelate the **Cu metal ion. It was found that PEI could
chelate **Cu well with radiolabelling yields in excess of 90%!"®. The uptake of these
%4Cu radiotracers was assessed in a U87-MG cell line and the efflux of ®*Cu from the
cells was investigated too. The cell uptake of [®*CUJPEI in U87-MG cells reached a
maximum of 20% which was lower to the cell uptake attained for [**Cu]PTSM
which reached a maximum of 70-80% in the same cell linel”™. In addition [**Cu]PEI
showed a greater efflux of activity form cells (61% at 27 hours) in comparison to
[S*CulPTSM (36% at 27 hours)["™™. However, [**CU]PEI-PEG showed an improved
cell uptake (maximum of 50%) compared to [**Cu]PEI as well as a reduction of the
leakage of the radiolabel from the U87-MG cells!”™. A mechanism of cellular uptake
was proposes for [**Cu]PEI which involved an initial protonation of a proportion of
the amines of PEI at physiological pH to form a cationic species. The protonated
[“Cu]PEI complex would be electrostatically attracted to negative cell surface

components (possibly heparin sulfate proteoglycans). As some of the amines of
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[**Cu]PEI remain un-protonated a buffering effect is created in the endosome of the
cell and a proton sponge effect due to charge repulsion and osmotic pressure in the
endosome allows [**Cu]PEI to enter the cell**?. Once inside of the cell a similar
copper bio-reductive mechanism that traps ®*Cu from the PTSM complex is used.
Despite the differences in cell uptake and efflux between [®*Cu]PEI and
[*Cu]PTSM it was concluded that [**CuJPEI and [**Cu]PTSM radiolabelled cells
showed comparable cell trafficking capability in preclinical PET in mice with the
radiolabelled cells behaving in a similar way!™!. [**Cu]PEI-PEG was investigated to
overcome the problems of cytotoxicity of [**Cu]PEI. PEGylation reduced the
cytotoxicity of the radiolabel and an improved cellular uptake of [**Cu]PEI-PEG was

observed!™,

Another approach to blood cell radiolabelling with a PET probe was
undertaken with chitosan-coated magnetic nanoparticlest™. Super-paramagnetic iron
oxide nanoparticles (SPIONSs) can be detected by magnetic resonance imaging and
have a reactive surface which can be coated with biomolecules. SPIONs can be
coated with chitosan (Figure 30), a biocompatible and non-antigenic co-polymer of
glucosamine and N-acetylglucosamine with metal ion chelating properties!*?®! that is

able to complex to PET radio-metals such as **Cu or ®zr.

Figure 30: chitosan, a co-polymer of glucosamine and N-acetylglucosamine.

This means that chitosan coated magnetic nanoparticles can be labelled with
84Cu yielding a dual PET/MRI imaging probet™. Pala et al. reported that 75
MBg/mg *Cu labelled chitosan coated magnetic nanoparticle was achieved. When
these radiolabelled nanoparticles were incubated with granulocyte cells 75% of the
%4Cu was taken up into the cells by phagocytosis. After 4 hours, 20% of the %Cu was

lost from the granulocyte cells indicating a good retention of the engulfed probel’.
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87r has ideal physical properties to be used for cell trafficking over long
periods of time owing to its long half-life (78.41 hours). In comparison to ®*Cu, #zr
has a higher positron emission branching ratio of 22.3% compared to 17.5% for
%%Cu. Furthermore the relatively low energy of the emitted positron (Eae p* = 396
keV) results in high resolution ®Zr images comparable to those observed with ®*Cu.
Dextran nanoparticles have been labelled with ®Zr and used for in-vivo macrophage
imaging™®¥. Short dextran chains were cross-linked with epichlorohydrin to form
nanoparticles (13 nm) and these were modified with DFO in order to chelate %Zr.
With this approach it was demonstrated that ®°Zr labelled dextran nanoparticles
showed a good uptake in macrophagesi*®?. However the main drawback to this
approach is the complexity of the nanoparticle, coupling to DFO and end-capping of

amine groups which requires the use of toxic organic reagents.

A more simplified approach to in vivo cell trafficking with %Zr has been
undertaken using the well-established *In chelating agent oxinel*®®!. [*In]Joxine
has been used for many years to monitor the migration of circulating white blood
cells with SPECT and the agents toxicity is well established. *zr** forms a 1:4
complex with oxine ligands to form [**Zr]oxinate, complex and the radiolabelling
yield of [®Zr]oxinate, from [*°Zr]oxalate was reported to be 60%?%). However the
radiolabelling process involves using chloroform which is not ideal if the technique
is to be used in a clinical setting. The uptake of [*Zr]oxinate, in human white blood
cells occurs rapidly and is complete after 30 minutes of incubating the [**Zr]oxine
complex with 9 x 10" leukocyte cells. The leukocyte cell labelling efficiency was
shown to be 54% compared to 47% with [**InJoxine’®®!. 85% of the ®zr was
retained by leukocyte cells 24 hours post radiolabelling which was higher than that
reported for [*!InJoxinel*®®). Nevertheless the effect that radiolabelling leukocytes
with [**Zr]oxinate, had on their function and viability was not investigated.

The intermediate and long radioactive half-life of ®*Cu and ®Zr respectively
are ideally suited to cell trafficking studies. Efforts to radiolabel cells with the
shorter half-life PET isotopes [**F] (t, = 109 minutes) and [*'C] (t, = 20 minutes)
have also been made. [**F]fluorodeoxyglucose ([**F]JFDG) is a marker for glucose
uptake in tissues and cells. [*®F]JFDG has been used to radiolabel leukocyte cells
however there are a number of limitations associated with this approach. First

[*|F]FDG is not specific and will be taken up in a number of different cells and
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tissues other than white blood which are metabolically active. This means that the
radiolabelling efficiency of [**F]JFDG leukocytes is variable and reports have
claimed a high efflux of ‘®F from cells!*?®). When compared to ®*Cu and *In
radiolabelled white blood cells, [**F]FDG was shown to have lower labelling

efficiency as well as a higher efflux of radioactivity from the cells!*?"),

The 20 minute radioactive half-life of *C does not seem an encouraging
property for cell trafficking, however *'C is used to radiolabel macrophages and to
image synovitis in rheumatoid arthritis™®, ["'C]PK11195 binds to translocator
proteins (TSPO) which can be found on activated macrophages and monocytes,
intravenous administration of [*'C]PK11195 allows a non-invasive method of
imaging clinical synovitis in rheumatoid arthritis. The short half-life of *'C means
that there is lower patient dose however it does restrict the production to clinics and
hospitals which have an on-site cyclotron available. [**F]DPA-714 is another
radiotracer which binds to TSPO, and which has been tested in a preclinical model of
rheumatoid arthritisi™?®. The longer half-life of '8F compared to C is an obvious
benefit of using this radiotracer which with more investigation could find its place as

a useful PET tracer to image rheumatoid synovitis in the clinic.

The benefits of PET over SPECT such as improved sensitivity, improved
resolution and quantification of signal warrants further investigation of PET probes
to monitor the migration of white blood cells in vivo. Being able to image the
infiltration of white blood cells into inflammatory and infected joints with PET could
be an invaluable tool for both early diagnoses of arthritic disorders as well as to
monitor treatments for these disorders. The characteristics which must be met for a
good in vivo white blood cell trafficking technique with PET include i) a simple and
efficient cell radiolabelling technique, with a radiometal of suitable physical
properties for cell tracking (half-life and positron branching) ii) the radiolabelled
cells must behave in the same way as the native unlabelled cells and iii) the
radiolabelling process should not damage the cells iv) the radiolabel should remain
in the cell and not be leaked to prevent localisation in other organs and prevent high
patient doses. A technique which matches these criteria could prove to be of high
importance and increase the understanding of the biology of inflammatory responses

and arthritis.
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Abstract

[6-O-methyl-'*C]Diprenorphine  ([**C]Diprenorphine) is a positron emission
tomography (PET) ligand used to probe the endogenous opioid system in vivo.
Diprenorphine acts as an antagonist at all of the opioid receptor sub-types i.e. p
(mu), k (kappa) and & (delta). The radiosynthesis of [*'C]diprenorphine using
[*'C]methyl iodide produced via the ‘wet’ method on a home-built automated
radiosynthesis set-up has been described previously. Here we describe a modified
synthetic method to [“'C]diprenorphine performed using [*'C]methyl iodide
produced via the gas phase method on a GE TRACERIab FXge radiochemistry
module. Also described is the use of [“'C]methyl triflate as the carbon-11
methylating agent for the [**C]diprenorphine syntheses. [*'C]Diprenorphine was
produced to good manufacturing practice (GMP) standards for use in a clinical
setting. The method reported gives a higher specific activity product than previously
reported by Luthra et al., which is advantageous for receptor occupancy studies. The
radiochemical purity of [*'C]diprenorphine is similar to that reported by Luthra et
al., although the radiochemical yield produced in the method described herein is
reduced, an issue that is inherent in the gas phase radiosynthesis of [*'C]methyl
iodide. The yields of [*'C]diprenorphine are nonetheless sufficient for clinical
research applications. Other advantages of the method described herein are an
improvement to both reproducibility and reliability of the production as well as

simplification of the purification and formulation steps. We suggest that our
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automated radiochemistry route to [**C]diprenorphine should be the method of
choice for routine [**C]diprenorphine productions for PET studies, and the
production process could easily be transferred to other radiochemistry modules such
as the TRACERIab FX C pro.

Keywords: [**C]Diprenorphine; Opioid receptors; Methyl triflate; Positron emission
tomography; Automated radiosynthesis.

Introduction

[*'C]diprenorphine (figure 1) is a key radioligand used to study opioid receptor
density with Positron Emission Tomography (PET) .. The radioligand has high
affinities (Ki values of 0.2 nM) for all sub-types of opioid receptor’® (u, & and )
behaving as an antagonist at p/d receptor types and as a weak agonist at k opioid
receptor typest. Previously, [**C]diprenorphine has been used with PET for various
physiological studies, including central post-stroke pain™™ studies of epileptic
seizure? and in the assessment of pain and exercise induced changes in endogenous

opioid receptor binding!*® to name but a few.

An automated radiosynthesis of [1'C]diprenorphine was described as early as 1994
which utilised the ‘wet’ chemistry method for the production of [**C]methyl
iodide!™ with the radiochemistry being implemented on an in-house automated
chemistry system. Diprenorphine has also been radiolabelled with carbon-11 at the
C-17 position™ (N-[*'C]diprenorphine), however it was suggested that
diprenorphine is rapidly metabolised via N-dealkylation*®, resulting in the loss of
the radiolabelled moiety. More recently the automated synthesis of a fluorine-18
labelled analogue, 6-O-[2-[*®F]fluoroethyl)-6-O-desmethyldiprenorphine
([*®F]diprenorphine), was reported 7. This analogue shows great similarities in the
pharmacokinetics and receptor binding properties with  [6-O-methyl-
1C]diprenorphine. However [*®F]diprenorphine showed lower brain uptake with the
radio-metabolites accounting for a 20% contribution to the brain signal”. Also
[*®F]diprenorphine has less favourable dosimetry compared to its carbon-11
counterpart. Therefore the interest in using [**C]diprenorphine for in vivo opioid
receptor studies with PET prompted us to develop the automation of a modified
synthetic procedure wusing an all-purpose configured TRACERIab FXge
radiochemistry system, in order to produce [*'C]diprenorphine routinely in

compliance with GMP. GMP is a set of guidelines and principles that are required in
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the manufacture of pharmaceuticals, in Europe this is set out in EudraLex and is
enforced in the UK by the Medicines and Healthcare products Regulatory Agency
(MHRA\) Producing [*'C]diprenorphine to comply with GMP requires a reliable and
robust production method to produce a sterile medicinal product suitable for human
administration. This means the production process is carried out within an aseptic
cleanroom environment and in dedicated synthesis cells and dispensing isolators
with special air handling systems and particle counting. The final product must be
sterile and endotoxin free and must comply to various limits for chemical and

radiochemical purity.

21 23

TDPN, R' = H and R? = C-Ph,
Diprenorphine, R'= CHjz and R?=H

Figure 1: Atomically labelled diprenorphine and [3-O-trityl, 6-O-desmethyl]-diprenorphine
(TDPN) molecules.

There are clear benefits to fully automating the radiosynthesis of a PET radioligand
such as [“C]diprenorphine. Firstly the reliability and reproducibility of the
procedure can be optimised to give a robust production process. Automation of the
process also allows the radiochemist to work safely with high levels of radioactivity
whilst maintaining the ability to monitor reaction parameters and the purification of

the radioligand via a computer interface.

The radiochemical route to ["C]diprenorphine adapted from that reported
previously™®, includes two steps: carbon-11 methylation of the protected precursor
molecule [3-O-trityl, 6-O-desmethyl]-diprenorphine (TDPN) followed by acid
hydrolysis of the triphenylmethyl protecting group (figure 2).
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Figure 2: Two-step reaction scheme to [*'C]diprenorphine.

One of the key differences from that described in the literature was the use of sodium
hydroxide (NaOH) as an alternative to sodium hydride (NaH) to carry out the
carbon-11 methylation reaction. We suggest a mechanism which involves, in the first
step, the deprotonation of a hydroxyl group at the C-6 position of the TDPN
precursor molecule with NaOH a significantly weaker base than NaH. Also the ‘gas
phase’ method for the radiosynthesis of [“'C]methyl iodide!*® was used which
produces [*'C]methyl iodide with higher specific radioactivity compared to the ‘wet’
method™!. The optimisation and automation steps described substantially improve
the reliability and reproducibility of the [*'C]diprenorphine production to GMP

standards for clinical PET scans.

["'C]Methyl triflate was also considered as an alternative carbon-11 methylating
agent to the more frequently used [“'C]methyl iodide. [*'C]Methyl triflate has
increased reactivity when compared to [*'C]methyl iodide but has the drawback of
reacting indiscriminately with the two hydroxyl groups in C6 and C20 , resulting in a
lower radiochemical purity of the [**C]diprenorphine produced compared to

radiosyntheses from [*'C]methyl iodide.
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Materials and Equipment

Diprenorphine.HCI (reference standard) and 3-O-trityl-diprenorphine (TDPN,
precursor) were both purchased from ABX advanced biochemical compounds
(Dresden, Germany). C18 Sep-Pak plus cartridges and the C18 p-Bondapak, 10 pm,
125 A, 7.8mm x 300mm HPLC column were purchased from Waters Ltd
(Hertfordshire, UK). Kinetex C18, 2.6 um, 100 A, 4.6mm x 100mm HPLC columns
were purchased from Phenomenex. 0.22 um PVDF filters were purchased from
Millipore (Hertfordshire, UK) and Minisart RC 15 0.45 um pore filters were
purchased from Sartorius Stedim Biotech (Surrey, UK). All other reagents were
purchased from Sigma Aldrich Company Ltd (Dorset, UK), and were used without
further purification.

The TRACERIlab FXge chemistry system, supplied by GE Healthcare was the
platform used to perform the [*'C]diprenorphine radiochemistry. The system was a
modified form of a standard TRACERIlab FXge system with a smaller reactor head
(also supplied by GE Healthcare) and subsequently a smaller reaction vessel fitted

(approximately 3 mL maximum volume).
Methods

Production of [*!C]carbon dioxide.

[*'C]Carbon dioxide was produced using a GE PETtrace 16 MeV cyclotron via the
YN(p,a)"'C nuclear reaction of a nitrogen gas target containing 1% oxygen.
Typically, bombardment was carried out for 30 minutes with a proton beam current
of 50 pA.

Production of [*'C]methyl iodide.

["'C]Carbon dioxide was converted to [*C]methyl iodide via the gas phase
method*® using the GE PETtrace Mel Microlab system. Cyclotron produced
[*'C]carbon dioxide is reduced with hydrogen to [*'C]methane over a nickel catalyst.
The [**C]methane is mixed with vapour from iodine crystals in a quartz column at
720 °C to produce [**C]methyl iodide which is trapped on a Porapak N trap whilst
unreacted [*'C]methane is recirculated through the iodine column. Finally the
Porapak N trap is heated to release the trapped [*'C]methyl iodide which is delivered
to the TRACERIab FXge system directly where it is trapped in DMF (500 pL) at 0
°C.
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Production of [*'C]methyl trifluoromethanesulfonate.

[*'C]Methy! triflate was prepared as previously described® by passing [*'C]methyl
iodide in a gentle stream of helium carrier gas, through a small glass column (OD =
6 mm, ID =4 mm and length = 250 mm) containing silver triflate heated to 250 °C.
The ["'C]methyl triflate produced is trapped directly in the reaction vessel attached
to the TRACERIab FXge radiochemistry system in DMF (500 pL) at room

temperature.

Production of [6-O-methyl-"*C]diprenorphine using [**C]methyl iodide.

A solution of [3-O-trityl, 6-O-desmethyl]-diprenorphine (TDPN, 1.0 mg, 1.53 pumol)
in dimethylformamide (DMF, 500 pL) was added to a reaction vessel containing dry
sodium hydroxide beads (20-40 mesh size, 10 mg, 250 umol). The reaction vessel
was attached to the TRACERIab FXge system and the mixture was left to stir at
room temperature for approximately 5 minutes to generate the alkoxide group at the
C-6 position of the TDPN molecule. Following this, [**C]methyl iodide, 15.7 — 26.8
GBq (425 — 723 mCi), was trapped in the reaction vessel at 0 °C. The carbon-11
methylation reaction was carried out at 105 °C for 5 minutes with stirring. Next the
reaction mixture was cooled to 25 °C and HCI1 (250 uL, 4M) was added. The reaction
mixture was then heated to 105 °C for 2 minutes with stirring. The reaction vessel
was cooled to 25 °C and a NaOH solution (2M, 500 uL) was added followed by the
addition of phosphate buffer solution (1.0M, pH 7.4, 500 pL). The reaction mixture
was then loaded on to a HPLC purification column (Waters C18 p-Bondapak, 10
um, 125 A, 7.8mm x 300mm) with a mobile phase of 50:50 ammonium formate
(0.1M) + sodium phosphate dibasic (10mM):acetonitrile at a flow rate of 4 mL/min
and the HPLC eluent was continuously monitored for radioactivity signal and UV
absorbance at a wavelength of 254 nm (Figures 3 and 4). [*'C]Diprenorphine, eluting
from the HPLC column between 12 and 13 minutes was collected in a flask
containing water (40 mL) before it was loaded on to a C18 solid phase extraction
cartridge (Waters C18 plus). Following this, the C18 cartridge was washed with
water (10 mL), before being eluted with ethanol (1 mL) into a two necked collection
flask. 0.9% saline (12 mL) was added and the final product was dispensed into 3
sterile nitrogen filled vials inside a grade A dispensing isolator via a 0.22 uM
membrane filter (Millipore, Millex-GV PVDF). The final volume of formulated

product was 13 mL which was distributed as approximately 1.5 mL into each of two
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quality control vials for sterility, endotoxin and final product identity testing and 10

mL into the patient administration vial.

Production of [6-O-methyl-"*C]diprenorphine using [''C] methyl triflate

["'C] Methyl triflate 10.62 — 22.20 GBq (287 — 600 mCi), was trapped at room
temperature in a reaction vessel containing a solution of TDPN (1.0 mg, 1.53 pmol)
in DMF (500 pL). Various bases were investigated to facilitate the carbon-11
methylation reaction including NaH, NaOH (in the form of solution as well as beads)
and 1,8 diazabicyclo[5.4.0Jundec-7-ene (DBU). The bases were added to the TDPN
solution prior to trapping of [**C]methyl triflate. The [*'C] methylation reaction was
carried out at 30 °C for 2.5 minutes under stirred conditions. Next the carbon-11
labelled molecule was deprotected with HCI as described above for the
radiosynthesis with [*'C]methyl iodide and processed similarly for the HPLC
purification and formulation steps.

[6-O-methyl-*C]Diprenorphine quality control.

Quality control HPLC analysis was performed on a Prominence HPLC system from
Shimadzu (Milton Keynes, UK) using Laura 3 software from LabLogic, (South
Yorkshire, UK). The HPLC system was run with a CBM-20A controller, a LC-20AB
solvent delivery system and a SPD-20A absorbance detector. HPLC analysis to
determine the chemical and radiochemical purity of the sample was carried out using
a Kinetex C18, 2.6 um, 100 A, 4.6mm x 100mm HPLC column. The mobile phase
used was 65:35 ammonium formate (0.1M, pH 5.25):methanol, the eluent was
continuously monitored for radioactivity signal using a LabLogic Flow-count and
UV response at a wavelength of 254 nm. [6-O-methyl-"*C]diprenorphine eluted from
the HPLC column at 4 minutes. Further to the HPLC analysis of the
[*'C]diprenorphine QC sample, testing of endotoxin levels was performed with an
Endosafe portable test system (PTS) from Charles River (L'Arbresle, France).Gas
phase analysis of residual solvents (ethanol, acetone, DMF and acetonitrile) was
carried out using a Shimadzu GC-2010 gas chromatograph. An Rtx-624, 30 m,
0.32mm id, 1.8 um column from Thames Restek (Buckinghamshire, UK) was used
and a 2.5 pL injection was made with an injection port temperature of 220 °C and a
column temperature of 40 °C. A column flow rate of 1.4 mL/min was used with an
FID detector.

Page 104 of 223



Results

[6-O-methyl-**C]Diprenorphine from [*!C]methyl iodide

[*'C]Diprenorphine was produced to GMP standards in approximately 33 minutes
from [**C]methyl iodide trapping (48 minutes from end of bombardment EOB), on a
TRACERIlab FXge automated radiochemistry system. Radiosyntheses using
["'C]methyl iodide (produced from a 30 minute target irradiation with a 50 pA
proton beam current) typically delivered a sterile solution of 1067 — 2967 MBq (an
average of 1625 MBq) of [*'C]diprenorphine formulated in saline at end of synthesis
(EOS). An average radiochemical yield of 32% (+ 5.8%, based on 80 syntheses
decay corrected to [*'C]methyl iodide trapping time) was attained. A typical specific
radioactivity of 242.1 GBg/umol was reached (ranging from 31.8 — 908.3
GBg/umol) representing an average of 0.43 pg/mL of stable diprenorphine carrier,
with 97.0 % radiochemical purity (+ 1.4%, based on 80 [**C]diprenorphine
syntheses). A typical HPLC UV and gamma chromatogram of the crude
[*'C]diprenorphine reaction mixture produced using [*'C]methyl iodide can be seen

in Figures 3 and 4.
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Figure 3: HPLC gamma trace of [**C]diprenorphine produced with [**C]methyl iodide.
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Figure 4: HPLC UV trace of [**C]diprenorphine produced with [**C]methyl iodide.

The base used to deprotonate the hydroxyl group and to produce the alkoxide
derivative of the TDPN molecule proved to be key to the optimisation of the carbon-
11 methylation reaction. A comparison of different bases used for the carbon-11
methylation reaction and the amount of formulated [*'C]diprenorphine produced at
EOS is given in Table 1.
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Base used to | Number of | Average amount of | Average Average
deprotonate  6-O | productions | formulated Radiochemical Radiochemical
position of TDPN [“'C]diprenorphine | Yield (decay | Purity
at EOS (10 mL) corrected)
962 MBq (+ 451 95.1% (1.7
NaH (2.5 mg) 20 19.6 % (+ 8.2 %)
MBq) %)
NaOH (10M, 5 pL)
999 MBq (+ 478 96.9% (1.5
prepared from 4 18.0 % (= 7.5 %)
MBQq) %)
pellets
NaOH (12M, 4 pL)
. 97.6 % (+ 1.0
from commercial 19 1462 MBq (£ 657) 33 % (x 11 %) %)
0
supplier
NaOH beads (20-
40 mesh, 97.3% (1.2
. 19 1744 MBq (+ 532.7) | 36.6 % (+ 11.6 %)
approximately 10 %)

mg, 0.5 mmol)

Table 1: Comparison of various bases used for the production of [**C]diprenorphine (using

[*'C]methyl iodide) and the amount of formulated [**C]diprenorphine produced at EOS.

