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ABSTRACT

Recently discovered methods for both diagnosis and treatment management of heart failure
(HF) and other cardiovascular diseases include the use of molecular imaging modalities such as
positron emission tomography (PET). As such, PET radiotracers have been developed and show
strong evidence for quantifiable sympathetic nervous system (SNS) imaging in animals and
humans using radioligands that target the norepinephrine transporter (NET). In this study, the
cardiac sympathetic nervous system imaging probe ['®F]meta-fluorobenzylguanidine
([*F]mFBG) was evaluated in Sprague Dawley (SD) rats and hypothesized to i) have measurable
NET-dependent uptake kinetics; ii) possess measurable NET reuptake, iii) be stored into vesicles,
and remain metabolically stable within the myocardium, iv) be sensitive to changes in sympathetic
tone, and v) discriminate between healthy and diseased animals. Using the selective NET inhibitor
desipramine (DMI) and nonselective extraneural and neural uptake inhibitor phenoxybenzamine
(PBZ) we observed 30-35% and ~70% reduced uptake in the myocardium, respectively. Neuronal
ablation with 6-hydroxydopamine (6-OHDA) resulted in a 36% loss of myocardial retention. DMI
and PBZ chase dosing revealed no change in myocardial washout by PET, suggesting minimal
reuptake