[6-O-methyl-*'C]Diprenorphine from [*!C]methyl triflate

Syntheses of [*'C]diprenorphine using [*'C]methy! triflate typically delivered 200-
2327 MBq (an average of 1303 MBq) of formulated product at EOS. An average

radiochemical yield of 22.3% (+ 10.9% based on 10 syntheses and decay corrected

to [*'C]methyl triflate trapping time) was achieved. A typical specific radioactivity

of 370 GBg/pmol (ranging from 8.2 — 990.7 GBg/pumol) was reached representing

0.24 pg/mol of stable diprenorphine carrier in the final formulated product, with an

average of 93.5% radiochemical purity (+ 5.1%based on 10 [**C]diprenorphine

syntheses). A typical HPLC UV and gamma chromatogram of the crude

[*'C]diprenorphine reaction mixture for productions of the radiotracer using

[*'C]methyl triflate can be seen in Figures 5 and 6.
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Figure 5: HPLC gamma trace of [**C]diprenorphine produced with [*'C]methy! triflate.
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Figure 6: HPLC UV trace of [*!C]diprenorphine produced using [**C]methyl triflate.

Experiments investigating the use of various bases for the carbon-11 methylation
reaction were also carried out for productions of [*'C]diprenorphine with
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["'C]methyl triflate. A summary of the results from these experiments can be seen in
Table 2.

Base used to | Number of | Average amount of | Average Average
deprotonate  6-O | productions | formulated Radiochemical | Radiochemical
position of TDPN [“'C]diprenorphine at | Yield  (decay | Purity
EOS (10 mL) corrected)
24.7% (£ 9.4 91.8% (+ 4.9
NaH (2.5 mg) 8 1423 MBq
%) %)
NaOH (10M, 5 pL)
prepared from 1 1484 MBq 24 % 95.7 %
pellets
NaOH beads (20-40
mesh, 97.6 % (3.5
] 2 104 MBq 2.3% (£ 0.4 %)
approximately 10 %)
mg, 0.5 mmol)
18-
diazabicycloundec- No [**C]diprenorphine
1 n/a n/a
7-ene (DBU) (15 produced
ML)

Table 2: Comparison of various bases used for the production of [*'C]diprenorphine (using

[*'C]methyl triflate) and the amount of formulated [**C]diprenorphine produced at EOS.

[6-O-methyl-*'C]Diprenorphine Quality Control

The final volume of formulated [**C]diprenorphine dispensed was 13 mL which was
distributed as approximately 1.5 mL into each of two quality control vials for
sterility and final product identity testing and 10 mL into the patient administration
vial. One of the QC vials was sent off site for sterility testing whilst the other QC
vial was used for in-house QC testing. The internal QC testing performed included
colour and clarity, pH, chemical and radiochemical purity, residual solvents,
endotoxin testing (LAL) and filter integrity testing. The colour and clarity testing
was passed in every production and a pH of 6 for the final formulated product was
attained. The solvents which were quantified in the residual solvent analysis included
ethanol (average value of 64300 ppm + 4900 ppm against a limit of 200000 ppm),
DMF (average value of 0 ppm against a limit of 880 ppm), acetone (average value of
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2 ppm * 4 ppm against a limit of 5000 ppm) and acetonitrile (average value of 6 ppm
+ 8 ppm against a limit of 410 ppm). Endotoxin testing consistently returned results
of < 2.5 endotoxin forming units/mL (EU/mL) against a limit of < 17.5 EU/mL.
Filter integrity testing of the product filter was carried out by performing a bubble
point pressure test in every incidence the filters passed the filter integrity testing. A
typical HPLC chromatogram showing the radiochemical and chemical purity can be

seen in Figures 7 and 8 respectively.

In addition to internal QC testing external sterility testing of the formulated
[*'C]diprenorphine was completed, on each occasion the sample was determined to
be sterile. Furthermore microbiological sampling was conducted in the dispensing
isolator where [*'C]diprenorphine was dispensed. This consisted of contact and settle
plate samples being taken at the beginning and at the end of the production session.
The results from the incubated microbiological plates showed no growth on each

occasion of a [11C]diprenorphine production.
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Region 5 6:27 6:58 6:44 76.7 684.5 1.18 1.19
[''C]diprenorphine 8:21 9:09 8:43 5031.3  55604.9  96.01  96.56

57918.7 100.00 100.58

Figure 7: HPLC gamma trace from QC analysis of [**C]diprenorphine.
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Figure 8: HPLC UV trace from QC analysis of [*'C]diprenorphine.

Discussion

[6-O-methyl-*'C]Diprenorphine radiochemistry and automation

The automated radiosynthesis of [**C]diprenorphine occurs as a two-step process as
seen in the reaction scheme depicted in Figure 2. The first step is a base promoted bi-
molecular nucleophilic substitution reaction (Sy2 mechanism) at the 6-hydroxy
position of the precursor molecule (TDPN) with [**C]methyl iodide. This is followed
by a chemical deprotection at the C-3 position of [6-O-methyl-*C]TDPN under
acidic conditions to yield [6-O-methyl-'*C]diprenorphine.

In the first stage of the reaction the TDPN molecule is treated with a base to produce
the more nucleophilic alkoxide derivative increasing the regioselectivity of the
labelling at the C-6 position of the molecule. Previously, NaH was the base used to
carry out this deprotonation!®, however we encountered some drawbacks associated

with using this base. Radioactive side products with short retention times are always
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observed in the HPLC chromatography of the crude reaction mixture, yet when NaH
was used these radioactive side products were larger and consequently the amount of
[*'C]diprenorphine observed at EOS was reduced (a sample HPLC chromatogram
can be found in the supplementary data). A possible explanation for this could be
that the reaction solvent (DMF) may be more unstable and be hydrolysed in NaH?
(especially at elevated temperatures) which could give rise to the increase of early
eluting radiolabelled side products and possibly carbon-11 methylated DMF.
Another drawback related to using NaH was that it was necessary to use a filter to
remove insoluble material from the reaction mixture prior to HPLC purification.
However with a regenerated cellulose membrane filter a significant amount of crude
reaction mixture (743 MBq) was retained on the filter bed. Another implication of
using a filter for NaH in this position was that a fluid sensor which detects the
presence of liquid in the tubing leading to the HPLC injection loop and allows the
HPLC injection to be automated was rendered unusable. Finally there is some
difficulty associated with the handling and storage of NaH due to the compound
being highly moisture sensitive and reactive. With these drawbacks taken into
consideration an alternative base was sought after to carry out the deprotonation at

the C-6 hydroxyl position of TDPN prior to carbon-11 methylation.

NaOH was investigated as an alternative base and was used as a commercial 12M
solution, a 10M solution prepared from pellets and also in a bead form (20-40 mesh).
NaOH is less basic and less reactive when compared to NaH, evoking fewer side
reactions whilst still producing the alkoxide at the C-6 position of TDPN. This
reduced the early eluting radioactive side products observed by HPLC and increased
amount of [*C]diprenorphine at EOS. As shown in Table 1, using NaOH beads
directly led to the highest amount of formulated [*'C]diprenorphine at EOS from
[“'C]methyl iodide (1848 MBq of formulated [**C]diprenorphine at EOS (n = 19)).
The average amount of formulated [**C]diprenorphine produced when NaH was used
as the base was the lowest (946 MBq of [**C]diprenorphine at EOS (n = 14)). Of the
different forms of NaOH investigated NaOH beads gave the best yield at EOS. Using
NaOH beads directly rather than in an aqueous solution eliminates water from the
reaction mixture which presumably minimises radiochemical side products. Also the
presence of water would decrease the amount of alkoxide produced by the base.

Using sodium hydroxide beads for the carbon-11 methylation stage of the
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radiosynthesis not only produced more [**C]diprenorphine at EOS but also allows
safer storage and handling compared to NaH and simplifies the automation of the

production process.

Cleavage of the triphenylmethyl protecting group was optimally carried out using
HCI at 105° C. Following the hydrolysis the reaction mixture was neutralised and
buffer was added to the reaction mixture prior to HPLC purification. It was found
that controlling the pH of the crude reaction mixture was essential to ensure a
consistent retention time of [**C]diprenorphine on the C18 HPLC column. If the
reaction mixture has a low pH then the amine group of [*'C]diprenorphine is
protonated making the molecule less lipophilic causing it to elute from the HPLC
column earlier and increasing the possibility of co-elution with chemical and
radiochemical impurities. To ensure the HPLC resolution was consistently good,
sodium phosphate dibasic (10mM) was added to the mobile phase to give consistent

retention times as well as improving the chemical purity of the final product.

A sample enrichment step prior to HPLC purification reported in Luthra et al.[! was
excluded from our radiochemistry procedure and the formulation step was also
simplified by omitting the use of a rotary evaporator. HPLC purification of
[*'C]diprenorphine was instead followed by isolation of the product on a C18 solid
phase extraction (SPE) cartridge, and final formulation in 0.9% saline. The
optimisation of these steps allowed us to reduce the time of the production process,
an important factor when working with the short half-life of carbon-11 (t %2 = 20.38
minutes). Following SPE purification and formulation, [*'C]diprenorphine was
dispensed into a class A dispensing isolator via a 0.22 pum membrane filter to give a

final product suitable for injection.

We report an average [*'C]diprenorphine radiochemical purity of 97% when
produced from [**C]methyl iodide. The 3% radiochemical impurities could consist of
diprenorphine labelled at the C20 position. If this was the case we could expect a
radio peak eluting close to the [**C]diprenorphine peak in the QC radiotrace as we
would expect the molecules to have similar lipophilicity properties. However we see
multiple small peaks in the QC gamma trace which make up the 3% impurities.
Some are closely eluting to the [*'C]diprenorphine peak and could be attributed to
radiolabelling at the C20 position of TDPN.
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["'C]Methyl trifluoromethanesulphonate ([**C]methyl triflate) as carbon-11
methylating synthon to [6-O-methyl-''C]diprenorphine.

[*'C]Methyl triflate was considered as an alternative carbon-11 methylating agent to
the more commonly used [“C]methyl iodide for the production of
[*'C]diprenorphine. Previously [**C]methyl triflate has been used as the carbon-11
methylating agent for the preparation of PET ligands and radiotracers 2224 A
potential advantages of the more reactive [**C]methy! triflate’®® is that the required
methylation reaction conditions are more gentle. This means lower reaction
temperatures, shorter reaction times and smaller amounts of desmethyl precursor can
be used for the carbon-11 methylating steps®®. Short reaction times are a clear
benefit considering the constraints of the short half-life of carbon-11 and low
reaction temperatures suggests a reduced possibility of undesired side reactions or
possible precursor molecule degradation occurring. Using less precursor material
also has cost benefits as well as making final product purification potentially easier.
Finally the lower volatility of [*'C]methyl triflate compared to [**C]methyl iodide
makes trapping [*'C]methyl triflate in reaction solutions more facile.

[*'C]Diprenorphine was produced with [**C]methyl triflate under mild reaction
conditions, however increased radioactive side products and lower radiochemical
purity of the final product were observed. It was postulated that the low
radiochemical purity of the final product was due to the lack of selectivity between
the two hydroxyl groups in the C6 and C20 positions of TDPN offered by the highly
reactive [*'C]methyl triflate and the solvent DMF. TDPN (Figure 1) has three
possible sites for carbon-11 methylation, the two hydroxyl functions at positions C-6
and C-20 and the tertiary amine group bridging the C-9 and C-16 positions. Carbon-
11 methylation of the amine group would lead to quarternisation at this position to
yield a more hydrophilic compound which would be less retained on a C18 HPLC
column. The use of a base to generate the alkoxide derivative of the hydroxyl groups
results in an increase of the regioselectivity of the carbon-11 methylation at the
alkoxyl at the C-6 bridgehead position, favoured over the sterically hindered and less
nucleophilic hydroxyl group at the C-20 position. There is likely to be competition
between the nucleophilic sites at the C-6 and C-20 positions for the carbon-11
methylating agent, which is more of an issue when the more reactive [*'C]methyl

triflate is used. Figures 5 and 6 depict a gamma and UV HPLC chromatogram of a
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[*'C]diprenorphine reaction mixture produced from a synthesis with [“'C]methyl
triflate. On the radio-trace (Figure 5) a complex synthesis mixture results in a
[*'C]diprenorphine peak broadening with the peak being shifted to a later retention
time. In addition [“'C]diprenorphine can be seen co-eluting with two other
radioactive compounds which correspond to the low radiochemical purity at EOS.
This could support the hypothesis of possible radiolabelling at the C-20 position of
the molecule when using the less selective and more reactive ['C]methyl triflate.
Carbon-11 methylation at the C-20 position would produce a molecule with a similar
retention time to [*'C]diprenorphine which would possibly co-elute giving rise to

reduced radiochemical purity.

The synthesis of [**C]diprenorphine using ["C]methyl triflate produces less
["'C]diprenorphine at EOS with a lower radiochemical purity compared to a
synthesis with [**C]methyl iodide. Comparing the gamma HPLC chromatograms of
syntheses from [**C]methyl iodide (Figure 3) and [*'C]methyl triflate (Figure 5) we
can see the radiochemical impurities which elute between 2 and 5 minutes when
using [**C]methyl triflate. The lesser retained radiochemical impurities suggests the
compounds are relatively polar and could possibly be a result of [*'C]methy! triflate
reacting with the reaction solvent DMF or with the small quantities of water which
may be present in the reaction mixture. As [**C]methy! triflate is being consumed in
these side reactions, the implication is that there is less available to react with TDPN

to produce [*'C]diprenorphine, resulting in lower yields.

The bases considered for the methylation reaction using [**C]methyl triflate included
NaH, NaOH and 1,8-diazabicycloundec-7-ene (DBU), all differing in the strength of
basicity. A summary of the results can be seen in table 2. When DBU was used as
the base no [*'C]diprenorphine was produced in the reaction mixture. DBU was used
as it is a highly steric, non-nucleophilic base and the hypothesis was that these
characteristics would allow the [**C]methyl triflate to react with the precursor
molecule preferentially at the C-6 position. Interestingly, no [**C]diprenorphine was
produced with [*'C]methyl triflate and DBU, which suggests that a stronger base is
required to selectively label TDPN at the C-6 position with [*'C]methyl triflate.

Relative chemoselective reactivity of [*'C]methyl iodide and [*'C]methyl triflate
towards O- and N-methylation has been reported with contradictory results, Schou et
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al.?®! found it necessary when using [*'C]methyl triflate for the radiolabelling of
(s,5) [*'C]-MeNER to use a protecting group on a morpholino nitrogen in order to
gain selectivity for a hydroxyl group but oppositely [**C]methyl iodide reacted
exclusively on the phenolic precursor in the presence of excess sodium hydroxide
and no significant N-methylation was observed. Oppositely for the production of
[*'C]PIB, Mathis et al.?" concluded that protection at the hydroxyl group is required
for successful N-[*'C]methylation with [*'C]methyl iodide while Wilson et al.l*®
reported the labelling of PIB using [*'C]methyl triflate with exclusively alkylation on
the aniline nitrogen of the unprotected precursor. Thus the selectivity of [**C]methyl
triflate toward O- and N-methylation depends on the precursor and can be lower or
higher than that of [**C]methyl iodide. For [*'C]diprenorphine we have found that
the selectivity of [*'C]methyl triflate towards the two free hydroxyl groups of the
precursor in the C60 and C20 is lower than that of [**C]methyl iodide. We therefore
suggest that [**C]methy! triflate is not an appropriate route for the radiosynthesis of
[*'C]diprenorphine as it produces a lower yield in [**C]diprenorphine with a lower
radiochemical purity at EOS compared to [*'C]methyl iodide.

Perhaps trapping [*'C]methyl triflate at 0 °C may improve the labelling yield of
[*'C]diprenorphine and supress the amount of radiolabelled side product resulting

from a reaction with DMF.

Conclusion

A fully automated, reliable, and robust [**C]diprenorphine production process was
achieved using a TRACERIab FXgg radiochemistry platform, to deliver high specific
radioactivity [*'C]diprenorphine with high radiochemical purity to be used in
clinical PET studies. The improvement to the specific radioactivity is on average 10
times higher than that reported in the literature!®, which is important for a ligand
which is targeting neuroreceptors. [*'C]Diprenorphine was produced to GMP
standards in approximately 33 minutes from [*'C]methyl iodide trapping time (48
minutes from EOB), to be used to probe the endogenous opioid system in vivo using
PET. Starting from 15.7 — 26.8 GBq (425 — 723 mCi) of [*!C]methyl iodide, 1067 —
2967 MBq (an average of 1625 MBq) [*'C]diprenorphine formulated for human
administration was produced with an average radiochemical yield of 32 % (based on
80 syntheses decay corrected to [**C]methyl iodide trapping time). A typical specific
radioactivity of 242.1 GBg/umol was attained (ranging from 31.8 — 908.3
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GBg/umol) representing an average of 0.43 pg/mL of stable diprenorphine carrier,

with 97 % radiochemical purity (based on 80 syntheses).

We have described a modified synthetic method automated on a GE TRACERIab
FXre radiochemistry module to produce high radiochemical purity
[*'C]diprenorphine. Automation of the radiosynthesis on the TRACERIab FXge
platform improves both the reliability and reproducibility of the production process
which is demonstrated in the simplified formulation and purification steps resulting
from the in-built SPE separation process. Optimisation of the radiochemistry route
included using NaOH beads for the carbon-11 methylation stage of the
radiosynthesis. This produced more [*C]diprenorphine at EOS with a cleaner
reaction mixture but also allowed easier handling compared to NaH. [**C]Methyl
iodide proved superior to [“'C]methyl triflate for this radiosynthesis and more
reliable for routine production. [**C]Methy! triflate showed high reactivity but poor
selectivity in the carbon-11 methylation of TDPN producing a more complex crude
synthetic mixture which was poorly resolved by HPLC purification with some
carbon-11 labelled side products co-eluting with [*C]diprenorphine. With the
optimisation and automation described in this work we suggest that this automated
radiochemistry route to [*'C]diprenorphine should be the method of choice for
routine [*'C]diprenorphine productions for PET studies. The synthesis method
described here utilises a GE PETtrace Mel Microlab system combined with a GE
TRACERIab FXge radiochemistry module. However we believe the production
process could easily be transferred to other radiochemistry modules such as the

TRACERIab FX C pro where the full production could be done on a single module.
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Abstract

Described here is a method for the measurement of the radio-metabolites of
the positron emission tomography (PET) radiotracer [6-O-methyl-**C]diprenorphine
([**C]diprenorphine) using an in-line solid phase extraction (SPE) combined with
radio-HPLC analysis. With this method we observe a high degree of within-subject
reproducibility of metabolite profile with consistent differences between subjects.
This is indicative of the reliability and reproducibility that our method of metabolite
analysis of [*'C]diprenorphine offers. We conclude that the metabolite data for
multiple PET scans in the same subjects using this method of metabolite analysis is
so well matched that it may be possible to apply a single set of metabolite data for a
participant over multiple PET scans as the variability is so low. We believe that our
method of analysis of [**C]diprenorphine metabolites should be the method of choice
for clinical and PET scanning. In addition, different SPE stationary phases are
assessed for their efficiency for loading, retention and elution of the parent molecule
and its metabolites. Having assessed C4, phenyl and C18 stationary phase we
concluded that a C18 SPE packed stainless column assembly (300 mm x 48 mm)
was optimal for our method. Finally, in silico predictions of diprenorphine
metabolism were compared to the in vivo metabolism of [**C]diprenorphine induced
by hepatic microsomal digestion and analysed by MALDI mass spectrometry. It was
found that there was a high degree of agreement between the two methods and in

particular the formation of the diprenorphine-3-glucuronide metabolite.
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Introduction

[6-O-methyl-''C]diprenorphine ([*'C]diprenorphine) is an important positron
emission tomography (PET) radioligand which binds to multiple subtypes of opioid
receptor (, 8 and « sites) with high affinities (Ki values of approximately 0.2 nM)™.
Diprenorphine acts as an antagonist at p and 6 opiate receptors and as a weak agonist
at the « receptorsi®. Opiate receptors are associated with a wide variety of
physiological processes including analgesia, epilepsy™, central post-stroke pain'*!
dysphoria and euphoria®®. [**C]diprenorphine PET Is a powerful tool to study the
role of the endogenous opioid system in these biological processes, allowing
{2 510] by

endogenous opioids. However, [*'C]diprenorphine will undergo metabolism in vivo

quantitative imaging of opioid receptor density and displacemen

and this is significant for PET imaging. If radiolabelled metabolites are produced on
the timescale of a clinical PET scan then a method is required to determine the

radiometabolite concentrations as a function of time.

Having the ability to identity *'C labelled metabolites is also important in
order to estimate their influence on the scan data, for example, knowing the ability of
the radiometabolite to cross the blood-brain barrier and their affinity for opiate
receptors is of high importance when modelling [*'C]diprenorphine binding in the
brain accurately. At various time points during the PET scanning session the ratio of
parent [*'C]diprenorphine to each radio-metabolite needs to be established. An
accurate correction for arterial plasma radiometabolite concentrations is necessary,
so that a correct plasma input function can be derived for [**C]diprenorphine in order
to accurately model quantitative binding of [**C]diprenorphine to available opioid
receptors in the brain.

A variety of methods are available for the extraction and measurement of
radiotracer metabolites. The measurement of radio-metabolites in human plasma is
very challenging. The radio-metabolite concentrations are low and diminish with
time, requiring that relatively large volumes of plasma (5 mL) be analysed. Such
volumes of plasma cannot be analysed directly using analytical HPLC (< 4.6 mm
I.D. columns) without overloading the column, yielding very poor chromatographic
resolution and dramatically shortening HPLC column life. Chromatographic
detection normally employs flow-through detectors, giving an immediate, real time

measurement of chromatographic peak height and area, however the short sample
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residence time in the detector leads to poor detection limits. This can be improved by
collecting fractions of eluent and measuring each fraction off-line in a radio-detector,
thus extending measurement time significantly, limited only by the availability of
radio-detectors for the number of samples generated. Large plasma samples can (and
have) been injected onto preparative scale HPLC columns, however these have
correspondingly higher mobile phase flow rates and generate larger volume fractions
for off-line detection. Widely available multi-well detectors such as the Perkin Elmer
10-well automatic gamma counter are limited in sample capacity and the
chromatography is best performed with an analytical scale column generating

fractions in the volume range of 1 — 3 mL.

The alternative to direct analysis (HPLC column injections) is to remove the
protein fraction from the sample and try to pre-concentrate the metabolites into
smaller volume samples. This has been achieved in a number of ways 1) protein
precipitation 2) liquid-liquid extraction 3) metabolite trapping by SPE. The efficacy
of these methods will depend on the lipophilicity of the parent tracer and metabolites
and the extent to which these species are co-precipitated with plasma proteins.
However these methods have inherent problems associated with them. Performing
protein precipitation/extraction can lead to the loss of metabolites which may be
bound to the plasma proteins and using a vacuum manifold with SPE cartridge
extraction may lead to the loss of any volatile metabolites which may be present in
the sample. We believe that the use of in-line SPE cartridge to clean-up and
concentrate the sample followed by HPLC analysis is the optimum method of
metabolite analysis. With this method it is possible to start with a 5 mL blood sample
which can be processed and worked up so that metabolite measurements can be
performed on an analytical HPLC column. Figures 1 — 3 depict the configuration of
the in-line SPE followed by HPLC set-up for [**C]diprenorphine analysis.
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Figure 1: Schematic of in-line SPE and HPLC system. Valves are shown in sample inject

position.
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Figure 2: Schematic of in-line SPE and HPLC system. Valves are shown in SPE load position.
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Figure 3: Schematic of in-line SPE and HPLC system. Valves are shown in SPE elution position.

Diprenorphine has a logP value of 2.57, so it is important to select the
appropriate SPE and HPLC stationary phase which will retain [*'C]diprenorphine as
well as the less lipophilic radio-metabolites such as [“'C]diprenorphine-3-
glucuronide (logP value of 0.69). The metabolism of diprenorphine has been studied
previously with different radiolabelled analogues of the molecule (Figure 4).
Diprenorphine has been labelled with *'C at the C17 position of the molecule!* (N-
[*'C]diprenorphine), however it has been suggested that diprenorphine is rapidly
metabolised via N-dealkylation™? resulting in the loss of the radiolabelled moiety.
More recently an automated synthesis of an |F fluorinated analogue, 6-O-[2-
[*8F]fluoroethyl)-6-O-desmethyldiprenorphine ([*®F]diprenorphine), was
described™.  [*®F]diprenorphine was shown to have similarities in the
pharmacokinetics and receptor binding properties to [6-O-methyl-C]diprenorphine.
However [®F]diprenorphine showed lower brain uptake and rapid metabolism, with
the radio-metabolites accounting for 20% of the radioactive signal in mouse brain 30
minutes after administration of the tracer™!. The position of the C radiolabel at the
C6 position means that it is less susceptible to metabolism and the molecule is less

rapidly metabolised compared to [*®F]diprenorphine!®!.
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Figure 4: Radiolabelled analogues of diprenorphine.

Predicting radiotracer stability and metabolism in vivo can be challenging,
however experiments using pooled human liver microsomes to ‘digest’ the
radiotracer can be used to give an insight into what metabolites of the radiotracer
might be expected in vivo. Bio-transformations are evoked by exposing
[*'C]diprenorphine to pooled human liver microsomes, a source of the cytochrome
P450 enzyme, and uridine glucuronosyl transferase (UGT) enzymes, both of which
are important enzymes involved in the expulsion of foreign chemicals/drugs in the
body. In addition computational programs can be used to predict the most likely
chemical transformations that occur on a molecule during phase 1 or phase 2
metabolism. These predictions are made using specialised computer software such as

with Meteor Nexus metabolite prediction software.

A method to accurately and reproducibly measure [“C]diprenorphine
metabolites using in line SPE and HPLC analysis has been developed. The
metabolites of [*'C]diprenorphine from clinical scans have been compared with in
silico predictions, as well as simulated metabolism of [*'C]diprenorphine using
pooled human liver microsomes. The major radio-metabolite of [**C]diprenorphine
has also been identified by matrix-assisted laser desorption/ionisation mass

spectroscopy (MALDI-MS) as [*'C]diprenorphine-3-glucuronide.

Materials and Equipment

Diprenorphine standards were purchased from Tocris Bioscience
(Oxfordshire, U.K). Pooled human liver microsomes, Bovine serum albumin, UGT
reaction solution A and UGT reaction solution B were all purchased from BD
Biosciences (U.S). Sodium dihydrogen phosphate buffer, HPLC grade methanol and

sodium hydroxide were purchased from Sigma Aldrich Company LTD (Dorset,
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U.K). 0.45 um PTFE syringe filters were purchased from Pall Life Sciences
(Portsmouth, UK).

HPLC analysis was performed on a Shimadzu Prominence HPLC system
running Laura 3 software from LabLogic (South Yorkshire, UK) and LC solutions
from Shimadzu LTD, UK. The HPLC system was run with a CBM-20A controller, a
LC-20AB solvent delivery system, an SPD-20A absorbance detector and SIL-20A
auto sampler. A dual BGO coincidence detection and a flow-count radio HPLC
detection system were both purchased from Bioscan (Washington DC, US). An ACE
5 C18 HL HPLC column was used and purchased from Hichrom (Berkshire, UK).

A PK121R centrifuge was purchased from Thermo Fisher Scientific LTD
(Massachusetts, US) and a 1470 Automatic Gamma Counter (AGC) was purchased
from PerkinElmer (Massachusetts, US).

Shim-Pack MAYI-C4 SPE cartridges were purchased from Shimadzu LTD,
UK, Isolute PH SPE packing material was purchased from Biotage (Cardiff, UK)
and C18 SPE packing material was purchased from Waters LTD (Hertfordshire,
UK). Empty SPE column assemblies and fitting were purchased from Phenomenex
(Macclesfield, UK).

Methods

[6-O-methyl-*'C]Diprenorphine production

["'C]diprenorphine was synthesised according to a previously reported
method™*” with some adaptations made to the radiochemistry and automated on a GE
TRACERIab FXge radiochemistry system™**. The product was formulated for human
administration and produced in line with good manufacturing practice (GMP)

guidelines.

[6-O-methyl-"'C]Diprenorphine metabolite analysis for PET scans.
[*'C]diprenorphine metabolites were analysed in discrete blood samples by
way of in-line SPE followed by HPLC analysis. Discrete blood samples were spun
down in a centrifuge at 4000 g for 2 minutes at 20 °C. Following this, 2 mL of the
plasma layer was extracted and added to 3 mL of sodium dihydrogen phosphate
buffer (NaH,PO,4, 5 mM) which was pre-spiked with stable diprenorphine (15 pL of
1 mg/ml solution). The sample was then loaded onto a 5 mL stainless steel loop and

Page 128 of 223



transferred in NaH,PO,4 (5 mM) at a flow rate of 1 mL/min over a period of 5
minutes onto a pre-packed stainless steel SPE column (3 x 0.48 cm) containing a
C18 bulk packing material. It should be noted that SPE columns packed with other
stationary phases were used for different experiments. The SPE column was then
washed for a further 3.5 minutes with NaH,PO,4 at 1 mL/min. The liquid from the
SPE load and SPE washing steps containing plasma proteins and the most polar
metabolites was collected in a pre-weighed vial containing sodium hydroxide
(NaOH, 50 pL). 5 mL aliquots of the SPE breakthrough were then taken, weighed
and counted in a well counter. The SPE column was then eluted in the reverse
direction onto an ACE-5 C18 HL HPLC column with methanol : NaH,PO, (60 : 40)
with the methanol : NaH,PO, changing to 80 : 20 over the first 2.5 minutes, HPLC
eluent was monitored for UV absorbance at 254 nm. The HPLC eluent was collected
into fractions (1.6 mL and 2.4 mL) which were counted in a 10 well automatic
gamma counter (AGC) in which one position was left clear for background
corrections. For this study each subject underwent 2 PET scanning sessions

conducted on separate days.

In order to assess the suitability of the SPE column being used, hot recoveries
of the whole system were performed. This was done by making an injection onto the
system which consisted of plasma (2 mL), NaH,PO, (5 mM, 3.2 mL), a spike of
stable diprenorphine and [**C]diprenorphine. A 50 pL aliquot of the injection sample
was taken and added to 1 mL of water which was weighed and then counted in the
well counter. The recovery sample was then injected on to the whole system (SPE
and HPLC) and was processed as described above. As well as collecting the SPE
breakthrough, the SPE washes were also collected when performing recovery
checks. In each case 5 mL aliquots of both SPE breakthrough and SPE washes were
taken, weighed and counted in the well counter. Similar to above, the HPLC eluent
was collected into fractions (1.6 mL and 2.4 mL) which were counted in a 10 well
AGC with one position was left clear for background corrections. Measurement from
the AGC and the well counter were processed and recoveries were calculated by
comparing the radioactivity in the injection to the decay corrected activities in the

SPE breakthrough aliquots, SPE wash aliquots and AGC fractions.
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Production of [6-O-methyl-"'C]diprenorphine metabolites by means of digest,
using pooled human liver microsomes

[*'C]diprenorphine metabolites were generated by performing a digest using
pooled human liver microsomes. To a centrifuge tube containing pooled human liver
microsomes (25 L, approximately 0.5 mg) UGT reaction mixture solution A (200
pL, containing 25 mM UDPGA) and UGT reaction mixture solution B (82 pL,
containing 5X-UGT assay buffer with alamethicin) was added. [**C]diprenorphine
and stable diprenorphine (10 pL of 1 mg/mL) were added to the assay before water
(175 pL) and bovine serum albium (175 pL) were added. The digestion was then
incubated in a water bath (37 °C) for 45 minutes to 1 hour after which the digestion
was terminated with the addition of acetonitrile (500 pL). The reaction mixture was
then spun at 16,060 g for 5 minutes at 4 °C in after which the reaction mixture was
separated from the microsome pellets. Next the reaction mixture was filtered through
an Acrodisc CR 4 mm syringe filter with a 0.45 uM PTFE membrane before being
analysed via in-line SPE and HPLC.

Results

In Silico Analysis of [6-O-methyl-*'C]diprenorphine metabolites

A computational analysis of the metabolism of [*'C]diprenorphine was
performed using Meteor Nexus software (from Lhasa LTD, Leeds, UK). Meteor
Nexus is a knowledge-based computational software used to predict molecular
metabolism. The software predicted that diprenorphine would undergo oxidative N-
dealkytion via the family of CYP450 enzymes as part of phase 1 metabolism. The
Nexus software also predicted oxidative O-alkylation of diprenorphine, again by
means of the enzyme family CYP450 and as part of phase 1 metabolism. Another
predicted metabolite of diprenorphine was formed from the glucuronidation of the
aromatic alcohol via a uridine 5'-diphospho-glucuronosyltransferase (UGT) enzyme
as a result of phase 2 metabolism to diprenorphine-3-glucuronide. The metabolites

predicted by Meteor are depicted in Figure 5.
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—O0 —O0 HO —O
HO/< HO/< HO/< HO/<
Formula: Cy6H35NOy4 Formula: C,5HogNOy4 Formula: Cy5H33NO4 Formula: C3,H43NO¢q
Molecular Weight: 425.57 Molecular Weight: 371.48 Molecular Weight: 411.54  Molecular Weight: 601.69
Log P: 2.57 Log P: 1.47 Log P: 2.21 Log P: 0.69
CLogP: 2.6621 CLogP: 1.4131 CLogP: 1.8687 CLogP: -1.5934

Figure 5: Metabolites of diprenorphine (including LogP values) predicted by Meteor Nexus.
From I-r, diprenorphine (parent), product of oxidative N-dealkylation (phase 1 metabolism),
product of oxidative O-dealkylation (phase 1 metabolism) and diprenorphine-3-glucuronide (via

phase 2 metabolism).

SPE column loading and elution

A stainless SPE column (3 x 0.48 cm) was packed with C18 stationary phase
and the loading and elution experiments were performed by placing the SPE column
between dual BGO coincidence detectors. The purpose of this experiment was to
assess the ability of the SPE material to trap [“'C]diprenorphine, to retain
[*'C]diprenorphine during washing of the SPE and to elute [*'C]diprenorphine
efficiently. During the SPE washing stage the observed radioactivity signal should
plateau and level off. This is then followed by the elution of the [**C]diprenorphine
from the SPE. During this phase the radioactivity signal should be observed
dropping to an area around the background levels as [**C]diprenorphine leaves the
SPE and is no longer detected by the BGO. An injection of [**C]diprenorphine in
plasma was loaded onto the SPE column as described above and the data was
processed on the Laura 3 software. A typical radioactivity trace can be seen in Figure

6 showing the SPE loading washing and elution steps.
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Figure 6: Radioactivity trace of C18 SPE column (300 x 48 mm) placed between dual BGO

detectors during [*'C]diprenorphine loading, washing and elution.

[6-O-methyl-*'C]Diprenorphine metabolite analysis for PET

Arterial blood samples were taken from patients at 5 minutes, 10 minutes, 20
minutes, 30 minutes, 40 minutes and 60 minutes post [**C]diprenorphine injection.
The blood samples were processed as detailed in the methods section and analysed
by in-line C18 SPE and HPLC analysis. Figure 7 shows the profile of
[*'C]diprenorphine, the major metabolite [*'C]diprenorphine-3-glucuronide and of
the SPE breakthrough at various time points post injection. The data shows pooled

averages for each time point for 55 [*'C]diprenorphine PET scans.
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Figure 7: Metabolite profiles of [*'C]diprenorphine, [**C]diprenorphine-3-glucuronide and SPE

breakthrough. Data is based on pooled averages from 55 scans.

Recoveries of various SPE stationary phases

Various SPE stationary phases were investigated to determine which phase
would be optimal for trapping and eluting both parent and metabolite molecules with
minimal loss. Three stationary phases were considered, a C4 phase (Shim-Pack
MAYI-C4), a C18 phase and a phenyl stationary phase. The C18 and the phenyl
stationary phases were packed into stainless steel column assemblies, whilst the
MAYI C4 material was pre-packed. Recoveries on the whole system (SPE and
HPLC) were performed as described in the methods section, the results are

summarised in Table 1.
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SPE packing Average Average SPE n=
material [*'C]diprenorphine breakthrough
recovery (%o) (%)
Phenyl (Isolute Ph) 76.2+7.4 0.6+0.3 8
C4 (Shimadzu
98.7+2.9 39126 6

MAY1)
C18 (Waters) 93.9+45 14+05 86

Table 1: [*'C]diprenorphine recoveries for different SPE column stationary phases.

Discussion

In SilicoAnalysis of [6-O-methyl-"*C]diprenorphine metabolites

The chemical structures of the metabolites of diprenorphine which were
predicted by Meteor Nexus metabolite prediction software can be seen along with
their logP values in Figure 5. It is clear to see that the logP values for the metabolites
are all lower than the logP of the parent diprenorphine molecule (2.57). We would
expect that the metabolites of diprenorphine would elute before the parent on a C18
phase HPLC column and this is what we do observe. The computer software predicts
the loss of the cyclopropyl moiety from the molecule which has long been suspected
as a major metabolite of diprenorphinel*®. The software also predicted a loss of a
methyl group form from the 6-hydroxy position of diprenorphine. If this was to
happen with [“'C]diprenorphine we would lose the ''C radiolabel. The final
predicted structure is glucuronidation of diprenorphine at the 3-hydroxy position to
produce [*'C]diprenorphine-3-glucuronide. We would anticipate that glucuronidation

would occur at this position as it is the more acidic and reactive hydroxyl group.

[*'C]diprenorphine metabolites were generated using a digestion method
with hepatic microsomes and isolated as described in the methods and the sample
was analysed by MALDI-MS. The analyte (0.5 pL) was spotted onto a plate along
with a matrix of a-cyano-4-hydroxycinnamic acid (CHCA), in 1:1:0.05
(water:acetonitrile:trifluoroaceticacid). The results showed 3 peaks of note, the major
peak in the analysis at m/z 426 represents [diprenorphine+H]" and the peak at m/z
849 is the diprenorphine dimer. The peak at m/z 602 is diprenorphine glucuronide,

thought to be the major metabolite.
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Figure 8: MALDI MS spectrum of diprenorphine digest showing peaks for parent
diprenorphine (m/z 426), diprenorphine dimer (m/z 849) and diprenorphine glucuronide (m/z
602).

We have also shown good agreement between the predicted in silico
metabolism of diprenorphine and the in vivo metabolism of [*'C]diprenorphine
produced by hepatic microsome digestion. The Meteor software predicted the
formation of diprenorphine-3-glucuronide via phase 2 metabolism and the UGT
enzyme. We confirmed this was the case by performing a digestion of
[*'C]diprenorphine with hepatic microsomes and confirmed the formation of
[*'C]diprenorphine-3-glucuronide by MALDI-MS analysis. By identifying the major
metabolite of [**C]diprenorphine we can start to answer important questions such as
will [*'C]diprenorphine-3-glucuronide cross the blood brain barrier, and if it does
will it compete with [**C]diprenorphine for available opioid receptor sites? The logP
of [*'C]diprenorphine-3-glucuronide (0.69) suggests that it would find it difficult to
traverse the blood brain barrier. The pharmacology of [“'C]diprenorphine-3-
glucuronide is unclear, however we can compare how other glucuronides of opiates
act on opioid receptors. For example morphine-3-glucuronide has been shown to

have a low affinity at p-receptorst®® whereas buprenorphine-3-glucuronide was
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reported to have some biological activity which could contribute to the total
pharmacology of buprenorphine!*®!. More work needs to be completed to analyse the
blood brain barrier permeability and affinity diprenorphine-3-glucuronide may have
on opioid receptors.

SPE column loading and elution

Figure 6 shows a decay corrected radioactivity trace from a C18 SPE column
placed between a dual BGO coincidence detector setup to observe the SPE loading
and elution. [*'C]diprenorphine is seen to be loading onto the C18 SPE for the first 5
minutes after injection onto the system. Following this, there is a plateau showing
that [*'C]diprenorphine is being held on the SPE column and is not moving through
the SPE. At 8.5 minutes the 2 position 6-way valves switch to allow the HPLC
eluent to flow through the C18 SPE column in the reverse direction eluting the
[*'C]diprenorphine from the C18 SPE. This can be seen as the activity on the gamma
trace drops down to background levels. The drop is rapid which depicts elution of
[*'C]diprenorphine from the SPE.

[6-O-methyl-*'C]Diprenorphine metabolite analysis for PET

Figure 7 shows the profile of [*'C]diprenorphine, the major metabolite
[*'C]diprenorphine-3-glucuronide and of the SPE breakthrough at various time
points post [“'C]diprenorphine injection. From Figure 7 we can see that the
percentage of [**C]diprenorphine at 5 minutes post injection is around 70 % and
[*'C]diprenorphine-3-glucuronide accounts for 25 % of the radioactivity at this time
point. As we would expect, the percentage of [*'C]diprenorphine falls at later time-
point finally reaching 34 % at 60 minutes and the percentage of [*'C]diprenorphine-
3-glucuronide increases until a plateau of 52 % is reached at 30 minutes. The amount
of [*'C]diprenorphine-3-glucuronide at 60 minutes post injection remains at 52 %
The SPE breakthrough accounts for 4 % of the activity at 5 minutes post injection
which increases to 13 % at 60 minutes. This fraction contains the most polar
metabolites which are not retained by the SPE and are less likely to cross the blood

brain barrier.

Recoveries of various SPE stationary phases
Table 1 shows [*'C]diprenorphine recovery measurements for the SPE
stationary phases tested. We began by investigating the C4 (MAY]) pre-packed SPE
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column which is designed for biological sample pre-treatment. The MAYI| SPE
cartridges have a packing material in which the interior of the pore is modified with
C4 groups and the outer silica surface is coated with a hydrophilic polymer. Plasma
proteins should be unable to access the pore and do not adhere to the polymer
coating making them easy to elute whilst low molecular weight molecules (such as
diprenorphine) will enter the pores and be retained by the inner pore surface. From
the results in Table 1 we can see that on average we received good
[*'C]diprenorphine recoveries at 98.7 % (n = 6). However we found that a significant
amount of the parent was breaking through the C4 SPE column (3.9 % + 2.6 %). We
decided to investigate other SPE stationary phases and so moved our attention to the
phenyl reverse phase packed in-house, into stainless steel SPE column assemblies a
set-up which has been used previously for [*'C]diprenorphine PET studies. A low
average percentage of [**C]diprenorphine recovery was observed with this phenyl
stationary phase (76.2 % * 6.8%, n = 8). Interestingly this SPE stationary phase has
been used previously for a [**C]diprenorphine PET study where it was reported that
> 98 % of total plasma activity was retained by the SPE!®.. However when the phenyl
stationary phase was used it was discovered that the recoveries were low for a
similar in line SPE HPLC set-up. The stationary phenyl phase should be more
retentive of the lipophilic diprenorphine molecule compared to the C4 phase
however this was not the case. The phenyl reverse phase did have a lower average
percentage of SPE breakthrough with 0.6 % + 0.3 % compared to the 3.9 % + 2.6 %
for the C4 phase. Finally we studied the properties of a C18 stationary phase again
packed in-house. The C18 stationary phase showed good recoveries with an average
0f 93.9 % + 4.5 % (n = 86) of the radioactivity recovered and only 1.4 % £ 0.5 % of
radioactivity breaking through the SPE (it should be noted that this is for a much
larger data set of n = 86 compared to the other SPE stationary phases). If we
compare the percentage of SPE breakthrough in plasma for the C18 SPE column
with the MAYI C4 SPE column we can see that much more of the radioactivity is
retained by the C18 phase compared to the C4 phase which may suggest that the
parent ([*'C]diprenorphine) could be breaking through the C4 cartridge. This is
reinforced by the fact that C4 phase is less retentive than C18 stationary phase of
lipophilic molecules. Diprenorphine with a logP value of 2.57 is not retained as well

on the C4 material as it is on the C18 material.
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Once it was clear that [11C]diprenorphine was well retained by the C18
stationary phase the effect of altering the length of the C18 SPE column was
observed. The SPE column length was decreased from 500 mm to 300 mm. The
shorter column was shown to be the optimal size for efficient loading and elution of
[*'C]diprenorphine (as seen in Figure 6). Also a major benefit of the shorter SPE was
the time which was saved in cleaning the SPE cartridge between injections which is
an important factor given the time constraints of the short half-life of *'C (t,, = 20.38

mins).

Conclusion

A method is described to measure the metabolites of the PET radiotracer
[*'C]diprenorphine via an in-line SPE method followed by HPLC analysis. After
assessing various stationary phases of C4, phenyl and C18 we concluded that the
C18 phase packed into a stainless column assembly (300 mm x 48 mm) were the
best of the conditions investigated. This conclusion was made by investigating the
loading, retention and subsequent elution of [*'C]diprenorphine from the SPE as well

as performing experiments to measure the recovery of [*'C]diprenorphine.

With this method of [*'C]diprenorphine analysis, the metabolite profiles for
the same subject over multiple [*'C]diprenorphine scans was consistent and as such
it may be possible to apply a single set of metabolite data for a participant over
multiple scans. As expected, we do still see differences in the metabolite profiles in
different subjects. This shows the reliability and reproducibility of this method for
[*'C]diprenorphine metabolite analysis, and we believe that our method should be
the method of choice for [*'C]diprenorphine PET scanning.
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Abstract

The experience of pain in humans is modulated by endogenous and exogenous
opioids. Better understanding of how the opioid system adapts to chronic pain may
shed light on the sustainability of treatments that alter opioid physiology and
pharmacology. We present evidence that chronic pain in arthritis causes adaptive up-

regulation of opioid receptors (OpRs) in the striatum. Using Positron Emission
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Tomography (PET) and the radiotracer 'C-diprenorphine (a non-selective opioid
receptor antagonist), patients with arthritis pain (n = 17) and healthy controls (n = 9)
underwent whole-brain PET scanning to calculate parametric maps of opioid
receptor availability. Within the arthritis group, greater opioid receptor availability
was found in the striatum (including the caudate) of patients reporting greater levels
of recent chronic pain. In both patients and healthy controls greater opioid receptor
availability in the caudate (after correcting for levels of chronic pain) was associated
with higher pain threshold, suggesting that greater striatal opioid receptor availability
normally reduces the perception of nociceptive input. Conversely, patients with
arthritis pain had overall less opioid receptor availability within the striatum,
consistent with greater occupation of opioid receptor sites by endogenous opioids.
Together with supporting evidence from animal studies, these findings are consistent
with the view that chronic pain results in an adaptive upregulation of opioid receptor
availability. This may provide an explanation for individual variability in resiliency
to chronic pain and therapeutic response. Further clinical studies are required to
establish the pharmacological basis for these effects and their implications for

chronic pain therapy.

Acknowledgements

The authors declare no competing financial interests. The study was funded by a
project grant from the Medical Research Council in the United Kingdom. We extend
our gratitude to all staff at the Wolfson Molecular Imagine Centre who were
essential for the success of this project, in particular: Professor Karl Herholz and Dr
Peter Talbot who helped with the initial concept and design, and the radiographers,
radiochemists and blood lab for helping to implement the study. We also wish to
thank the consultant anaesthetists who aided in the collection of blood data, and

especially to our research nurse Ann Lenton who was crucial for patient recruitment.

Introduction

Musculoskeletal pain is one of the most common reasons for primary care
consultation and is most frequently reported by patients with arthritis!). However,
there is no clear correlation between pain and structural joint damage in
osteoarthritis®® or between the technical success of the total joint replacement and
pain reliefl®). The physiological basis of this variability in pain and treatment
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outcomes is uncertain. One possibility is natural variability in pain control

mechanisms in the central nervous system (CNS).

The ascending spinothalamic pathways that mediate pain terminate in multiple
thalamic nuclei, with the main cortical targets being the posterior insula, medial
parietal operculum (covering the insula) and mid-cingulate cortex!. However,
conscious experiences of pain require further cortical activity in ‘second-order’ pain
processing regions such as the anterior cingulate and anterior insulae that produce
context-dependent responses to paini. Together with prefrontal cortex, these pain
processing regions project to the basal ganglia including the striatum, which also
receives afferent nociceptive inputs from the spinal cord via the globus pallidus®’.
The striatum, including the caudate, putamen and nucleus accumbens, are the most
densely populated regions for opioid receptors in the brain®®l, and are thought to be
important for opioid-mediated endogenous analgesia® ', for example as part of the

placebo analgesic effect!*!),

The endogenous opioid system is poorly characterised in patients with arthritis.
Positron Emission Tomography (PET) receptor binding studies enable assessment of
the endogenous opioid system via radiotracers that bind to opioid receptors (OpRs),
such as carbon-11 labelled diprenorphine ([*'C]-DPN), an antagonist that binds
equally well to mu, delta and kappa OpRs™ **I. Experimental noxious stimulation in
humans decreases the binding, and therefore availability, of opioid radiotracers in a
number of pain modulatory brain regions, including the thalamus, striatum, anterior
cingulate, insula and prefrontal cortices™*®!. Reduced OpR availability in the human
brain has been associated with rheumatoid arthritis™*"!, chronic neuropathic paint*¢%4
and fibromyalgial®®, but the relationship of these findings to acute and chronic pain

perception remains largely obscure.

Here we used PET with [*'C]-DPN to assess OpR availability patients with arthritis
and healthy controls, to identify relationships between OpR availability and the level
of perceived acute and chronic pain. Our analysis revealed associations between the
striatum and the perception of both acute and chronic pain, which we discuss in

terms of adaptive upregulation of OpR binding sites in chronic pain states.
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Materials and Methods
The research study was approved by Stockport NHS Research Ethics Committee
(reference 09/H1012/44) and permission granted by ARSAC (radiation protection

agency).

Participants

17 patients (12 females) and nine healthy control participants (3 females) were
recruited into the study. All participants gave written informed consent. The
characteristics of the participants are shown in Table 1. Patients were recruited from
primary and secondary care in Greater Manchester, while healthy control
participants were recruited from an existing database of research volunteers, and
from primary care in Greater Manchester. 15 participants had a diagnosis of
Osteoarthritis (OA) while 2 had a diagnosis of Rheumatoid Arthritis (RA). All
patients had experienced chronic pain for at least the past three months. OA and RA
patients fulfilled the American College of Rheumatology (ACR) criteria for the
diagnosis of OAY and RA®). No control participants were experiencing any
chronic pain or other recurrent health problems. Exclusion criteria for both groups
included age of <35 years, and medical records showing a history of neurological
disorder, morbid psychiatric disorder (including major depression and anxiety-
related disorders confirmed by a psychiatrist), organ failure or cardiovascular
disease. It was expected that patients would be recruited with sub-clinical levels of
anxiety and depression that are normal for chronic pain populations.

Any patients taking opioid analgesic medication, of which there were two, were
asked to withdraw prior to scanning. The timing of this withdrawal was determined
on a case-by-case basis, but was started no more than 2 weeks prior, and completed
not later than 2 days prior, to each scanning session. Any paracetamol or NSAIDs

were withdrawn at least 24 hrs prior to scanning.

MRI data acquisition and pre-processing

A T;-weighted MRI brain scan was acquired for the purpose of excluding structural
abnormality, co-registration and spatial normalization of PET images. Scanning was
performed on a Philips Achieva 1.5 Tesla scanner at the Wolfson Molecular Imaging

Centre using a 3-D magnetization prepared rapid gradient echo sequence (MPRAGE;
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TR 8.6 ms, TE 4.0 ms, FOV 240 mm? Matrix 256 x 256, reconstructed voxel size
0.94 x 0.94 x 1.2, 170 slices) and clinically reported before each subject's PET scan.

MRIs were segmented into white matter, grey matter and cerebrospinal fluid using
Statistical Parametric Mapping (SPM8, Wellcome Department of Imaging
Neuroscience, Institute of Neurology, UCL, London, UK) running on Matlab version
7.10 (The Mathworks Inc., Natick, MA, USA).

Questionnaire assessments

Patients (but not healthy controls) completed an assessment of clinical pain as
experienced over the last week, prior to PET scanning. Clinical pain was measured
using the short-form McGill Pain Questionnaire (MPQ)®®, which has subscales for

sensory and affective pain.

Positron Emission Tomography (PET) scans

A cannula was inserted into a radial artery of the non-dominant forearm after a
satisfactory modified Allen’s test and local anaesthesia, for sampling of arterial
blood during the scan. An intra-venous cannula was inserted into the dominant

forearm for radiotracer injection.

Patients were scanned using a Siemens/CTI High Resolution Research Tomograph
(HRRT; CTI/Siemens Molecular Imaging, TN, USA ¥y PET scanner at the
Wolfson Molecular Imaging Centre, capable of 2.5 mm resolution. This is a
dedicated brain PET scanner comprising eight flat panel detectors, with transaxial
and axial FOVs of 31.2 and 25.2 cm, respectively. Depth-of-interaction information
was provided by a dual-layer scintillator phoswich detector (10 mm LSO, 10 mm
LYSO). Point source resolution varied across the field of view from approximately
2.3 to 3.2 mm (full-width-at-half-maximum; FWHM) in the transaxial direction and
from 2.5 to 3.4 mm in the axial direction.

Participants were positioned supine with their transaxial planes parallel to the line
intersecting anterior and posterior commissure (AC—PC line). Head position was
measured and equated as best as possible in both PET sessions. Head movement
during scanning was discouraged by applying gentle pressure to the nasion via a
padded attachment to the head holder. Patients wore a customized neoprene cap with
a reflective tool attached to the vertex that was used to continuously assess head
motion using a Polaris Vicra infrared motion detector (Northern Digital, Ontario,
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Canada). Prior to further scanning, a 6 min transmission scan was performed for

attenuation correction, facilitated by a **'Cs transmission point source/®!.

Regional cerebral blood flow (rCBF) was measured to allow for assessment of the
relationship of [*'C]-DPN binding results to rCBF. Following the transmission scan
and immediately prior to the [**C]-DPN scan, 510 MBq to 645 MBq (target dose:
600MBq) of *O-labelled water (H,™>0) was administered, with the dynamic PET
data collected into 26 frames (variable background frame, 10x5s, 6x10s, 3x20s,
6x30s). The injections were administered using an automatic radio water generator
(HIDEX Inc., Turku, Finland) with the injection sequence consisting of a 15 second
flush of cold saline, a 15 second injection of saline containing the H,™0, and a 75
second flush of cold saline to ensure all the activity is administered. The rate of
injection was 5 mL min™ with 17.5 mL of saline administered in total. Commencing
1 min prior to injection and continuing until 6 min post injection, arterial blood was
continuously withdrawn at a rate of 5 mL min™ with continuous radioactivity

29

measurements made using a bespoke Bismuth Germanate (BGO) detector
addition, three discrete 1 ml blood samples were taken at 4, 5 and 6 min after
injection with the radioactivity concentration measured using a bespoke calibrated
Nal well counter and which was subsequently used to calibrate the continuous blood

data.

This was followed by an i.v. smooth bolus subpharmacological tracer dose of [*'C]-
DPN injected over 20 s, followed by a 20 s saline flush. [*'C]-DPN was initially
synthesized in situ at the Wolfson Molecular Imaging Centre using the methylation
method®”. Characteristics of [*'C]-DPN doses are shown in table 2. A 90-minute
continuous acquisition in list mode followed injection. The emission data were
rebinned into 32 frames of increasing duration (variable length background frame,
3%10s, 7x30s, 12x120s, 6x300s, 3x600s). Randoms correction was performed using
smoothed delayed coincidences®™". Scatter correction was calculated via
simulation®®. Both corrections were applied within the image reconstruction
procedure using an ordinary Poisson algorithm.

As with the H,™O scan, continuous measurements of the radioactivity in arterial
blood were conducted from one minute prior to injection until 10 minutes after
injection with blood withdrawn at a rate of 5 mL min™. Further intermittent discrete

arterial blood sampling took place for cross-calibration and to determine the partition
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of blood radioactivity between plasma and whole blood (erythrocytes) at 5, 7.5, 10,
15, 20, 30, 40, 50, 60, 75 and 90 mins, using a Nal calibrated well counter. The
samples at 5, 7.5 and 10 min were taken from a 3-way tap immediate post the BGO
detector whilst the remaining samples were taken through a short extension line
attached to the cannula and immediately following the withdrawal and discard of 2
mL of blood. Separate samples were taken to determine the concentration of
[18, 30]

unmetabolised [**C]-DPN, following the HPLC method described previously
with samples withdrawn at 5, 10, 20, 30, 40, 60, and 75 mins.

Derivation of arterial input function

The input function of parent [*'C]-DPN in arterial blood plasma was derived as
follows. To obtain the time-course of whole blood radioactivity over time, the
continuous blood data from the first 10 min of the [*'C]-DPN scan was firstly
calibrated against radioactivity measured in discrete blood samples (via a well
counter) at corresponding time points. This initial time-course was then spliced with
an interpolation of the discrete blood radioactivity data over the remainder of the
scan to obtain the full time-course. From the discrete blood samples, the plasma-
over-blood ratio was calculated and linearly fitted. Using the radio-HPLC data, the
percentage of radioactivity attributed to the parent radiotracer in plasma was fitted as
an exponential function in which time zero was restricted to unity. Input functions
were then derived by multiplying (a) the time course of radioactivity in whole blood,
(b) the linear function describing the plasma-over-blood ratio over time, and (c) the

exponential function describing the parent fraction in plasma over time.

[*'C]-DPN and H,™O PET image reconstruction

PET images were reconstructed to a 256 x 256 x 207 matrix (isotropic voxel size of
1.21875mm?®) using an iterative Ordinary Poisson Ordered Subset Expectation
Maximization algorithm (OP-OSEM; 12 iterations). The reconstruction was
performed using the HRRT user community software with the default resolution
kernel®, Following reconstruction, the dynamic images were trimmed, calibrated
and stored as Analyze 7.5 formatted images. The calibration factor was determined

using a uniform head-sized phantom which is scanned periodically (~every 2 weeks).
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Derivation of **C-DPN Volume of Distribution (VDppy) and Klppy

Parametric images of the [**C]-DPN volume-of-distribution (VDpen) and the [*'C]-
DPN rate of uptake from blood to tissue (K1lppy) Were calculated using spectral
analysis®? and implemented using the non-negative least squared algorithm
(conventional spectral analysis®®). Inputs to this analysis were the dynamic PET
images and the arterial input function, both uncorrected for decay of *'C. The fast
frequency boundary was set to 0.02 s—1 and the slow frequency boundary to 0.0008
s—1. The slow frequency boundary was informed by two considerations: (a) the
slowest possible kinetics of [*'C]-DPN, which is limited by the physical decay
constant of the isotope (0.0005663 s—1), deriving from the half-life of 'C (20.4
min), (b) data evaluating the image quality, reproducibility and reliability of ['C]-
DPN VD images across a range of slow frequency boundaries, which identified
0.0008 s—1 as being superior to lower cut-0ffs that were closer to the decay constant
of *CP®. The spectra were spaced logarithmically and the magnitude normalised so
that the weighted columns summed to unity. Individual data points were weighted
according to the reciprocal of the variance, as estimated from the frame duration over
the total image concentration. A delay, which was fixed over the entire image
volume, was estimate by fitting the same spectral analysis model to a TAC from a
ROI over the entire image volume and varying the delay using a golden line search
algorithm to determine the delay that minimised the weighted least squared error.

Derivation of regional cerebral blood flow (rCBF)

Parametric images of the H,™>O kinetic parameter K120 (ml min-1 ml-1), a measure
of rCBF, were obtained using a one-tissue compartment model in which K150 is the
rate of uptake of H,™O from blood to brain. An input function of total radioactivity
in whole blood was used that was calculated by scaling the continuous blood data, as
with the [*'C]-DPN blood data. Reconstructed H,™O PET images were initially
smoothed with a 4mm FWHM Gaussian kernel prior to kinetic modeling using the

Generalized Linear Least Squares (GLLS) algorithm.

VDDPN, K1DPN and K1H20O image pre-processing

Pre-processing of parametric images was performed using SPM8 (Statistical
Parametric Mapping, Wellcome Department of Cognitive Neurology, London, UK).
Each PET image were co-registered onto the corresponding T1-weighted MRI image

using rigid-body transformation derived from the normalized mutual information
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measure of image matching®”. Next, MRI images were spatially normalised into the
International Consortium for Brain Mapping (ICBM) standardized space (Montreal
Neurological Institute, Montreal, Canada) using nonlinear basis functions, with the
same transformation characteristics then applied to the co-registered parametric PET

images.

Calculation of global K1ppy

Kinetic modelling of [*'C]-DPN using spectral analysis is based on a compartmental
model in which delivery of the radiotracer (represented by the parameter K1ppy) to
brain tissues is modelled separately to specific binding (represented by VDppy) and
non-specific binding (to other cellular molecules). However, Klppy Would be
expected to change along with blood flow as a result of differences in pain state. In
particular, delivery effects may act as a confounder of the positive relationship
between chronic pain perception and radiotracer binding: it would be expected that
chronic pain would increase blood flow to the brain and increase the concentration of
radiotracer in regions of interest. We controlled for radiotracer delivery effects
within the statistical analysis by removing any variance in VDppy that could be
accounted for by global K1ppy (the parameter estimating radiotracer delivery). While
a reliance on global values of K1ppy might not be ideal we determined that regional
K1ppn did not correlate with regional VDppn as a result. The weighted average of
Klppn Values in grey matter across the whole brain were therefore calculated for
each scan. Klppy Values in grey matter were initially identified using a grey matter

mask on K1lppy images.

Analysis of head motion data

Head motion is a nuisance variable that could potentially cause unwanted between-
subject and/or between-group variability in VDppy values. We therefore controlled
for head motion in statistical tests. Quantitative head motion data was collected from
the Vicra system, but the raw data was considered unreliable due to the observation
that the head was able to move to a small extent within the neoprene cap worn by the
participant to mount the head motion sensors. Analysis of head motion data was
therefore performed in semi-quantitative manner, in that it relied on some qualitative

assessment to achieve an ordinal score of total motion.
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Head motion data consisted of both translational and rotational movements, each
represented by three separate time-courses for each dimension of movement. Using
visual inspection of this data, each [*'C]-DPN scan was scored separately for (a)
intra-scan motion taking place over two or more dynamic frames of the PET data, (b)
motion taking place between the transmission scan and the [**C]-DPN scan, (c) the
magnitude of infrequent intra-frame discrete motion events (d) the magnitude of
frequent intra-frame motion events (Table 3). Separate scales were used to score
each item for the degree of motion observed to account for the likely impact of that
motion on the quality of the PET data. Movements of less than 1 mm translation, or
1 degree of rotation (which roughly equates to a 1 mm movement of superficial
cortical regions), were considered inconsequential due to the resolution of the PET
camera at 2.5 mm. Intra-frame motion events were scored higher (and higher again
with greater frequency) than motion events spanning across two or more dynamic
frames of PET data, because the latter were at least partially corrected during
reconstruction. Scores for each type of motion were summed to create an overall
motion severity score for each scan. Two researchers scored the head motion data

independently and these scores were meaned.

Assessment of acute thermal pain threshold

The order of PET and thermal pain threshold assessments were randomised between
participants and occurred on different days within four weeks of each other. Acute
pain was induced using a CO, laser (150ms duration, beam diameter of 15mm),
which specifically activates nociceptors in the skin®®, applied to the dorsal surface
of the subjects’ right forearm. Between stimuli, the laser was moved randomly over
an area 3cm x 5cm to avoid habituation, sensitization or skin damage, with stimuli

occurring at 10 s intervals. Subjects wore protective laser safety goggles.

To determine pain threshold, the Method of Levels was used. Participants were
instructed to attend to the intensity of each laser stimulus and to rate it using a 0-10
numerical rating scale (NRS), which was anchored such that a level 4 indicated pain
threshold, 7 indicated moderate pain, and 10 indicated unbearable pain. Laser stimuli
were gradually increased in steps of 0.3 W cm-2 stimulus irradiance, from zero up to

a subjective intensity of 7/10, and repeated three times. Pain threshold was
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considered as the mean stimulus energy, over the first three ramps, required to elicit

a response of 4/10.
Statistical analyses

Statistical analyses were conducted on [*'C]-DPN VD images on a voxel-by-voxel
basis across the whole brain using SPM8 software. Before whole-brain analyses,
smoothing of images was performed using a three-dimensional Gaussian kernel of 8

mm.

Whole-brain regression analyses were conducted within the patient group (n = 17) to
identify regions correlating with sensory and affective dimensions of pain (Short-
Form McGill Pain Questionnaire, sensory and affective subscales). In all tests, a
number of covariates controlled for nuisance variables: subjects’ age (years),
subjects’ sex (binary), subjects’ weight (kg), [**C]-DPN dose injected (MBq), global
Klpen (Min™), head motion scores, and mean NRS ratings of pain reported across
the whole scan. For all whole-brain comparisons, results are reported at uncorrected
probability thresholds of p < 0.001 with a minimum cluster size of 50 voxels, and
results are considered statistically significant after voxel-level correction for multiple

comparisons using the Family-Wise Error rate set to 0.05.

Further analyses were conducted on regions-of-interest (ROIs) whose values were
obtained as follows. From each scan, VDppy Values were extracted from ROIs in
which supra-threshold clusters (after FWE correction) were found. The ROIs were
defined by anatomical labels within a previously published probabilistic atlas of the
human brain®?!. A weighted average of VDppy Values within ROIs was calculated.
K1ppn and K10 values were obtained from ROIs in the same way.

ROI analyses sought to identify group differences and correlations with pain
threshold. Firstly, ROIs from the patient (n = 17) and healthy control (n = 9) groups
were statistically compared using an independent samples t-test with significance
threshold of p < 0.05, after corrections had been made to the mean VDppy Within
each ROI by controlling for variance related to nuisance variables. The same
nuisance variables were used as in the whole-brain analysis described above.
Secondly, ROI data from each group separately, and also from the pooled data across

both groups, were correlated with pain threshold as assessed by the acute laser
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stimuli. Mean ROI values were first corrected for nuisance variables as described
above, with an additional variable being each subjects’ 0 — 10 NRS rating of acute
laser pain intensity. Pearson’s produce-moment correlation coefficient was obtained

and results were considered statistically significant at p < 0.05.

To test for whether rCBF explained any of the variances in the VDppy data after
correction for K1ppn, mean Klp,o within ROIs were tested for correlation with both
mean VDppn Within the same ROIs, and predictor variables of interest showing
statistically significant relationships with VDppy (namely, McGill sensory and
affective pain scores and acute pain threshold). K1y,o for the patient (n = 14) and
control (n = 8) groups were also compared by independent samples t-test in the same

way as for the VDppy data.
Results

Participant characteristics and group comparisons

Data for group comparisons of sex, age, weight, radiotracer doses, intra-scan pain
ratings, head motion during scanning and acute laser thermal pain thresholds are
shown in Table 1. There was a larger proportion of females in the patient group (that
was not statistically significant), and patients were significantly older than healthy
controls. The dose of [*'C]-DPN injected, and the weight of participants (which may
impact on radiotracer concentrations reaching the brain) did not significantly differ
between groups, while the dose of water injected to assess rCBF was overall greater
in patients than controls. On average, patients reported being in greater pain than
controls during scanning, but the results were not statistically significant suggesting
that efforts to make patients comfortable were at least partially successful. However,
patients on average showed more than twice as much head motion during scanning,
although this did not reach statistical significance compared to the healthy group.
Lastly, while patients may scale pain differently due to their prior experience of
chronic pain, we found no evidence of a difference in pain thresholds between

groups.

Effect of chronic pain perception on opioid receptor availability
Whole-brain SPM regression analysis (Figure 1a and 1b, Table 4) revealed that in
chronic pain patients, McGill sensory pain scores, for their chronic pain over the

previous week, significantly and positively predicted opioid receptor availability at
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the cluster level in the caudate nucleus, continuous with the nucleus accumbens and
the subcallosal area. The right mid-insula showed the same effect at just below the
level of significance. As the data were corrected for head motion in this statistical
model, the greater VD values could not be ascribed to this factor. Also, having
corrected for delivery effects in the analysis using the kinetic parameter K1, the
mean VD values were not correlated with rCBF in the caudate (r = 0.27, p = 0.35),
nor was rCBF related to chronic pain perception (Table 5), suggesting that the
relationship between chronic pain perception and VD in the region of interest was

not driven by greater blood flow in patients experiencing greater chronic pain.

As confirmation that the main result in the caudate was not related to modification of
the endogenous opioid system by recent use of opioid medication, ROI analysis on
the whole caudate was found to be comparable for the whole patient group (n = 17, r
=0.691, p = 0.002) and for a restricted patient group that excluded those withdrawn
from opioid medication for the purpose of scanning (n = 15, r = 0.687, p = 0.005).

Analysis on a further striatal ROI (putamen, Table 5), in which mean VD values
were taken over each ROI bilaterally, also revealed significant associations between
chronic pain perception and opioid receptor availability. Testing the same ROIs
against patients’ affective pain perception (McGill affective pain scores) yielded a

significant positive relationship within the caudate nucleus and subcallosal area only.

Opioid receptor availability as a predictor of pain threshold

Opioid receptor availability was found to be a positive predictor of laser heat pain
threshold in both the caudate and subcallosal area (Table 5), with the strongest effect
in the caudate (Figure 1c). Effects were close to significance in the putamen and
insula, but not in nucleus accumbens. The strength of the effect was also greater (for
caudate and subcallosal area) in the pooled data over both groups, with individual
groups showing weaker relationships (leading to effects above the threshold of
significance in the subcallosal area) consistent with the fewer degrees of freedom
when considering individual groups. The analysis considered variance in opioid
receptor availability that was not explained by chronic pain perception by including

the latter as a nuisance variable.

Pain thresholds were also related to rCBF in the caudate nucleus, but on further

assessment rCBF was not related to diprenorphine VD values in the caudate (r =
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0.21, p = 0.36), and so the relationship between the OpR binding and rCBF results

remain obscure.

Group differences in opioid receptor availability

Group comparison of mean VD values in ROIs revealed overall lower opioid
receptor availability in the caudate nucleus in patients relative to controls (Table 5).
While opioid receptor availability was also lower in patients in the subcallosal area
and nucleus accumbens, these effects did not reach significance. There were no
group differences in any other ROIs. There were no group differences in rCBF in the

caudate nucleus.

Discussion

Three key findings emerge from this study: Firstly, that the perception of higher
levels of chronic pain in arthritis predicts greater opioid receptor availability across
pain modulatory regions of the basal ganglia, and particularly strongly within the
caudate, nucleus accumbens and subcallosal area. This is the first time this has been
reported in patients with arthritic pain. Secondly, overall caudate OpR availability is
reduced in arthritis patients relative to healthy controls, consistent with greater
occupation by endogenous opioid peptides. Thirdly, when OpR availability in the
caudate was considered independently of chronic pain perception, it was positively
associated with acute thermal pain threshold (in both patients and controls).

Our analyses were strengthened by controlling for radiotracer delivery effects and
head motion, two factors that are likely to be both responsive to pain states and have
an influence on PET radioligand results. Our results have implications for the

understanding of the functioning of the opioid system in chronic pain states.

OpR availability and opioid tone in acute and chronic pain

The positive relationship between OpR availability and chronic pain perception
could result either from a greater density of OpRs on neuronal cellular membranes
(e.g. due to increased trafficking or upregulation), reduced opioid ‘tone’ (release of
EOPs), or both. With our methodology we could not directly measure opioid tone
and OpR density independently. However, a number of considerations suggest that
the association found is due to increased OpR density, rather than reduced

competition for binding sites.
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There is evidence from animal studies that delta and kappa-OpRs in the brain and
spinal cord can be up-regulated in response to mu-OpR agonism. Electron
microscopy studies of the subcellular localization of delta-OpRs have shown that
under normal conditions, the majority of delta-OpRs are localized to intracellular
sites rather than neuronal plasma membranest*® “. For mu-OpRs there is only
evidence of up-regulation in response to reduced neurotransmitter binding, just as
the normal adaptation to greater binding (e.g. in response to morphine®?) is receptor
down-regulation. However, prolonged and selective stimulation of mu-OpRs can
cause trafficking of delta-OpRs to plasma membranes in vivo*!, including mouse
basal ganglial*!, thereby increasing the anti-nociceptive potency of delta-OpR
agonists* “*). This may account for the greater antinociceptive effects of delta-
selective agonists than non-selective agonists in chronic pain states. Repeated
administration of mu-agonists also up-regulates expression of the kappa-OpRs in the
brain*). Animal models of chronic inflammatory pain have shown an increase in
cell membrane expression of delta-OpRs both postsynaptically!*® and
presynaptically!*®! in the dorsal spinal cord ipsilateral to the site of injury. One view
is that stimulus-evoked translocation of delta-OpRs to neuronal plasma membranes
has evolved as part of a homeostatic mechanism to maintain control of nociceptive

transmission®.

Our analysis shows that the variances in OpR availability in the caudate nucleus
explained by acute pain threshold were present in both chronic pain patients and
healthy controls, and were not dependent on chronic pain perception. These
variances can therefore be explained by natural variability in OpR density (likely at
either mu-OpRs or kappa-OpRs®) that is independent of the presence of arthritic
disease and chronic pain symptoms. A greater density of OpRs would be expected to
increase the sensitivity of post-synaptic neurons to opioid-mediated inhibition in

response to pain, thereby increasing ‘gain’ in the system.

Opioid tone is highly dependent on current pain state, as illustrated by the fact that
induction of acute pain for a short time during PET scanning procedures can be
enough to cause a reduction in OpR availability as a result of endogenous opioid
release and competitive binding to OpRs™®. Yet, our data showing a positive
association between OpR availability and prior chronic pain perception was

statistically independent of intra-scan pain perception. This does not favour the
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explanation that competition for OpR binding by endogenous ligands induced pain
intra-scan pain was causing the positive correlation between OpR availability and

prior chronic pain state.

Group differences

Patients were made as comfortable as possible during scanning, but inevitably a
small number of patients did experience some discomfort that led to the higher mean
and variance in intra-scan pain scores in the patient group relative to controls. It is
also reasonable to suppose that patients scaled their intra-scan discomfort differently
from healthy controls (on the basis of their chronic pain experience), such that small
amounts of pain rated by patients might equate to larger amounts if experienced by
healthy controls. Hence our intra-scan pain ratings are potentially an under-
estimation in the patient group. Therefore, the finding of overall lower OpR
availability in patients vs. controls may be a result of competition for OpR binding
by the release of endogenous ligands as a result of pain being experienced during
scanning. This is consistent with previous studies which have provided evidence
consistent with chronic neuropathic pain®®?? and inflammatory arthritic pain*”

resulting in release of EOPs reflected by reduced OpR availability.

Striatal relationships to chronic pain perception

The functional roles of the different nuclei of the striatum in pain perception and
behaviour are far from well understood. The striatum is best known for its
involvement in dopaminergic mechanisms of motor learning (dorsal striatum) and
motivation/reward (ventral striatum). There is evidence for a relationship between
dopamine receptor binding in the ventral striatum (nucleus accumbens) with
affective responses to pain®®Y. Ventral striatal reward mechanisms may therefore be
directly implicated in driving the affective component of pain. However, our data
showing a stronger correlation of OpR availability with the sensory than the affective
components of pain cast doubt on this hypothesis, and suggest that the ventral
striatum may have a more general motivational function in driving behavioural
responses to pain. This is consistent with previous work demonstrating that

stimulation of the caudate in monkey reduces behavioural reactivity to acute pain®Z.

The striatal dopamine and opioid systems have previously been shown to be
abnormal in chronic pain syndromes. Patients with fiboromyalgia and orofacial pain
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syndromes®® %4 have an abnormal dopamine response to pain in the caudate and
putamen®. Furthermore, there is evidence of increased gray matter density in the
striatum in a number of chronic pain conditions including fibromyalgia®, chronic
low back pain®?, and chronic vulvar pain®®. It is not yet clear how these
abnormalities relate to the endogenous opioid system or to pain perception.
Abnormalities in both dopaminergic and opioidergic neurotransmission in the
striatum in chronic pain patients might reflect motivational and motor processes such

as the learning or expression of habitual responses to pain®®.

Opioidergic abnormalities: cause or consequence of chronic pain?

We make the case, based on animal research, for an adaptive up-regulation of OpRs
in response to chronic pain as part of a homeostatic mechanism. Patients who fail to
adequately up-regulate OpRs in response to chronic pain may be at risk of a more
extreme and/or refractory phenotype. Patients with lower OpR availability may have
lower pain thresholds and be more susceptible to a chronic pain condition. Hence, it is
tempting to assert that maintaining a lower striatal OpR availability in patients with
chronic pain represents a physiological vulnerability to developing or maintaining
states of chronic pain. However, while other studies of OpR availability in chronic
pain patients have not assessed pain thresholds, we found no difference between pain
thresholds in patients and control subjects. This makes it more challenging to make an
argument for lower OpR availability in chronic pain patients being a contributing
factor to chronic pain rather than an adaptive change with greater occupation of
endogenous opioids. However, larger and longitudinal studies may be needed to

clarify this relationship.

Conclusions

Our data is consistent with animal data showing that chronic pain states upregulate
OpRs and suggest that same occurs in humans in response to chronic arthritic pain.
We suggest that this may be part of a homeostatic regulatory mechanism that reduces
excessive nociceptive processing. This is important because it may explain
individual resilience and vulnerability to chronic arthritic pain and the variable
response to pharmacological (e.g. synthetic opiates) and non-pharmacological
interventions (e.g. exercise). Further sequential studies are needed to examine the

benefits and pitfalls of current therapeutic approaches to chronic pain in terms of
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their effects on OpR availability in the brain and the potential for increasing

resilience to developing chronic pain in the first place.
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Figure 1

Relationship of **C-DPN binding to chronic pain perception and acute pain
thresholds. The VVolume of Distribution (VD), as a proxy of **C-DPN binding, was
adjusted for a number of nuisance variables in each analysis (see Methods). (a)
Whole-brain SPM regression analysis of McGill sensory pain scores as a predictor of
1C-DPN binding (patients only, n = 17). Images are displayed at a voxel threshold
of p < 0.001 uncorrected and a cluster threshold equating to the size of the
significant cluster. (b) For illustrative purposes, subsequent extraction of mean VD
values from the caudate nucleus was corrected for the same nuisance variables and
plotted against McGill sensory pain scores. (c) Pain threshold (laser energy in W cm-
2 required to elicit the lowest pain sensation) regressed on VD values (mean across
all voxels in the caudate ROI) after correction for nuisance variables. Regression line

illustrates fits for the pooled data across groups (patients and controls, n = 26).
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Table 1: Group characteristics

Thermal pain

Weight DPN dose injected H20 dose injected Intra-scan pain threshold (w
ntotal nfemales  Age (Years) (Kg) (MBq) (MBq) Head motion ratings cm?)

Arthritis
patients

17 12 57.5(12.1) 83.1(21.0) 490.0 (62.3) 606.7 (22.3) 3.6 (3.3) 2.5(2.0) 3.9(1.5)
Healthy
controls

9 3 45.4 (7.5) 78.8 (16.2) 505.0 (33.0) 583.4 (30.7) 1.6 (1.8) 1.5(1.4) 4.0 (1.9)
Independent
samples test p
statistic 0.08 0.004 0.59 0.26 0.07 0.1456F 0.18 0.76

Values are means (with standard deviation). Equal variances not assumed. All test are parametric t-tests except for { indicating non-parametric Wilcoxon rank sum test
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Table 2: Descriptive statistics of [*C]-DPN doses injected
Radio-chemical Dose injected Specific Activity Mass injected
purity (%) (MBq) (GBa/pmol) (H9)
Min 93.2 276.1 116.6 0.8
Max 100.0 565.2 525.9 5.1
Mean 96.4 484.7 254.9 24
Median 96.0 506.2 238.4 2.3
Table 3: Scoring system for semi-quantitative derivation of head motion scores
Inter-frame Motion Infrequent
motion over  relative to discrete intra-
the whole transmission frame motion
scan scan
Magnitude < 1mm/degree 0 0 0
of motion  1-2mm/degrees 1 1 2
2-5mm/degrees 2 2 3
> 5mm/degrees 3 3 4
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Table 4: Brain regions correlating with McGill Pain Questionnaire (sensory subscale) scores.

cluster cluster
Cluster significance size Maximal voxel (MNI, mm)
p(FWE) (voxels) X y z
Caudate / accumbens /
subcallosal area L,R 0.00 499 0 10 -10
Insula (middle section) R 0.07 198 42 -4 -4
Temporal lobe (posterior) R 0.15 155 18 -42 0
Temporal lobe (posterior) /
parietal lobe (inferiolateral) R 0.23 130 46 -34 16
Frontal gyrus (superior) L 0.37 102 -14 34 48
Insula (middle section) R 0.54 80 -42 -14 -6
Frontal gyrus (superior) R 0.56 77 16 44 40
Occipital lobe (lateral) L 0.60 73 -44 -76 0
Parietal lobe (inferiolateral) R 0.70 62 52 -28 38
Frontal gyrus (superior) L 0.80 51 -12 -10 48

p(FWE): probability of incorrectly rejecting the null hypothesis after family-wise error correlation for

multiple comparisons; MNI: Montreal Neurological Institute coordinate system.
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Table 5: Statistics relating to random and fixed effect analyses on ROls

McGill affective

McGill sensory pain pain Acute pain threshold Group
Arthritis patients Arthritis patients Groups pooled Arthritis patients Healthy controls Patients vs. controls
r p r p r p r p r p t p

Diprenorphine data

n 17 17 26 17 9 17,9

Caud 0.691 0.002 0.587 0.013 0.596 0.002 0.572 0.021 0.735 0.024 -2.107 0.047
Subcal 0.779 0.001 0.536 0.026 0.424 0.035 0.49 0.054 0.339 0.373 -1.728 0.098
NuAcc 0.691 0.002 0.356 0.160 0.300 0.146 0.431 0.096 0.044 0.911 -1.452 0.160
Ins 0.653 0.003 0.284 0.269 0.377 0.063 0.454 0.077 0.247 0.521 -1.648 0.113
Puta 0.567 0.018 0.197 0.449 0.382 0.060 0.476 0.063 0.204 0.598 -1.770 0.090
Water data

n 14 14 22 14 8 14,8

Caud 0.282 0.329 0.208 0.475 0.524 0.012 0.314 0.274 0.701 0.053 -1.013 0.339

Significant effects are italicized. Caud: Caudate Nucleus; Subcal: Subcallosal area; NuAcc: Nucleus Accumbens; Ins: Insula; Puta: Putamen; r: Pearson’s product moment

correlation coefficient; p: probability of incorrectly rejecting the null hypothesis.
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Abstract

IL-1IRA is a naturally occurring antagonist of the pro-inflammatory cytokine
interleukin-1 (IL-1) with high therapeutic promise, but its pharmacokinetic remains
poorly documented. We describe in this report the radiolabeling of recombinant
human interleukin-1 receptor antagonist (rhlL-1RA) with fluorine-18, to allow
pharmacokinetic studies by positron emission tomography (PET). rhIL-1RA was
labeled randomly by reductive alkylation of free amino groups (the g-amino group of
lysine residues or amino-terminal residues) using [‘®F]fluoroacetaldehyde under mild
reaction conditions. Radiosyntheses used a remotely controlled experimental rig
within 100 min and the radiochemical yield was in the range of 7.1-24.2% (decay
corrected, based on seventeen syntheses). We showed that the produced
[*8F]fluoroethyl-rhIL-1RA retained binding specificity by conducting an assay on rat

brain sections, allowing its pharmakokinetic study using PET.
Keywords: [*®F]rhIL-1RA; IL-1; inflammation; [*®F]fluoroacetaldehyde; PET.

Introduction
The pro-inflammatory cytokine IL-1 plays an important role in inflammation,

angiogenesis and the immune responsel %

and has been implicated in
neurodegenerative diseases®®. Inhibition of IL-1 function by the naturally

occurring, selective and potent antagonist IL-1RA has therapeutic promise in
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preventing damage in a range of inflammatory and autoimmune disorders including

rheumatoid arthritis™® and psoriasis.

rhlL-1RA also demonstrated benefit in preclinical studies on experimentally induced
ischemic, excitotoxic, and traumatic brain insults in rodents™® 1 and potential in
early clinical trials™. However, little is known about the biodistribution,
pharmacokinetics and metabolism of rhIL-1RA so that brain penetration may be a

key issue in its potential development as a therapeutic agent in brain traumatisms.

Pharmacokinetic modeling of rhIL-1RA administered intravenously in patients with
subarachnoid haemorrhage (SAH)™! reported that it crossed significantly, but slowly
into the CSF. However, the CSF concentrations achieved were similar to or above
those found to be neuroprotective in rodents!*®l. A potential limitation of this work,
as noted by the authors, is that the concentration of proteins in the CSF of patients

may not reflect the concentration in the local brain environment.

Limited pharmacokinetics, tissue distribution and elimination studies of IL-1RA in
rats using *°S-1L-1RA has been reported™. Moreover, IL-1RA, radiolabelled with
iodine-123, has been evaluated as a scintigraphic imaging marker of infection in a
rabbit model but showed relatively poor imaging characteristics in term of both
resolution and sensitivity™. In contrast, positron emission tomography (PET) has
proved useful to study the pharmacokinetics and biodistribution of labeled peptides
and proteins™® ). This led us to develop a radiolabeling method for rhIL-1RA, based
on fluorine-18, for use with PET in order to better study the pharmacokinetics of this

molecule with respect to brain uptake and metabolism.

Among the approaches investigated for fluorine-18 labeling of proteins using

(e 191 .04

['*F]fluoride, '*F-acylation using 4-["*F]fluorobenzoyl ~moiety
chemoselective reactions of 4-['*F]fluorobenzaldehyde (['*F]JFB-CHO) with peptide
functionalized with a hydrazine or a aminooxy group producing respectively oxime
and hydrazone have been extensively used®” ?'). The drawback of the labeling
approaches using 4-['*F]fluorobenzoyl moiety is the lengthy, time-consuming multi-
step preparation, involving a HPLC purification, of the '*F labelling agents. Peptide
labeling approaches using the highly lipophilic ['*F]FB-CHO require the use of an
organic co-solvent such as DMSO, furthermore preparation of ['*F]JFB-CHO

involves a step of purification using HPLC or solid phase extraction. Another
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labeling method for IL-1RA was therefore attempted: reductive [ *F]fluoroethylation
of free amino groups (g-amino group of lysine residues or amino-terminal residues)
using ['*F]fluoroacetaldehyde!®.

Reductive alkylation is a well-established method for the chemical modification
of amino groups in proteins with minimal perturbation in their structure and
function. The method is rapid and employs mild conditions, it has little effect on the
physical chemical properties, only a slight change in the pKa of the e-
monoalkylamino groups which are generally slightly more basic than the
corresponding primary amino groups>). Means (1997)** has shown that when
using acetaldehyde only the corresponding monoalkylated lysine is produced.
Moreover reductive alkylation of protein amino groups with small carbonyl
compounds like formaldehyde or acetaldehyde cause a minimal disturbance of
existing electrostatic interactions. Larger and generally more hydrophobic carbonyl
compounds should, however, increase both the bulk and hydrophobicity of the amino
group and reduce its ability to form hydrogen bonds**.

The choice of the reducing agent is crucial, Jentoft and Dearborn (1979)**! and
Geoghegan et al. (1981)* have applied the reductive methylation to different
proteins using ['2C], [*C] and [14C]formaldehyde and shown that using sodium
cyanoborohydride instead of sodium borohydride prevent aldehydes or ketones
reduction, inter or intramolecular bridges formation, disulfide bond reductions or
labile peptide bonds cleavage. This method has been used for carbon-11 labelling
with [''C]formaldehyde of fibrinogen'*”, and concanavalin AP*.

The mechanism for reductive ['*F]fluoroethylation of a free amino group of the

IL-1RA involves the formation of an imine intermediate, the reduction of which

yields the corresponding [18F]ﬂuor0ethyllysine (Figure 1).

Peptide
H 0 - H,0 H NaBHsCN /
o, N _ — . JEN\ M
H™  "Peptide 18 Peptide 18
18
F

Figure 1: Reductive [®F]fluoroethylation of the IL-1RA with [*®F]fluoroacetaldehyde.

Radiolabeling was carried out in a remotely controlled experimental rig. The
hydrophilicity and high reactivity with amino groups of [*®F]fluoroacetaldehyde in
reductive alkylation conditions makes it a good reagent for protein radiolabeling by

targeting free amino groups producing N-[*®F]fluoroethyl derivatives. The small size
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of the [*®F]fluoroethyl substituent is expected to have little impact on the rhiL-1RA
integrity. Nevertheless as one of the nine lysine moieties on IL-1RA has been
identified as important for receptor interaction®, binding properties of the [**F]IL-

1RA were assayed using rat brain sections and autoradiography.
Materials and methods

Remotely controlled radiosynthesis set-up

The remotely controlled radiosynthesis experimental rig was set up in a lead-
shielded fume-cupboard (Figure 2). The core of the radiosynthesis set up was
comprised of three remotely controlled six-port/two-position electrically activated
Valco valves (Thames Restek UK Ltd, UK). [*®F]Fluoroacetaldehyde production
was carried out in Wheaton borosilicate screw-top V-vials, capacity 3.0 ml, with
open-top cap and PTFE-faced silicon septum (Sigma-Aldrich, UK) using a home-
made, temperature-regulated block heater, equipped with a magnetic stirrer and
cooled with compressed air via a valve manually operated from outside the fume-
cupboard. Reagents were added from outside the fume-cupboard via two shut-off,
low-pressure, valves from Upchurch (Sigma-Aldrich, UK). The labeling of rhIL-
1RA was carried out in a 1.5 ml microtube with attached screw cap (Sigma-Alrich,
UK) using a digital block heater (Jencons Scientific, UK). The produced [**F]rhIL-
1RA was injected through a low protein-binding Pall Acrodisc® syringe filter (13
mm Diameter, 0.2 pm pore size) onto a 5 ml HiTrap™ desalting column (GE
Healthcare, UK) for purification using a programmable syringe pump model
ALADDIN-220 (World Precision Instruments, UK). Radioactivity in reaction vials
was monitored using a Ratemeter Mini 900 (Thermo Electron Corporation, UK).
[*|F]rhIL-1RA and other radioactive fractions collected after separation on the

HiTrap column were measured on a Capintec CRC-15R.
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Figure 2: Remotely controlled radiosynthesis experimental rig for [**F]rh1L-1RA production.

Chemicals

Solvents were purchased from Sigma-Aldrich and were used without further
purification. The rhiL-1RA, Anakinra® (Kineret®), was kindly provided by Amgen
(Thousand Oaks, CA, USA). Kineret® is a recombinant, methionylated,
nonglycosylated synthetic form of the human interleukin-1 receptor antagonist (IL-
1RA). It was provided as a solution formulated for injection consisting of 100 mg of
Anakinra, 1.29 mg of sodium citrate, 5.48 mg sodium chloride, 0.12 mg disodium
EDTA, and 0.70 mg polysorbate 80 in 1 mL water for injection, USP (pH 6.5 at
room temperature). [**F]Fluoride was produced via the *¥0(p,n)*®F nuclear reaction
by 16.4 MeV proton bombardment of an isotopically enriched [**0O] water target
(95-97% H,™®0 water enrichment) using a GE PETtrace cyclotron.

Radiochemistry.

Production of [*®F]potassium fluoride.
The three electrovalves in the experimental rig (Figure 2) were set in position A at

initial time of the synthesis, aqueous [*®F]fluoride solution (2 ml, 1.73-3.42 GBq)
was sent from the cyclotron target onto a QMA cartridge, in the carbonate form.
Electrovalve 1 was subsequently switched to position B and [*®F]KF was eluted from
the QMA with 1.1 mg (8 pmol) potassium carbonate and 10 mg (26.5 pmol) of
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8,8,8]hexacosane (Kryptofix 222) in 0.5
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ml water, added from shut-off valve 1, into the reactor. Electrovalve 1 was
subsequently switched back to position A and 1ml of acetonitrile was added from
shut-off valve 1. Temperature of the heater was set to 110°C and the mixture was
then dried under nitrogen for 5 minutes. This drying step was repeated twice with 0.8

ml of acetonitrile after what the heater was cooled to 30°C.

[*®F]Fluoroethyltosylate.

A solution of ethylene di-p-toluenesulphonate, 5 mg (13.5 pmol) in 0.3 ml
acetonitrile was added to the dried [**F]potassium fluoride/Kryptofix complex
through shut-off valve 1. Electrovalve 2 was subsequently switched to position B,

the heater set to 90 °C and the mixture was heated for 8 min.

[**F]Fluoroacetaldehyde.

The heater was subsequently cooled to 60 °C, electrovalve 2 switched to position A
and acetonitrile was evaporated under nitrogen. Evaporation was completed within
three minutes after what electrovalves 2 and 3 were switched to position B,
anhydrous DMSO (0.2 ml) was added through shut-off valve 2 and the temperature
of the heater was set to 150 °C. Around one minute after the heater had reached this
temperature [*°F]fluoroacetaldehyde started to distil conveyed by nitrogen (7-8

ml/min).

[®*F]rhIL-1RA.
Distilled [**F]fluoroacetaldehyde was trapped into a microtube containing the rhiL-

1RA in suspension in a Sephadex® gel to avoid foaming of the protein solution. The
gel was made by addition of 20ul (2mg) of a solution of the rhIL-1RA formulated
for injection (100 mg/ml), and 40 pl of a 0.25 M solution of sodium
cyanoborohydride in citrate buffer (citric acid, ~0.060 M, sodium hydroxide,
~0.16 M, pH = 6), onto dry Sephadex® G-50 (6 mg). After 8 minutes all the
[*°F]fluoroacetaldehyde was distilled, as monitored by a radioactivity detector. The
microtube was subsequently heated at 38 °C for 45 min after which time PBS (1 ml,
pH 7.2) was added to the gel via the syringe pump. This addition was followed by
the withdrawing of suspension via a programmed step on the syringe pump, after
which electrovalve 3 was switched to position A. The reaction mixture was then
injected by the syringe pump onto a HiTrap® column via a low-protein-binding filter

for purification. After injection onto the column electrovalve 3 was switched back to
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position A and the HiTrap® was eluted with PBS using a syringe from outside the
fume-cupboard. The first 0.5 ml were sent to waste, [**F]rhIL-1RA eluted within the
following 2 ml fraction which was collected, weighted, the radioactivity measured
and a sample (20 pl) analyzed for QC.

[**F]rhIL-1RA was prepared within 100 min, from the time of the addition of the *F
, With 7.1-24.2% radiochemical yield (mean value 11.4 + 4.1%, based on seventeen
syntheses and decay corrected). [*®F]rhIL-1RA, 60.31 to 310.8 MBq (uncorrected for
decay) was thus collected as a 2 mL fraction. The specific activity ranged from
913.15 to 5040.20 MBg/umol. From 2 mg of initial rhIL-1RA, 1.1 to 1.9 mg was

recovered as a mixture of labeled and unlabelled protein.
Quality Control

SE-HPLC
QC analyses of rhiL-1RA and [**F]rhIL-1RA were made by size exclusion high-

performance liquid chromatography (SE-HPLC) performed on a HPLC Shimadzu
prominence system operated using a LabLogic software Laura 3 and configured with
a CBM-20A controller, an LC-20AB solvent delivery system and a SPD-20A dual
wavelength absorbance detector set at 254 and 235 nm. The system was equipped
with a Superdex® Gel Filtration Column Peptide HR10/300 GL (GE Healthcare,
UK) eluted with PBS at a 1 ml/min flow-rate. Radioactivity was monitored with a
radio-HPLC Bioscan Flowcount B-FC 3100 detector.

SDS PAGE
Fifteen percent acrylamide gels were cast with a 4% acrylamide stacking gel using a

Mini Protean Il system (Bio-Rad). 5ul Prestained Precision Plus Protein Standards
(BioRad, UK, Catalogue number 161-0375) were loaded into lane one and a sample
of ca 50 ng of mixed radiolabelled and unlabelled protein from the 1.6-1.8 mg
recovered fraction of rhIL-1RA diluted in 2X Laemlli Buffer (4% sodium dodecyl
sulphate (SDS), 20% Glycerol, 120mM Tris.Cl pH 6.8, 0.01% Bromophenol blue,
10% 2-mercaptoethanol) was loaded into lane 2. They were run at 30mA until the
dye appeared at the bottom at which point they were removed and fixed by
immersion in 45% deionised water, 45% methanol and 10% acetic acid. Gels of
radiolabelled rhIL-1RA were then photographed, sealed in clingfilm and placed into
an imaging cassette. Autoradiography was performed using a Fujifilm Bio-Imaging
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Analyzer BAS-180011 (FujiFilm U.K. Ltd., U.K) and data were analysed using
Advanced Image Data Analyzer software (Raytest, Straubenhardt, Germany).
Radiolabelled protein was sized by overlaying the photograph onto the
autoradiogram. Gels of unlabelled rhIL-1RA were stained with Coomassie Brilliant
Blue (PhastGel™ Blue R, GE Healthcare, UK).

In vitro binding of [**F]rh1L-1RA to IL-1 receptor.

An in vitro assay was performed to investigate the ability of the produced [**F]rhIL-
1RA to bind to the IL-1 receptors. The assay was conducted using rat brain slices (n
= 3; 9-11 brain sections per rat). Binding of the labeled protein was detected by

autoradiography.

Brain sample preparation
Adult, male, Sprague-Dawley rats (250-300 g body-weight) were used to perform

autoradiography experiments. The animals were housed in a controlled environment
of 12 h light/dark cycle (08:00/20:00 h) at 22 °C. Transient focal cerebral ischemia
(60 min) was induced in rats by the intraluminal thread method, as described
previously®®. 7 days post-MCAO, rats were killed by anaesthetic overdose with
Isoflurane and decapitated. Brains were removed quickly and frozen in cooled (-
40°C) isopentane. Coronal brain sections were cut serially (20pum at 1.2mm intervals
between each level) on frozen brains by cryostat. All procedures were performed in
accordance with UK legislation under the 1986 Animals (Scientific Procedures) Act

and by approved protocols (Home Office Project License Number 40/3076).

Binding assay.
Specific binding of [**F]rhIL-1RA was determined by comparing the level of total

binding (specific and non-specific binding) and the level of non-specific binding in
matched rat brain sections. To determine total binding, slices of healthy rat brains
were pre-incubated in 10 mM phosphate buffer saline (PBS) at 4°C for 5 min, then
incubated in solutions of different concentrations of the [**F]rhIL-1RA (10, 20 and
40 nM in PBS, 10 mM, at room temperature). After 30 min incubation, the slices
were washed three times 3 min in PBS, to remove unbound radiolabelled protein,
then quickly rinsed in cold distilled water, before exposition to Phosphorimager
plates overnight. To determine non-specific binding, a second set of brain sections

were treated as described above but in a solutions containing [**F]rhIL-1RA (10, 20
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and 40 nM) and one thousand-fold excess (i.e. 10 to 40 uM) of non-radiolabelled
rhiL-1RA. Radiolabelled rhIL-1RA that was not displaced by non-radiolabelled
rhlL-1RA accounted for the non-specifically bound. Specific binding was calculated
by subtracting the non-specific from total binding of [**F]rhIL-1RA.

Result and discussion

Although targetting randomly e-amino groups of lysine moieties could be considered
as the drawback of this labeling approach, with [**F]fluoroacetaldehyde the size of
the added [*®F]fluoroethyl substituent is small and should have little effect on the
physical chemical properties and the structure of the protein allowing PET
pharmacokinetic studies. In addition to its small size [‘*F]fluoroacetaldehyde
presents following advantages: first it is easily produced via a fast and simple
procedure in a two-step, one-pot reaction using oxidation with DMSO of
[*°F]fluoroethyltosylate, second it is simply extracted continuously by distillation
from the reaction mixture sparing a purification step using HPLC or solid phase
extraction and finally the highly hydrophilic aldehyde is efficiently trapped in a
small volume of water (<100pl). Furthermore the mild labeling conditions, citrate
buffer pH 6 and low temperature (38°C), make the purification of the radiolabelled
protein straightforward. Purification of the [*®F]rhIL1-ra was thus simply made by
eluting the reaction mixture through a HiTrap desalting column. Analysis of the
crude synthesis mixture by SE-HPLC using the radioactivity detector before
purification on the HiTrap cartridge showed that it contained [**F]rhIL-1RA (R =
12.2 min), unreacted [**F]fluoroacetaldehyde (R; = 20 min) and a minor unidentified
radioactive impurity (R; = 24.2 min) (Figure 3). [**F]rhIL-1RA accounted for 28-
35% of the total radioactivity of the analyte of the synthesis mixture (yield based on
three analyses). Identification of the second peak as [‘*F]Fluoroacetaldehyde was
made by comparing the retention time with standard fluoracetaldehyde prepared as
previously described®?. The unidentified radioactive impurity may have resulted
from [*®F]fluoroacetaldehyde reduction to [*®F]fluoroethanol or the reaction of free
cyanide ion released from sodium cyanoborohydride with [**F]fluoroacetaldehyde to
produce the cyanohydrin, lactonitrile®. Both small molecules were sufficiently
retained on the HiTrap column to allow the protein to be eluted as a pure compound
under monomeric and dimeric form with a radiochemical purity, for the mixed two
forms, over 95% in a small volume (2 ml). QC SE-HPLC analysis of the [**F]rhIL-
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1RA, UV absorbance trace as well as the radioactivity trace (Figure 4) showed two
poorly resolved peaks. On the UV absorbance trace, the small peak at retention time
10.0 min preceding a larger one at retention time 11.8 min, suggested the presence of
a dimer. SDS-PAGE analysis of the labeled rhIL-1RA (Figure 5) confirmed the
presence of a minor dimeric fraction (faint band at approximately 35 kD), but most
of the radioactivity migrated to a position consistent with a 17 kDa protein.
Similarly, the SE-HPLC chromatogram of the reference rhlL-1RA showed two
peaks (data not shown) nevertheless only a monomeric molecular weight was seen
by SDS-PAGE (data not shown).

Radioactivity R |Fluoroacetaldehyde
800.07 (cps) a Y

700.04

2000 [**F]¥ Fluoroethyl rhIL-Ira

600.04
400.04
300.04

200.04 18
[“F]N-Fluoroethyl

100.04 -rhIL -Ira dimer \

0.0 - \MW"”W o

0:00 5:00 T 15:00 2000 2500 Time (min)

Figure 3: Radio-SE-HPLC analysis of the crude synthesis mixture. [**F]rhIL-1RA (R, = 12.2

min), [**F]fluoroacetaldehyde (R, = 20 min), unidentified radioactive impurity (R; = 24.6 min).
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Figure 4: QC of the purified [**F]rhIL-1RA, SE-HPLC uv-trace and radio-trace.
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Figure 5: PAGE analysis of the purified [**F]rhIL-1RA (MW: molecular weight references
loaded in the same lane than [**F]rhIL-1RA (a)) and autoradiography (a: 1.1 pg of rhIL-1RA =
17.8 kBq in 20ul; b: 0.1 pg of rhIL-1RA = 2.2 kBq in 20pul).
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At relatively high concentrations (i.e. 100 mg/ml), rhIL-1RA exists in a monomer-
dimer equilibrium®3. Chang et al. (1996) have also shown that an irreversible
dimer formed, that amounted to 8% of the total soluble protein, during storage for
two months at 30 °C and this irreversible dimer was mostly dissociated during SDS-
PAGE. Our radiolabeling method was applied to other proteins without producing
dimerization (data not shown), thus we cannot exclude the possibility that production
of the dimer was caused during storage of the rhIL-1RA solution and the non-
visualisation of unlabelled rhIL-1RA dimer by SDS-PAGE/Coomassie staining was

due to a lack of sensitivity of this technique.

Since expression of IL-1 receptors has been reported before in rat and mouse
brains®%8 we choose to use autoradiography on rat brain sections to test whether
we could observe any specific binding (displaceable) of our [*®F] radiolabelled IL-
1RA. Specificity of binding was determined by displacement of the bound [*®F]rhiL-
1RA by an excess of unlabelled rhIL-1RA on rat brain sections as measured by
autoradiography (Figure 6 a). Comparison of the total binding (Tot) and non-specific
binding (NS) indicated that specific binding (Spe) of the radiolabelled [*®F]rhIL-1RA
to IL-1 receptors accounted for 24 to 29% of total binding (Figure 6 b). Aware of the
high concentrations of [**F]rhIL-1RA (mixed with unlabelled) used for
autoradiography when compared to the reported Ky of IL-1RA for the IL-1
receptors, we have tried to assess specific binding with lower concentrations of
[*|F]rhIL-1IRA (1nM) using autoradiography and binding on cell membranes
preparation; unfortunately due to the relatively short half-life of fluorine-18 (when
compared with iodine-125 for example), we could not detect any reliable signal on
the Phosphorlmager plates or by y-counting. Clearly, fluorine-18 labeling of protein
would not be the most convenient and appropriate technique to assess in vitro
binding of a tracer to receptors expressed at very low levels such as the IL-1
receptors. In this study, exemplifying this new radiochemistry, the main aim of
labeling rhlL-1RA was more to develop a tool to assess the biodistribution and
metabolisms of IL-1RA than its in vitro binding, especially when considering the
high level of non-specific binding observed here.
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Figure 6: (a) Representative examples of autoradiography of rat brain slices by incubation with
10nM, 20nM and 40nM of [*®F]rhIL-1RA (mixture of [*®*Frh]IL-1RA, [“F]rhIL-1RA and
precursor rhlL-1RA. Non-specific binding (NS) was assessed by incubating the brain sections
with [®®*F]rhIL-1RA (10, 20, 40nM) together with an excess of unlabelled rhiL-1RA (10, 20 and
40uM). (b) Specific binding (indicated as percentage of total binding in brackets, mean + SD) of

various concentrations of [*®F]rhIL-1RA on rat brain sections.

Conclusion

We describe here a simple method for radiolabeling of rhIL-1RA using
[*®F]fluoroacetaldehyde. Radiosynthesis and purification, using a HiTrap® desalting
column, were carried out in a remotely controlled experimental rig within 100 min.
The radiochemical yield was in the range of 7.1-24.2% (mean value 11.4 + 4.1%,
decay-corrected, based on seventeen syntheses). Starting from 1.73-3.42 GBq (64-
126 mCi) of fluorine-18, 60.31-310.80 MBq (1.63-8.40 mCi) of [*®F]rhIL-1RA were
produced. Moreover we showed that [*®F]rhIL-1RA retained binding potency in a rat
brain binding assay. Therefore this method allowed us to produce [**F]rhIL-1RA on
a small scale with sufficient radiochemical purity and specific activity to enable

pharmacokinetic studies in small animals using PET and the investigation of the
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relevance of rhIL-1RA as a therapeutic agent in brain traumatisms. Moreover, this
radiolabeling technique can be applied to any peptide and protein with lysine
moieties available for reaction with [**F]fluoroacetaldehyde; thus providing another
method for the radiolabeling of proteins of interest/therapeutic agents, for the
assessment of both their pharmacokinetics and biodistribution or their use as imaging

biomarkers.
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Abstract

PURPOSE: Mixed leukocyte (white blood cells [WBCs]) trafficking using positron
emission tomography (PET) is receiving growing interest to diagnose and monitor
inflammatory conditions. PET, a high sensitivity molecular imaging technique,

allows precise quantification of the signal produced from radiolabelled moieties.

PROCEDURES: Chitosan nanoparticles (CN) were used to deliver radiometals into
WBCs. Experiments were carried out using mixed WBCs freshly isolated from

whole human blood.

RESULTS: WBCs labelling efficiency was higher with [*°Zr]-loaded-CN (76.8% =+
9.6% (n=12)) than with [**Cu]-loaded-CN (26.3% + 7.0 % (n=7)). [¥°Zr]-labelled
WBCs showed an initial loss of 28.4% + 5.8% (n=2) of the radioactivity after 2
hours. This initial loss was then followed by a plateau as [*°Zr] remains stable in the

cells.

CONCLUSIONS: WBCs labelling with [*Zr]-loaded-CN showed a fast kinetic of
cell uptake, high labelling efficiency and a relatively good retention of the
radioactivity. This method has potential application for PET imaging of

inflammation.
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Introduction

Different imaging modalities have been applied to image inflammation.
Magnetic resonance imaging (MRI) and ultrasound imaging have provided some
promising methods of assessing synovitis in joints!¥! but have failed to provide

quantitative methods of measuring inflammation.

Radiolabeled leukocyte scintigraphy with Single-Photon Emission Computed
Tomography (SPECT) using Technetium-99m and Indium-111 chelates are the most
widely used clinical procedures for the assessment of inflammatory diseases?.
Molecular imaging technologies such as SPECT and Positron Emission Tomography
(PET) are well suited for tracking the migration of leukocytes to inflammation foci
in vivo. However the sensitivity of PET (10-10" M) is at least 1-2 orders of
magnitude higher than single photon imaging systems (10° M)®! and PET is more
attractive for the quantification of the regional signal from migrated cells. Therefore,
in vivo imaging of leukocyte trafficking using PET is receiving growing interest for
applications in immunological studies to i) track the selective recruitment of specific
immune cells during pathogenesis, ii) detect probable infectious/inflammatory foci
and iii) devise rational therapeutic strategies! and carry out longitudinal studies.

Different approaches have been developed for tracking radiolabelled
leukocytes in vivo with PET using the positron emitting isotopes copper-64 ([**Cul,
ti, = 12.7 h) and fluorine-18 ([*®F], tu» = 109.7 min). Cationic [**Cu]*" requires a
chelate to transport it into cells, *Cu-pyruvaldehyde-bis(N*-methylthiosemi-
carbazone) (PTSM), [*Cu]-polyethylenimine (PEI) and [**Cu] loaded magnetic
nanoparticles have been reported for WBC labelling®®. [**Cu]-PTSM proved to be
superior to [*®F]-FDG-labelled leukocytes with a higher and more reproducible
labelling efficiency!®. Furthermore the short physical half-life of [*®F] is not suitable
for long term observations and non-specific uptake was observed with [**F]-FDG-
labelled leukocytes partly due to high efflux of [*®F] after injection!”). In addition
carbon-11 ([*!C], ti» = 20.3 min) has been utilised for macrophage imaging in
rheumatoid synovitist®. The PET tracer [**C]PK11195, a substrate for the peripheral

benzodiazepine receptor which can be found on macrophage was used. The
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constraints of the short physical half-life of [**C] means that this method of imaging
macrophages is restricted to static scans of joints and is not appropriate for

trafficking of macrophages.

The positron emitter Zirconium-89 ([*Zr], t % = 78.4h), has emerged as a
suitable radioisotope for imaging processes with longer pharmacokinetics with
PETE due to its physical decay properties. [°Zr] has had successful applications
in immune-PET imaging™®™ as well as applications in antibody labelling for
preclinical PET scanning, and is ideally suited for cell trafficking over long periods
of time®®, [®Zr] labelled dextran nanoparticles have been used for in vivo
macrophage imaging*®. In comparison to [**Cu], [¥Zr] has a longer physical half-
life as well as a higher positron emission branching ratio of 22.3% compared to
17.5% for [**Cu]. Furthermore the relatively low energy of the emitted positron
(Eave B = 396 keV) results in high resolution [*°Zr] images comparable to those
observed with [**Cu]. Desferrioxamine B (DFO) is the most successfully employed
chelator of [%Zr]*" metal ions owing to its high affinity for the metall’ 2,
Nevertheless the hydrophilic property of DFO makes it unsuitable for carrying [*°Zr]
into cells across the lipophilic membrane. More recently [*Zr]-Oxinates has been

used to for in vivo cell trafficking with PET

. This technique showed a
radiolabelling yield comparable to that with indium-111 SPECT, as well as a high
retention of [*Zr] in cells, however further evaluation of cytotoxicity effects is

required™*”).

Chitosan, a biocompatible and non-antigenic co-polymer of glucosamine and
N-acetylglucosamine with metal ion chelating properties™ is an appropriate carrier
of [®°Zr] for cell labelling. Chitosan has been reported to show potential as a carrier
for drug and gene delivery to cells!*®* and chitosan-based formulations have been
prepared for drug delivery systems. Chitosan is widely available, inexpensive and
can be obtained in a wide variety of molecular weight distributions as well as at
differing degrees of deacetylation (DD).

The free amino (depending on DD) and hydroxyl groups of chitosan allows
for conjugation with peptides and proteins or the incorporation of inorganic materials
including metal ions*®. Both chitosan polymer and CN have acquired great interest

[21, [20]

in various fields including wound dressing®®® *! and tissue engineering

applications which are made possible by the biocompatibility, biodegradability and
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non-toxicity properties offered by chitosan!® 22 33 Furthermore various chitosan
composites have been investigated for biomedical applications®=% and molecular
imaging®” *8. The preparation of chitosan quantum dot composites for drug or gene
delivery with optical imaging utility has been reported!® ** %1 and biocompatible
carboxymethyl-chitosan (CMCS)-coated super paramagnetic iron oxides have been
prepared to visualise human stem cells with MRI®" %4, Also RGD peptide delivery
systems have been prepared from glycol CN for use as an antiangiogenic model drug
in cancer therapy®" %21,

CN can be constructed from chitosan polymer by microemulsification or
complex coacervation however both methods require harsh processing conditions
and organic solvents or toxic reagents'*®). Alternatively ionotropic gelation[?>2 4% 441
can be used which involves cross-linking chitosan polymer chains with a poly anion.
This is carried out in mild and aqueous conditions which could potentially be
exploited for delivery of PET radioisotopes into circulating leukocyte cells. CN have
been shown to penetrate cells by a number of endocytosis and pinocytosis uptake
pathways!*®!. Compared to other cationic polymers used for cell transfection such as
PEI™ chitosan is reported to display less cytotoxicity while maintaining cell
viability! !,

Described in this work is a new technique to radiolabel mixed human
leukocytes with  [¥Zr] and [**Cu] using CN as carrier. The radiometals are directly
compared for their affinity for CN, uptake into cells and cell retention. Previously,
[%Zr] labelled dextran nanoparticles have been used for macrophage imaging®
however the reported method required the use of epichlorohydrin as a reticulating
agent to form the nanoparticles. This was followed by coupling the nanoparticles to
DFO in order to complex [*°Zr] and finally an amino end-capping step. The method
reported here is much less complex in terms of building the CN and requires neither
the use of toxic organic reagents to construct the nanoparticles nor coupling to DFO
or any other complexing agent. This method for radiolabelling mixed leukocytes can
be translated to a preclinical model of inflammation to assess its potential for future

clinical assessment of inflammatory disease.

Materials and Methods
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Materials and Equipment

[Zr] oxalate was purchased from Perkin Elmer (lItaly)/BV cyclotron
(Netherlands), [**Cu] copper chloride was purchased from Cambridge University;
Chitosan 15 kDa (> 85% degree of deacetylation) was purchased from Tebu-bio
(France) chitosan 50 — 190 kDa (85% degree of deacetylation) and chitosan 190 —
310 kDa (85% degree of deacetylation) were purchased from Sigma Aldrich (UK).
Acetic acid, sodium hydroxide, pentasodium tripolyphosphate (TPP) were all
purchased from Sigma Aldrich (UK) and were used without any further purification.
An Edwards Modulyo 4K Freeze dryer (UK) was used to freeze dry CN.

Acid Citrate Dextrose (formula A) was purchased from Huddersfield
Pharmacy Manufacturing Unit (UK) and HESPAN 6% solution (hydroxyethyl
starch) was purchased from Grifols (UK). Hank’s balanced salt solution, Trypan blue
solution (0.4% w/v) and Haemocytometer were all acquired from Sigma Aldrich
(UK).

A PK121R multispeed refrigerated centrifuge from Thermo Scientific (UK)
was used along with a Micro Centaur centrifuge (MSE, UK). For radiolabelling of
CN, uptake and retention of [*°Zr]/[**Cu]-loaded CN into leukocyte cells a Thermo
Shaker PHMT (from Grant Instruments UK) was used to heat and agitate the
solutions. A Vortex Genie-2 which was obtained from Scientific Instruments (US),
was used to re-suspend solutions where necessary. The procedure for separation of
mixed leukocytes from whole blood was performed in a SafeFlow 1.2 safety cabinet
from Bioair Instruments (ltaly). Measurements of radioactive samples were
performed with an Isomed 2000 dose calibrator from MED (Germany) and a 1470
Wizard Automatic Gamma Counter from Perkin Elmer (UK). Scanning Electron
Microscopy Images were taken using a Phillips XL30 FEG SEM and an Olympus

BX51 microscope (Japan) was used to view cells for the cell viability assay.

Chitosan nanoparticle construct

Chitosan (15 kDa, > 85% degree of deacetylation, 0.3 g) was solubilised in a
1% acetic acid solution (60 mL) and was left to stir for 1 hour. The pH of the
chitosan solution was then adjusted to 4.7 with the addition of sodium hydroxide (0.2
M). A solution of sodium tripolyphosphate (50 mg in 20 mL of deionised water) was
added in a drop-wise manner to the chitosan solution with stirring. CN formed
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instantaneously on addition of the poly anion. CN were isolated by centrifugation at
3,025 g for 30 minutes at 4 °C, the supernatant was removed and the nanoparticles
were washed with deionised water and centrifugation was repeated. The supernatant
was removed and the nanoparticles were isolated as a gel and placed in a desiccator
for 3 hours. CN where stored at 2-4 °C as this temperature was reported to have no

effect on size and physical stability of the particles!*”

, and the particles were
characterised via scanning electroscope microscopy (SEM). In order to assess the
amount of dry chitosan in the chitosan nanoparticle gel, samples were freeze-dried to
remove water. Following the free dry process the dry residue was weighed to

determine the content of chitosan.

Isolation of mixed human leukocytes

Each experiment was carried out using mixed white blood cells (WBC) freshly
isolated from whole blood following erythrocyte sedimentation according to a
reported proceduret® #°1. Venous blood (51 mL) taken from healthy volunteers and
was drawn into syringes containing acid-citrate dextrose (ACD) in a proportion of
1.5 parts to 8.5 parts of whole blood. The contents were mixed well and dispensed
into two 50 mL Falcon tubes. Next 3 mL of 6% hydroxy ethyl starch (Hespan) was
added to each tube and the contents mixed slowly to avoid the formation of air
bubbles. The Falcon tubes were maintained in an upright position for 60 minutes to
allow red blood cells to settle. The leukocyte-rich platelet-rich plasma (LRPRP)
supernatant was then carefully removed and centrifuged at 150 g for 5 minutes at
room temperature to obtain a supernatant of platelet-rich plasma (PRP) and a pellet
of mixed leukocytes. The PRP supernatant was removed and the mixed leukocyte
pellet was re-suspended in saline (2 mL). Next the PRP was centrifuged at 1500 g for
10 minutes at room temperature to obtain cell free plasma (CFP) which was removed
and retained for washing and re-suspending cells following the radiolabelling

process.

Radiolabelling of chitosan nanoparticles with [ *Zr] and [ ®Cu]

Approximately 15-20 mg of the chitosan nanoparticle gel was re-suspended in
deionised water (300 pL) in a 1.5 mL Eppendorf vial. [¥°Zr] (in oxalic acid) or [**Cu]
(as aqueous [**Cu] chloride ([**Cu]Cl,)) was added to the Eppendorf vial
(approximately 400 kBq) before being placed in a thermo-shaker and incubated at

1400 rpm at room temperature for 45 minutes. Following incubation the mixture was
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centrifuged at 11,600 g for 10 minutes to leave a supernatant containing free [*Zr]-
oxalate or [**Cu]Cl, and a pellet containing [*zr] or [**Cu] loaded CN. Next the
[*Zr] or [**Cu] loaded CN were washed with water (300 L) and centrifugation was
repeated to remove any free [*°Zr] or [**Cu]. The radioactivity in the supernatants
and pellet were then counted in a gamma counter and the radiolabelling efficiency is
expressed as percentage of the ratio between radioactivity associated with the CN

and total radioactivity.

Uptake and retention of [*°Zr]- or [**Cu]- loaded chitosan nanoparticles into
mixed human Leukocytes

The [#zr]- or [**Cu]-loaded CN were re-suspended in saline (200 uL) and
the re-suspended mixed leukocytes (200 pL in saline) were added to the solution and
gently mixed. The mixture was then incubated in a thermo-shaker at 37 °C, at 1400
rpm for 15 minutes. Following incubation, leukocyte radiolabelling was terminated
by the addition of CFP (1 mL). The radiolabelled leukocytes were separated from the
mixture by centrifugation at 150 g for 5 minutes to leave a pellet of [**Zr]- or [**Cu]-
labelled leukocytes. The radioactivity in the supernatant and the pellet were counted
in a gamma counter. Radiolabelling efficiency is expressed as a percentage of the

ratio between radioactivity associated with the leukocytes and total radioactivity.

To assess cell retention of the radioactivity, a sample of leucocytes labelled
with [*Zr]- or [**Cu]-loaded CN were re-suspended in CFP and allowed to incubate
for 24 hours at 37 °C. At intervals of 1, 2, 3, 4 and 24 hours the mixture was
centrifuged at 150 g for 5 minutes, the supernatant was removed and the pellet
containing [*°Zr]- or [**Cu]-labelled leukocytes was re-suspended in fresh CFP.
Removed CFP fractions and leukocyte pellets were measured for radioactivity in a

gamma counter and the radioactivity efflux rate determined.

Measurement of Cell Viability by Trypan Blue exclusion assay

To measure the viability of cells the Trypan Blue exclusion assay was used.
The cell pellet was initially re-suspended in Hank’s balanced salt solution (9.5 g/L,
500 pL). Next 50 pL of the cell suspension was added to a falcon tube containing a
further 4 mL of Hank’s balanced salt solution and 0.4% (w/v) Trypan Blue Solution
(500 pL) was added. The solution was mixed and a Pasteur pipette was used to load
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the mixture onto a haemocytometer, viable and non-viable cells were then counted in

the haemocytometer under a microscope.
Results

Chitosan Nanoparticle construct
Analysis by scanning electron microscope (SEM) of nanoparticles generated
from 15 kDa chitosan (Figure 1) showed particles with spherical shape and a size

distribution ranging from 57 — 153 nm in diameter.

11 hinm

Figure 1: SEM image of CN

Radiolabelling of Chitosan Nanoparticles with [°Zr] and [**Cu]

Results show that CN bind both [¥Zr] and [**Cu] very efficiently averaging
slightly more than 70% of radiometal uptake after 45 minutes (Table 1 and 2
respectively). The highest labelling efficiency with [¥*Zr] was observed with
nanoparticles built from 190 — 310 kDa (MMW). The labelling efficiency was

consistent over all size distributions of CN tested for [**Cu] radiolabelling.
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CN

15 kDa

LMW (50 - 190
kDa)

MMW (190 - 310
kDa)

[*Zr] uptake
(%)

73.8 + 18.8 (n=30)

72.8 + 24.4 (n=8)

90.3 + 14.8 (n=8)

Table 1: Binding efficiency of [*Zr] to CN produced from various weight distributions of

chitosan polymer.

CN

15 kDa

LMW (50 - 190
kDa)

MMW (190 - 310
kDa)

[**Cu] uptake

(%)

70.7 +16.2 (n=17)

73.5+5.3 (n=3)

71.9 +2.3 (n=3)

Table 2: Binding efficiency of [**Cu] to CN produced from various weight distributions of

chitosan polymer.

Uptake and retention of [**Zr]-or[ **Cu]-Loaded Chitosan Nanoparticles into

mixed human Leukocytes

Leukocyte uptake of [*Zr]-loaded CN was measured as a function of

incubation time (figure 2). A high initial uptake 82.7% * 1.9% was followed by a

decrease and eventually a plateau at 65.5% + 13.1% uptake after 30 minutes to 60

minutes incubation (63% uptake).
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Figure 2: Uptake of [*Zr] labelled CN into mixed human leukocytes cells.

Retention of [*°Zr] by the mixed leukocytes was subsequently measured over

a period of 24 hours (figure 3).

0% +

._
3
=S

20% - 18.6% = 0.8%

28.4% = 5.8%
32.4% £ 5.8%

35.2% = 4.2%

30% -

40% -
53.3%+6.2%
50% -
60% -
70% -

80% -

% Loss of ¥Zr from mixed Leukocytes

90% -

100% T T T T T T T T T T T T
0 2, 4 6 8 10 12 14 16 18 20 22 24

Time (Hours)

Figure 3: Efflux of [*Zr] from mixed leukocyte cells over 24 hour period (all values are decay

corrected to time = 0 hours).
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Similarly, cell uptake of [*Cu]-loaded CN and the retention of the
radioactivity into the cells was investigated. The uptake efficiency of [®*Cu]-loaded
CN was significantly lower than was observed for its [*Zr] counterpart as can be
seen in figure 4. [**Cu] uptake reached a maximum of 26.3% + 7.0% (n=7) after 20
minutes incubation time which decreased to 22.6% * 4.6% (n=3) after 30 minutes

incubation.

100% -

90%

80% -

70%

60% -

50% -

40% -

26.3% = 7%

21.7% = 8.9%

30% - 22.6% + 4.6%

% Activity in cell pellet

20% -

10%

0% 3 T T T T T T ]
0 ) 10 15 20 25 30 35
Incubation Time (minutes)

Figure 4: Uptake of [**Cu] labelled CN into mixed human leukocyte cells.

Efflux of [**Cu] from leukocytes was observed after 20 minutes incubation of
[**Cu]-loaded CN with mixed leukocytes over a period of 3 hours. Figure 5 shows
that the [**Cu] is expelled from the leukocyte cells to a greater extent and at a much
faster rate when compared with [¥°Zr]. More than 90% of the radioactivity was

expelled from the cells after 2 hours.
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Figure 5: Efflux of [**Cu] from mixed leukocyte cells over 3 hour period (all values are decay
corrected to time = 0 hours).

Viability of cells was studied by Trypan Blue exclusion method for [*°Zr]-
loaded CN only. Immediately following the radiolabelling of mixed leukocytes 61%
of the cells remained viable. Following exposure of leukocyte cells to 4.6 mg of CN
the amount of viable cells decreased from 99% to 87%. After exposure to 10 mg of
CN the amount of viable cells decreased to 81%. Using 20 mg of CN resulted in a
cell viability of 70%.

Discussion

Chitosan Nanoparticle construct

Chitosan nanoparticle formation by ionotropic gelation results from the
electrostatic interaction between the protonated tertiary amine groups of chitosan and
the charged groups of TPP. The size and surface charge of the nanoparticles formed
is dependent upon the molecular weight and degree of deacetylation of chitosan, the
weight ratio of chitosan to TPP as well as the pH of the solutions!?® 2 %°-°%1 The fast
kinetics of the formation of an opalescent solution containing CN slows the diffusion
of the reactants into the solution and prevents the progress of further nanoparticle
formation. From freeze-dried CN we evaluated that only a fraction (26%, n=3) of the

chitosan polymer formed into nanoparticles. On assessment of the freeze-dried CN
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generated from MMW and LMW chitosan, it was discovered that they were difficult
to re-suspend in saline solution. In addition, separation of freeze dried CN and mixed
leukocyte cells by centrifugation proved to be problematic in solutions which
contained both materials and co-precipitation was observed. In order to make the
nanoparticles more soluble, methylation of chitosan polymer at the amine
functionality which leads to quaternisation at the position was attempted using a

method described previously™®!

. It was expected the permanent quaternisation
(completed with methyl iodide and under basic conditions) would increase the water
solubility of chitosan and that the resulting increase in cationic character could
ultimately lead to interactions with the negatively charged surface of cells. However
the decreased number of free amine moieties resulted in low binding affinities of the

tri-methylated chitosan to the radio-metals (data not shown).

Nanoparticles with higher stability and water-solubility were generated from
lower molecular weight chitosan polymer (15 kDa). These CN were less prone to
agglomeration and were easily re-suspended following centrifugation. As a result
nanoparticles formed from 15 kDa chitosan polymers were used in gel form in all

further experiments.

Refinement of the purification process of CN may be possible. Centrifugation
may not be the best option as CN may be collected together with free polyanion
(TPP) Which has metal-chelation properties and may contribute to the chelation of
[39Zr] and [**Cu]. Other possible methods of purification such as dialysis may offer a
more efficient separation of CN from free TPP. However the effect on the size and
charge of the collected CN should be assessed as this could have an effect on the

mechanism of uptake of the nanoparticles by mixed leukocyte cells.

Radiolabelling of Chitosan Nanoparticles with [**Zr] and [**Cu]

The metal binding efficiency of CN is not necessarily correlated to the
molecular mass of chitosan used to prepare the nanoparticles. However CN prepared
from MMW chitosan showed the highest affinity for [*°Zr] with 90.3% + 14.8%
uptake (table 1). The higher uptake of [*°Zr] by CN built from MMW chitosan
suggests that these nanoparticles have more chelating sites available for the
zirconium ions to bind. Interestingly these nanoparticles did not show similar high

affinity for [**Cu] (71.9% + 2.3%). However these nanoparticles were not selected
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for further experiments due to the difficulty in re-suspending them in saline solution
as well as the problems of separating them from mixed leukocytes by centrifugation
which would often lead to co-precipitation. The content of dry CN in 20 mg of CN
gel was determined to be around 0.6 mg after freeze-drying of the gel and weighing
the solid CN which remained following the freeze drying process. It was found that 5
mg of CN gel, corresponding to 0.15 mg of CN, was able to load 3.7 MBq of [*°Zr],
resulting in a specific radioactivity of 24.7 MBg/mg CN.

Uptake and retention of [*Zr]- or [®*Cu]-Loaded Chitosan Nanoparticles into
mixed human Leukocytes

The graph shown in figure 2 suggests a two-step process for the mechanism
of uptake of [¥Zr]-loaded CN through the cell membrane via pinocytosisi*® rather
than by phagocytosis. A similar mechanism to that reported by Lesniak et al for the
cell uptake of carboxylated polystyrene and silica nanoparticles®™" may be occurring
here. An initial step in which the cationic nanoparticles adhere reversibly to the
negatively charged cell membrane by electrostatic interaction, followed by
internalisation into the cell via a slower process. The initial fast uptake of [*°Zr]-
loaded CN into the cells (as seen in figure 2) may be the result of an accumulation of
the [*Zr]-CN at the cell membrane through a weak adhesive contact after the initial
mixing with the leukocytes using a vortex for 30 seconds followed by dissociation
and dispersion until an equilibrium is reached. Leukocytes were radiolabelled in
saline rather than a plasma medium to avoid any potential binding of the [*Zr] or

[%“Cu] to plasma proteins which would result in lower labelling efficiencies.

Efflux of the radioactivity from the cells reached 28.4% (= 5.8%) loss of
[39Zr] after 2 hours and was followed by a slow release afterwards (figure 3). After
24 hours around 50% of the radioactivity was still associated with the cells. We can
infer from the results shown in figures 2 and 3 that only a fraction of the [*°Zr]-
loaded CN are internalised after 15 minutes incubation and a fraction is still bound to
the cell membrane. The loss of radioactivity from this point is likely to be due to
competition between plasma proteins in the cell free plasma (CFP) and the cell
membrane bound CN for the [*zr].

Due to the size and shape of the CN (< 0.5 pum) and their ability to interact
with the cell membrane resulting from their surface charge, it is likely that cellular
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internalisation involves an endocytosis pathway™®. These results reflect fast initial
adhesion of [*zr] or [**Cu]-loaded CN to the cell membrane followed by partial

removal leading to only a fraction of nanoparticles being internalised into the cell.

[*Cu]-loaded CN showed a much poorer uptake into leukocytes cells
compared to its [*°Zr] counterpart. In addition the efflux of [**Cu] from cells was
much more rapid with more than 90% of the [**Cu] being expelled from the cell after
2 hour incubation in CFP. Similarly to the situation with the [*°Zr]-loaded CN, the
loss could be attributed to the competition between components in the CFP and the
leukocyte membrane bound [**Cu]-loaded CN. The rapid loss of radioactivity from
the cells might be a result of the greater affinity of components of the CFP for copper
rather than zirconium. Copper as a trace element is found in humans and is important
in various physiological processes; as such human plasma contains specific copper

transporter proteins such as ceruloplasmin or transcuprein®.

The cytotoxicity effect of unlabelled CN on mixed leukocytes was also
studied. Interestingly we found that increased exposure to chitosan nanoparticle gel
had a negative effect on the viability of leukocyte cells which is the opposite result to
that reported by Kean et al'*®. This implies that there is indeed a correlation between

the amounts of chitosan nanoparticle and the viability of leukocyte cells.

Conclusion

We report a simple and reproducible method for radiolabelling mixed human
leukocytes with [*°Zr]. This new technique will allow for the quantitative imaging of
inflammation using positron emission tomography (PET). With this method, which
utilises CN as a delivery system of the PET isotope into the cells, we have
demonstrated a fast uptake of [*°Zr] into leukocyte cells with a slow rate of efflux
thereafter. Chitosan is an attractive carrier owing to its low cytotoxicity,
biocompatibility and biodegradability which has been previously demonstrated.
However, a correlation between the amount of CN used and the viability of
leukocyte cells was discovered, with higher amounts of CN reducing the viability of
cells. A method of chitosan nanoparticle generation which uses less native chitosan
and which uses a different method of purification is currently being investigated to
overcome this situation and to reduce the amount of free TPP in the nanoparticle

formulation.
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Radiolabelling of mixed human leukocyte cells with [**Cu] was also directly
compared to [¥°Zr] radiolabelling. A lower uptake of [**Cu] into leukocyte cells was
observed as well as a high efflux of the [**Cu] from the cell. The results suggest that
[%Zr] is the superior radiometal to use for human inflammation scanning. The uptake
mechanism of [**Zr]/[®*Cu]-loaded CN into cells is unclear. There is a possibility of
phagocytic engulfment! but the most likely method of internalisation is via an
endocytosis or pinocytosis mechanism based on the size, shape and surface charge of
the CN. Our method of radiolabelling WBC’s with long lived PET isotopes is made
more attractive due to its ease of use compared to other reported methods™*® which
require the addition of an organic reticulating agent and coupling of a metal
complexing agent. Our technique requires neither the use of toxic organic reagents to
construct the nanoparticles nor coupling to a complexing agent. This technique is
suitable for measuring and monitoring the regional signal from migrated
radiolabelled white blood cells to pathological tissue in infectious and inflammatory
diseases such as inflammatory arthritis. It offers the potential for superior
quantification and sensitivity compared to current methods such as Single-Photon
Emission Computed Tomography (SPECT). This represents the first essential steps
towards the development of a generic PET technique for quantitative imaging of
inflammation in the clinic with potential for applications to monitor other types of
cell traffic such as stem cells.
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Abstract

Mixed leukocyte (white blood cells [WBC]) trafficking using positron
emission tomography (PET) is receiving growing interest to diagnose and monitor
inflammatory conditions. PET is a high sensitivity molecular imaging technique that
allows precise quantification of the signal produced from the radiolabelled moiety.
We have evaluated a new methods for labelling WBC with zirconium-89 (¥zr, ty, =
78.41 hours) using chitosan nanoparticles (CN) as the carrier for delivery of the
radiometal into the leukocytes. In our current work we report an optimised method
for the preparation of CN via a mechanism of ionotropic gelation. We recently
reported on the use of CN to carry ®*Cu and ®Zr into leukocytes for trafficking with
PETM. In this report we described an optimised method for CN generation and
radiometal loading. The method of CN generation described here has the advantage
of more reproducibility in CN properties as well as the size distribution of

nanoparticles.

Introduction

Chitosan is a linear polysaccharide consisting of randomly distributed p-1-4-
linked d-glucosamine and N-acetyl-d-glucosamine units and has metal chelating
propertiest?). The polymer is commercially available and can be obtained at various
molecular weights and with different degrees of deacetylation (DD). Recently,
chitosan has received growing interest from the scientific community and has found

applications in a number of fields including, but not limited to, drug and gene
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delivery systems®®, wound dressing and as scaffolds for tissue engineering!®. These
applications are made possible due to the bio-compatibility, bio-degradability and
apparent low toxicity of chitosanl. It is these properties, as well as the metal
chelating properties, which have drawn our attention to the use of chitosan
nanoparticles (CN) as a carrier of the PET radiometal, ®°Zr, into mixed leukocyte
cells for cell trafficking. In-vivo imaging of leukocyte cells with PET has
applications in immunological studies to track the selective recruitment of specific
immune cells during pathogenesis, to detect probable infectious/inflammatory foci

and also to devise rational therapeutic strategies and carry out longitudinal studies.

Nanoparticles can be formed from chitosan polymer by crosslinking the
linear polymer chains using a polyanion such as pentasodium tripolyphosphate
(TPP) via a mechanism of ionotropic gelation®%. lonotropic gelation is an attractive
mechanism for CN formation owing to the mild and aqueous conditions used in
comparison to other mechanisms such as microemulsification or complex
coacervation™®. The size and surface charge of CN is very adaptive to changes of
concentration and ratio of chitosan to polyanion and of the cross-linking agent, to pH
changes and to the method of CN purification.

In this short note we describe the optimisation of the preparation of CN to be
used as a carrier of %Zr into human leukocyte cells. This is followed by an
investigation of the affinity of CN for 8Zr and the subsequent uptake and retention
of ®Zr-loaded CN into mixed human leukocyte cells. The radiolabelling of
leukocytes with ®Zr-loaded CN is described here, but the versatility of this method
means that it could also be transferable to radiolabelling of similar cell types.

Experimental

CN preparation

Chitosan (15 kDa, > 85% degree of deacetylation, 14 mg) was solubilised in
HCI (4.6 mM, 20 mL) to form a 0.7 mg/ml solution, and was left to stir for 24 hours.
The pH of the chitosan solution was then adjusted to 5 with the addition of sodium
hydroxide (0.1 M). Meanwhile, a Img/ml solution of TPP was made (10 mg TPP in
10 mL of deionised water) and both the TPP and the chitosan solutions were filtered
via a 0.22 pm filter. Next, 80 pL of the TPP solution was added to 917 pL of the

chitosan solution (chitosan:TPP ratio of 8:1, w/w) to form nanoparticles, and the
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mixture was allowed to stir for 30 minutes. The solution of CN were then transferred
to Pur-A-Lyzer Maxi 12000 dialysis tubes (12 kDa molecular weight cut-off) and
were dialysed against de-ionised water for 24 hours to remove all of the TPP cross-
linking agent. The CN solution was then recovered and stored at 2-4 °C (as this
temperature was reported to have no effect on size and physical stability of the
particles™) CN were characterised for size and zeta potential by dynamic light

scattering (DLS) using a Malvern Zetasizer nano-series.

Isolation of mixed human leukocytes
Each experiment was carried out using mixed white blood cells (WBC)
freshly isolated from whole blood following erythrocyte sedimentation according to

a reported procedure!® 2,

Results and Discussion

CN properties

The size and zeta potential ({) of CN prepared from 15 kDa chitosan polymer
were analysed by dynamic light scattering (DLS). The results showed an average CN
size of 342.7 nm in diameter, with a polydispersity index (pdi) of 0.376 as seen in
Figure 1. The pdi results are consistent with those reported previously™ **! and our

pdi value is actually lower than that reported by Papadimitriou et al.
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Figure 1: CN diameter measured by DLS.
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The {-potential of CN was also measured and was found to be +45.7 + 3.96

mV as can be seen in Figure 2.
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Figure 2: CN zeta potential measurement.

CN were prepared from different chitosan:TPP ratios and the size and (-

potential of the CN were assessed as seen in Figure 3 and Figure 4 respectively.
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Figure 3: The effect of different chitosan: TPP ratio on CN size.
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Figure 4: The effect of different chitosan: TPP ratio on CN Z-potential.

Figure 3 shows the trend in CN size as the chitosan: TPP ratio is altered. At a
9:1 ratio the average size is 545.0 nm and this decreases to 342.7 nm at an 8:1 ratio
of chitosan:TPP. As the ratio changes to 6:1 and then 5:1 an increase to the size of
CN is seen from 412.3 nm to 451.1 nm. Figure 4 shows the trend in -potential of
CN as the chitosan:TPP ratio changes. There is a clear trend as the ratio of
chitosan:TPP becomes smaller the (-potential of CN produced becomes lower
dropping from 47.5 mV at a 9:1 chitosan:TPP to 40.0 mV at a 5:1 chitosan:TPP.
Using this data it was decided that an 8:1 chitosan:TPP would be used to construct
CN. This produces CN at a size which allows uptake by cells and maintains a
positive surface charge for the electrostatic attraction of CN to cell surfaces. The pdi
values of the CN built from 9:1 and 7:1 chitosan:TPP where larger (0.437 and
0.407) than the pdi reported for those produced with a 8:1 ratio (0.376). This
suggests that CN produced from 8:1 chitosan:TPP where less polydisperse than

other batches.

Being able to control the size and surface charge of CN is important as it
gives a good insight into how the CN are taken up by cells. There are a number of
endocytosis mechanisms which can occur in a typical eukaryotic cell, and these
mechanisms can be dependent on the size of the particle being taken up by the

cell™. By controlling the size of the CN we are able to predict more accurately by
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which endocytosis mechanism they are taken up into the cell. It is also important that
the CN have a positive {-potential, as it is this positive charge which initially attracts
the CN to the negatively charged surface of the cell. Following this initial
electrostatic interaction a cell internalisation step, either by phagocytosis or

endocytosis takes place.

Using dialysis to purify the CN ensures that no TPP is left in the CN
formulation. Previously, centrifugation has been used to purify CN™* ! however
the disadvantage of purification in this way is that all components including CN,
native chitosan and TPP cross-linking agent are collected. This means that there is
little control of what is being collected and that the physical properties of CN can, as
a result, be variable. Furthermore, the nature of our previous method of CN
production was the fast production of a gel which prevented the diffusion of any
further chitosan and TPP into the nanoparticles therefore terminating the CN

production.

Affinity of ®zr for CN

CN (300 pL) were incubated with ®Zr (approximately 17 MBq as *zr-
oxalate) in a Thermo-shaker at room temperature for 45 minutes. Following
incubation the #Zr-loaded CN were separated from free ®Zr by centrifugation and
washed twice with deionised water. The supernatant (containing free ®*Zr) and the
pellet of %Zr-loaded CN were measured for radioactivity. The amount of ®zr

associated with the CN after incubation and washing was 31 % + 6 % (n = 15).

Uptake and Retention of **Zr-loaded CN in mixed leukocytes

897r-loaded CN were re-suspended in saline (200 pL) and re-suspended
mixed leukocytes (200 pL in saline) were added to the mixture with gentle mixing.
The mixture was then incubated in a thermo-shaker at 37 °C, at 1400 rpm for 30
minutes, 1 hour, 2 hours, 3 hours and 24 hours. Following incubation, leukocyte
radiolabelling was terminated at each time interval by the addition of cell free
plasma (CFP, 1 mL). The radiolabelled leukocytes were separated from the mixture
by centrifugation (150 g for 5 minutes) to leave a pellet of ®Zr labelled leukocytes.
The radioactivity in the supernatant and the pellet were counted in a gamma counter.
Radiolabelling efficiency is expressed as a percentage of the ratio between
radioactivity associated with the leukocytes and total radioactivity.
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To assess cell retention of 3Zr, a sample of leukocytes labelled with ®Zr-
loaded CN was re-suspended in CFP and allowed to incubate for 24 hours at 37 °C.
At intervals of 1, 2, 3, and 24 hours the mixture was centrifuged (150 g for 5
minutes) and the supernatant was removed and the pellet containing ®*Zr-labelled
leukocytes was re-suspended in fresh CFP. Removed CFP fractions and leukocyte
pellets were measured for radioactivity in a gamma counter and the radioactivity
efflux rate determined. The results for both uptake and efflux of 3Zr in leukocytes

cell can be seen in Figure 5.

Figure 5 shows that the uptake of our ®*Zr-loaded CN seems to occur in two
phases, similar to that reported by Lesniak et al., for the internalisation of
carboxylated polystyrene and silica nanoparticles in epithelial cells!*”. In an initial
step there is an electrostatic interaction between the positive charge on the surface of
the CN and the negatively charged cell membrane of the leukocyte cells. In a second
step, the %Zr-loaded CN, are internalised by a mechanism of endocytosis or
phagocytosis. Figure 5 demonstrates a relatively fast loss of Zr from the cell which
shows the release of *Zr-loaded CN from the cell membrane whilst the remaining
8Zr-loaded CN are internalised by the cell in a slower process which is
demonstrated by the uptake plot of Figure 5. There may be some competition for the
897r from plasma proteins with chelating properties and this may well account for the

loss of %°Zr from the cell membrane.
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Figure 5: Uptake and retention of ®*Zr-loaded CN in mixed human leukocyte cells.

Conclusions

Described in this work is the optimisation of the preparation of CN to be
used as a carrier of ®Zr into human leukocyte cells. The versatility of this
radiolabelling method means that it may also be applied to the radiolabelling of other
cell types which have the capability of phagocytosis and endocytosis. With CN
produced by this method a two-step mechanism of ®Zr-loaded CN uptake by
leukocytes was shown. A cell membrane interaction is followed by a slower
internalisation step. #Zr-labelled leukocyte cells can then be used with PET for cell
trafficking in inflammation imaging. This method of CN preparation uses a low
concentration of both the chitosan and TPP which will therefore lower any possible
cytotoxicity effects. Also, a large ratio of chitosan:TPP (8:1) along with purification
by dialysis is used to reproducibly and reliably construct CN of 342.7 nm in diameter
(pdi = 0.376) with a Z-potential of +45.7 £ 3.96 mV.

CN offer a way to radiolabel mixed leukocyte cells with the PET isotope 3°Zr
for inflammation imaging. By controlling the conditions of CN production we can
reproduce the physical properties (such as diameter and surface charge) of the CN
and we have shown that these ®Zr-loaded CN can be used to radiolabel mixed
human leukocytes. The relative stability of Zr in leukocyte cells from 3 hours to 24

hours (Figure 5) is encouraging for PET imaging of leukocyte cells. Additionally the
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versatility of this method means that it could be transferable to radiolabelling of

other cell types, for example for tracking stem cells or to monitor the bio-distribution

of transferred immune cells in-vivo in cell based immunotherapy.
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CHAPTER 8: Summary and Future Perspectives

The work presented in this thesis has demonstrated the importance as well as
the influence of PET radiochemisty in the field of pain and inflammation. The use of
several PET isotopes which have a range of radioactive half-lives and with differing
physical properties have been used as tools to radiolabel small molecules, peptides
and nanoparticles to help elucidate the biological processes occurring during pain
perception and in inflammatory response. The work spans diverse chemistries
associated with the variety of radioisotopes used, each of which have their own
challenges associated. These range from the constraints of the short radioactive half-
life of 'C, to working with ‘®F where it is necessary to react the [*®F]F" with a small
organic prosthetic group before being covalently linked to a macromolecule. The
PET radiometals **Cu and ®Zr have longer radioactive half-lives in comparison to
C and °F; however the challenge of working with these isotopes is the
coordination chemistry which is required to form a thermodynamically and
kinetically stable complex with the radiometal. Having this stability is of high

importance to prevent transmetallation in physiological conditions.

What | have also hoped to achieve in this work is to demonstrate to the reader
some of the different stages involved in the translation of a PET probe, whether it be
a small molecule, a peptide/protein or any other biologically relevant substance,
from development of the radiochemistry to preclinical evaluation and finally to
clinical PET studies. Radiochemistry development has been demonstrated with
[*'C]diprenorphine, [*®F]IL-1RA and with 3Zr-/**Cu-loaded chitosan nanoparticles
and indeed physiochemical development of chitosan nanoparticles themselves.
[*|F]IL-1RA bio-distribution and pharmacokinetics were evaluated in a preclinical
setting!™ and Zr- loaded chitosan nanoparticles will be assessed in preclinical
experiments to evaluate if this tool can be effectively used for cell trafficking of
leukocytes for PET imaging of inflammation. Finally, [*'C]diprenorphine was
produced in compliance with good manufacturing practice (GMP*) standards to

produce the radiotracer for a clinical study evaluating acute and chronic pain

* Guidelines and principles which are required in the manufacture of pharmaceutical; in Europe, this
is set out by EudraLex and is enforced by the Medicines and Healthcare Products Regulatory Agency
(MHRA).
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perception in arthritis®. Therefore, some of the most important stages of PET probe

translation have been demonstrated.

[6-O-methyl-'C]diprenorphine for assessment of the endogenous opioid system
in arthritis.

Work has encompassed *'C radiolabelling of a small opioid receptor
molecule, diprenorphine®, and using PET to convey changes of opioid receptor
occupancy in brains of patients under various pain states. The challenge of producing
[*'C]diprenorphine in compliance with GMP standards was addressed as well as
fully automating a reliable and robust [*'C]diprenorphine production process to give
a clinical dose within the tight time limitations that **C demands. In addition, a
comparison of two different *'C radiolabelling strategies was assessed. [*'C]CHl
and ["'C]JCH;OTf were compared as ‘'C methylating agents, with the aim of
increasing the radiochemical yield with the more reactive ['*C]CH;OTf. However,
although [**C]CH5OTf has increased reactivity and as such can be used under mild
reaction conditions, there is less selectivity towards the two free hydroxyl groups of
the diprenorphine precursor in comparison with [**C]CHsl. In conclusion it is
suggested that [*'C]JCH5OTf is not an appropriate route for the radiosynthesis of
["'C]diprenorphine. However the automated method for synthesising
[*'C]diprenorphine with [**C]CHsl on a GE TRACERIlabgxee radiochemistry system
should be the method of choice for [**C]diprenorphine PET studies.

A new method for the reliable quantitative measurement of the metabolites of
[*'C]diprenorphine using in-line SPE combined with radio-HPLC has also been
developed. It is important to be able to measure the ratio of parent radiotracer
([**C]diprenorphine) to metabolites at various time-points of a PET scan in order to
accurately model the quantitative binding of [**C]diprenorphine to available opioid
receptors. Also being able to calculate an accurate plasma input function for
[*'C]diprenorphine. The metabolites of [*'C]diprenorphine from clinical scanning
were compared to in silico predictions and metabolites generated from human liver
microsomes. It was found that metabolite profile for the same subject over multiple
[*'C]diprenorphine scans was consistent and as such it may be possible to apply a
single set of metabolite data for a participant over multiple scans. The work went on
to identify the major metabolite of [*'C]diprenorphine as [*'C]diprenorphine-3-

glucuronide as confirmed by microsomal digest and MALDI-MS. Being able to
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identify the major metabolite allows the determination of a number of important
issues. First of all, we can determine whether the metabolite may be able to penetrate
the BBB. This is an important question to be answered, especially when addressing
the question of [**C]diprenorphine neuro-receptor occupancy. The lipophilic nature
of [*C]diprenorphine-3-glucuronide suggests that it would be difficult for the
molecule to penetrate the BBB by passive diffusion, however there are other systems
that molecules can use to pass the BBB such as by active transport and by receptor
mediated mechanisms. This leads to the second question: is there competition from
the radiometabolite for the same opioid receptors that [“'C]diprenorphine is
targeting? The answer for [**C]diprenorphine-3-glucuronide is unclear from data in
the current literature. We instead can compare how other glucuronides of opiates act
on opioid receptors. For example morphine-3-glucuronide has been shown to have a
low affinity at p-receptors’® whereas buprenorphine-3-glucuronide was reported to
have some biological activity which could contribute to the total pharmacology of
buprenorphine®. It seems apparent that more work need to be completed to analyse

the affinity diprenorphine-3-glucuronide may have on opioid receptors.

[*'C]diprenorphine produced by the method described in Chapter 2 and with
metabolite analysis described in Chapter 3, was used for a clinical PET study
investigating opioid receptor occupancy by endogenous opioids as well as up-
regulation of opioid receptors in the brain for various pain states of healthy
participants and in arthritic patients®. The conclusion was that in chronic pain states
(such as that experienced by arthritic patients) opioid receptors are up-regulated in
the striatum, evidence of an adaptive endogenous opioid system. The availability of
opioid receptors of arthritic patients was reduced in the striatum which is consistent
with opioid receptor sites being occupied to a greater extent by endogenous opiates.
Evidence of an adaptive up-regulation of opioid receptors in chronic pain is
important in explaining variability to the resilience of chronic pain and differing
response to therapeutic treatments for chronic pain in disease states such as
rheumatoid arthritis. This lends further evidence to the importance of PET
radiotracers for assessing the biology of pain at the molecular level by being able to

measure the occupancy and the up- or down-regulation of opioid receptors.
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[|F]IL-1RA to assess IL-1RA as a potential therapy for neuro- and peripheral
inflammation

A strategy for the ®F radiolabelling of IL1-ra has also been reported.”. IL-
1RA is an antagonist of interleukin-1, a pro-inflammatory cytokine. By
radiolabelling IL-1RA it was possible to measure its bio-distribution,
pharmacokinetics and metabolism in rats™. A rapid and efficient method for
radiolabelling IL-IRA with the prosthetic group, [**F]fluoroacetaldehyde, was
reportedl’). This prosthetic group was attractive to use, owing to its simplified
purification by distillation from the crude reaction mixture avoiding the use of HPLC
or SPE purification methods. [‘®F]fluoroacetaldehyde could be trapped in a small
volume of water and mild radiolabelling conditions were used to randomly
radiolabel free lysine residues of IL-1RA under reductive alkylation.

IL-IRA has the potential to be used to prevent damage caused by
inflammation in a number of autoimmune diseases, and gaining a better
understanding of its bio-distribution pharmacokinetics and metabolism using
[|F]IL-1RA PET helps to optimise routes and time-points for administration.
[*|F]IL-1RA distribution in rats occurred as follows: kidneys >> liver > lungs >>
brain™. A low uptake of [*®F]IL-IRA was seen in the brain of normal rats,
additionally [*®F]IL-1RA was rapidly metabolised and the metabolites were quickly
excreted in the kidney. This study shows how useful pre-clinical PET is as a strategy
in the assessment of new molecules which have a therapeutic interest. A low brain
uptake in rats was seen with [*®F]IL-1RA which means that for neurodegenerative
disorders, repeated injections or even infusion is likely to be needed to maintain
therapeutic levels of IL-1RA in the brain as treatment for neuro-inflammation. Since
the brain uptake of IL-1RA is low, applications of the tracer must focus on

peripheral inflammation.

897r and ®*Cu labelled chitosan nanoparticles for cell trafficking with PET

897r radiolabelled chitosan nanoparticles were assessed for white blood cell
trafficking with PET as an improved method to the current clinical procedure of
white blood cells radiolabelled with SPECT isotopes, *™Tc and *In for
inflammation imaging. The superior quantification and sensitivity that is possible
with PET makes this imaging modality attractive to monitor the infiltration of

radiolabelled white blood cells into areas of infection and inflammation. Chitosan
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nanoparticles were investigated as a carrier of PET isotopes into mixed human
leukocytes cells®. The work investigates the loading of chitosan nanoparticles with
897r and ®*Cu and then goes on to assess the uptake and retention of Zr- and ®*Cu-
loaded chitosan nanoparticles in mixed human leukocytest®. The comparison of the
radiometals showed that 3°Zr-loaded chitosan nanoparticles were taken up in
leukocyte cells to a much greater extent than the ®*Cu counterpart. In addition #zr
was retained much better by leukocyte cells than ®*Cu which was almost entirely lost
after 3 hours. The comparatively poor uptake and retention of **Cu-loaded chitosan
nanoparticles (which was carried out in cell free plasma) may be a result of the
competition for ®*Cu by copper transporter proteins which are present in human
plasma, whereas there are no corresponding zirconium transporter proteins to act as a
substrate for %Zr. Cell uptake measurements indicate that the uptake of ®*Zr-loaded
chitosan nanoparticles appears to occur in 2 phases, an initial electrostatic interaction
between the nanoparticles and the leukocyte cell surface, followed by a second
slower step of internalisation™. This simplified method for radiolabelling mixed
leukocytes with ®Zr has great potential to be used as a probe for inflammation
imaging with PET. The technique could provide clinicians with an early diagnostic
tool for autoimmune disorders such as rheumatoid arthritis. Also, this technique may
provide a way to assess treatment effectiveness and to monitor inflammation at
various disease stages. In addition, this technique may be translated to the
radiolabelling of similar cell types which rely on cell uptake via phagocytosis or
endocytosis. The versatility of this method means that it could be used, for example,
for tracking stem cells or to monitor the bio-distribution of transferred immune cells

in-vivo in cell based immunotherapy such as adoptive T-cell therapy.

It is important to first of all demonstrate ®Zr-loaded chitosan nanoparticles
for leukocyte trafficking with PET in a preclinical model of inflammation. There are
a number of models which could be potentially used. One such model is the rat air
pouch in which sterile air is injected subcutaneously into the back of the animal, this
is followed by the injection of carrageenan to induce an inflammatory responsel®.
This method can be used to collect leukocyte cells from rats but may also be used to
validate the migration of radiolabelled leukocytes to inflammation sites. Other
models which could be useful include collagen induced arthritis, antibody induced

arthritis and contact hypersensitivity modelst%.
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Following the initial assessment of this strategy of radiolabelling leukocytes
an optimised method of chitosan nanoparticle construction was developed. This
optimised method which uses a low concentration of chitosan and of the cross-
linking agent as well as a milder purification method of dialysis (compared to
centrifugation), allowed for a reliable and reproducible production of chitosan
nanoparticles. One observation of this work was the low ®Zr loading capacity
compared to the chitosan nanoparticles used previously. An improvement of loading
capacity may be seen if the *Zr-oxalate starting material has the oxalate counter ion
exchanged for a chloride ion on an ion-exchange resin is before being loaded into the
nanoparticles. In doing so the ¥Zr metal should have a greater affinity for the

binding sites of the chitosan nanoparticles in preference to chloride.

The future of PET radiochemistry for the assessment of pain

[*'C]diprenorphine is not the only PET radiotracer which can be used to
study the endogenous opioid system. Diprenorphine is an antagonist with high
affinities at all of the classical opioid receptor sub-types (u, & and ). However there
are PET ligands available which are selective for single opioid receptor sub-types
such as [*'C]carfentanil which is selective for the p-receptor and N1-
([**C]methyl)naltrindole for the §-receptor, or combinations of receptor sub-types
such as [*®F]cyclofoxy for the p and k-receptors™ 2. Opiate receptors can mediate a
number of effects such as pain modulation, sedation, addiction and reward, through a
single sub-type of receptors or by a combination of receptor types. Therefore PET
ligands, such as [*'C]carfentanil, become useful when studying biological processes
which rely on a single receptor sub-type. [*'C]carfentanil is a potent agonist with
high affinity for p-receptors (Kq 0.08 nM) in human brain tissue™™. The main
drawback of using such a high-affinity agonist for PET studies is that
[*'C]carfentanil must be produced with high specific radioactivity in order to avoid
injecting a dose which contains enough carrier ([**C]carfentanil) to elicit a
pharmacological effect to the study participant. Producing [**C]carfentanil with a
high specific radioactivity is of course possible and the tracer has been used in
numerous studies™® ** and remains the PET tracer of choice when studying the pi-
opiate receptor™. Frost et al., compared the kinetic behaviour and opiate binding
properties in different brain regions of [*'C]carfentanil and [*'C]diprenorphinel®®. It

was found that the kinetic behaviour of [*'C]carfentanil was of a fast association and
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dissociation (30 minutes after injection) to p-receptors in different brain regions, in
contrast [*'C]diprenorphine showed a slower rate of association to opiate receptors in

the brain with little dissociation during a 90 minute PET scan!*¥],

It is my opinion that for the study of all opiate receptor sub-types and of the
endogenous opiate system, the non-selective antagonist [**C]diprenorphine remains
the PET ligand of choice. The automation of a reliable and robust [**C]diprenorphine
production has been reported in this work®® along with a metabolite analysis
method™. This should go some way in making [**C]diprenorphine attractive to use
for clinicians wanting to study disease states which are entirely or partly controlled
or modulated by the endogenous opioid system. One further step may be to develop
an automated process for the production, purification and formulation of
[*°F]diprenorphine. This would allow for longer PET scans, and indeed
[*®F]diprenorphine has been compared with [**C]diprenorphine in human PET
studies!™*!. This work concluded that there were similarities in the pharmacokinetics
and opioid receptor binding of the two tracers. However the automation of the
production process on a TRACERIabgxre system would require careful planning as
the production process would require the purification of the [**F]fluoroethyl tosylate
prosthetic group before it is used to radiolabel the precursor molecule TDPN.
Another approach may be to produce a tosylated precursor which could be directly
fluorinated with [*®F]F. This would make the automation of [**F]diprenorphine
production a more straightforward prospect.

To look to the future of PET radiochemistry for the assessment of pain,
perhaps a good place to start would be with the most recent strategies of analgesia
which are being reported for the treatment of chronic pain. One which was briefly
discussed in the introduction was the use enkephalinase inhibitors which target and
inhibit the zinc metallopeptidases that breakdown endogenous opiates Met- and Leu-
enkephalint®. The hypothesis is that this inhibition of the peptidases causes an
increase in the levels of endogenous opiates, therefore producing a greater analgesic
effect. Dual enkephalinase inhibitors, which target the two peptidases, neprilysin
(NEP) and aminopeptidase N (APN), are in fact in the early stages of clinical trials.
Structure activity studies (a widely used technique for designing new drugs) have
been essential to the design of dual enkephalinase inhibitors, which have zinc

chelating groups to inhibit the peptidases and side groups which allow them to bind
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to sub-sites of the peptidases. Some of these inhibitors have been designed to fit
binding sites of both NEP and APN, while others (such as RB-101 and PL37) are
pro-drugs designed to penetrate the BBB and release selective APN and NEP
inhibitors after a disulphide bond cleavage in the brain. Site-directed mutagenesis
and docking studies were used in their design and this same approach may well
prove useful in the design of new opiates and indeed new radioligands to study the
endogenous opioid system. The review from Roques et al., mentions the possibility
that these dual enkephalinase inhibitors may be of use for the in vivo investigation of

opioid receptor occupancy using PET.

A similar strategy involves, fatty acid amide hydrolase (FAAH) inhibitors
that can be used to prevent the breakdown of endocannabinoids to provide pain
relief™®!. This approach may also warrant a PET study to investigate the effect that
cannabinoids have upon the endogenous pain system.

The future of PET radiochemistry in inflammation imaging

Although SPECT imaging with radiolabelled white blood cells remains the
most widely used technique for imaging inflammation in the clinic, PET has a very
important role in the field of inflammation imaging too. [**"Tc¢]HMPAO and
[*"In]Joxine labelled leukocytes that can be tracked with SPECT imaging to foci of
infection and inflammation are used for the diagnosis and assessment of a number
of inflammatory disorders*®!. Other imaging modalities may also be applied for
imaging of inflammation such as MRI and ultrasound to assess joint synovitis in
rheumatoid arthritis by imaging inflamed synovium or bone erosion™™”, however
they do not provide a quantitative measurement of inflammation. PET can offer
improved quantification and sensitivity compared to these other imaging modalities
and it is for this reason we endeavoured to develop a PET imaging technique for cell
trafficking of leukocytes for inflammation imaging using ®°Zr-loaded chitosan
nanoparticles®). This technique holds great potential and a preclinical model needs to

be established to test and validate the technique.

However, both our method using %°Zr-loaded chitosan nanoparticles and the
current clinical practice of SPECT imaging involve the radiolabelling of autologous
blood products and this may be seen as a rather invasive procedure. There are in vivo

strategies to radiolabelling white blood cells to localise infectious and inflammatory
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foci, and a good example of this is **™Tc radiolabelled interleukin-8™%. Interleukin-8
is a cytokine which plays a role in cell recruitment during inflammation and what is
useful for this imaging technique is that neutrophils express receptors for interleukin-
8. Bleeker-Rovers et al., demonstrated the first clinical trials with *™Tc-interleukin-
8 SPECT and showed that the tracer could successfully detect various infections in
patients at 4 hours post injection™. With these promising results reported, a
promising way forward may be to radiolabel interleukin-8 with a PET isotope such

as 8F, %cu or ¥zr.

8F radiolabelling of IL-1RA has been reported in this work and the same
strategy employed with [‘®F]fluoroacetaldehydel” could be used for the °F
radiolabelling of interleukin-8. This does however depend on the number of lysine
residues available to be radiolabelled and lysine residues which are not involved in
the affinity of interleukin-8 for receptors on neutrophils. Interleukin-8 is smaller
(8.5 kDa) compared to IL-1RA (17 kDa) and so the number of lysine sites may be
restricted. Another plan might be to use site-specific ‘°F radiolabelling strategies.
Aminooxy-functionalised interleukin-8 could be reacted with an ®F carbonyl
prosthetic group to form an oxime, or alternatively, a maleimide functionality used to
target cysteine residues could be utilised**?Y. Both of these radiolabelling strategies
have been used previously to *®F radiolabel proteins and peptides. Another approach
may be to utilise *°F click chemistry. This approach exploits the highly selective
interaction between an alkyne and an azide to yield a triazole!®?). Alkynes and azides
are generally inert to biological processes making this an attractive approach and
many *®F prosthetic groups containing azides and alkynes have been reported®! with
many peptides being decorated with a corresponding alkyne or azide functional
group. The click reaction between azides and alkynes is catalysed by a source of
Cu’, although the reaction may also be driven by the use of a strained alkyne such as
cyclooctyne which avoids the use of copper?. To apply this approach to °F
radiolabelling of interleukin-8, consideration would need to be made to reaction rates
as well as the concentration and mass of interleukin-8 which would be required.
What is apparent however is the number of possible *®F radiolabelling strategies that

are available to produce [**F]-interleukin-8.

However, consideration needs to be made to the radioactive half-life of 18

(tu» = 109.7 minutes) compared to *™T¢ (ty, = 6 hours) which was used by Bleeker-
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Rovers et al. The time for interleukin-8 to accumulate at neutrophil receptor sites and
then for the labelled neutrophil to accumulate at sites of inflammation may pose a
challenge for the shorter half-life *®F. However Bleeker-Rovers et al., reported the
detection of infection 4 hours post injection which is encouraging for **F (4 hours
would account for approximately 2.2 half-lives). Other longer lived PET isotopes are
available in ®*Cu (ty, = 12.7 hours) and ®Zr (ty, = 78.4 hours). The use of these
radiometals would require an appropriate chelate such as NOTA for **Cu or DFO for
87r to be linked to interleukin-8 and their effect on the affinity of interleukin-8

would have to be established.

Another strategy for inflammation imaging is to target (with
radiopharmaceuticals) mediators of the inflammatory process which migrate to or
may already be at the site of inflammation. An example of this would be *In
radiolabelled anti-E-selectin monoclonal antibodies which have been used to image
induced arthritis in pigst. E-selectin is an adhesion molecule for leukocytes which
is expressed on activated endothelial cells and represents the early stages of
migration of leukocytes into tissue. Again, translation of this method or of a similar

method for PET could prove fruitful.

Final Remarks

The title of this thesis is ‘PET radiochemistry for the investigation of the
biology of pain and inflammation’. I believe that this work has demonstrated a
number of tools which can be used to study the biological processes involved in pain
and inflammation with PET imaging. It has been demonstrated that the opioid
system and the occupation of opioid receptors in the brain can be imaged and
measured with PET. This means that the activity of endogenous opioids can be
indirectly measured in various pain states. Using this we can understand how the
endogenous opioid system is able to adapt to different pain states and if the system is
failing during disease pathologies. This may give the clinic a new target for
analgesics in which the endogenous opioid system is enhanced for example with

enkephalinase inhibitors.

Preclinical PET has also been used to demonstrate if centrally acting
mediators of the inflammatory process are able to cross the blood brain barrier. IL-

1RA holds some therapeutic promise for protection against neuronal injury and its
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bio-distribution, pharmacokinetics and metabolism in mice was evaluated. This was
only made possible by radiolabelling IL-1RA with *®F so that the preclinical PET

investigation could be completed.

Finally, a tool to track the migration of leukocytes to inflammatory foci with
PET for the early diagnosis of inflammatory conditions (such as the autoimmune
disorder, rheumatoid arthritis) has been explored. With %Zr-loaded chitosan
nanoparticles we have the possibility of a strategy that can exploit the sensitivity,
resolution and quantification that PET has to offer!®], This technique may even allow
for an early diagnosis to be made before any physical symptoms of inflammation are

apparent.

PET imaging remains one of the most important and powerful molecular
imaging modalities available and has applications in many clinical areas including
neurological disorders, oncology and infection imaging. In order for PET imaging to
provide quality data, the radiotracer used must be suitable. This means designing and
implementing the optimum radiochemistry routes which reliably deliver the
radiotracer that will answer the biological questions being asked. | hope that with
this work the importance of PET radiochemistry in pain and inflammation has
become apparent. The journey from designing a PET radiotracer that will bind to the
appropriate target and allows us to image that therapeutically significant target or
show biological changes at the molecular level in inflammation to then designing a
radiochemistry route and finally having that PET radiotracer available for clinical
scanning can be a long one. But this translation is an important one, once you can
appreciate the significance PET has in imaging pain and inflammation. | believe that
PET radiochemistry will continue to be an important topic in the area of pain and
inflammation. As well as improving the probes we currently have available, there are

clearly emerging targets that will play important roles in pain and inflammation too.
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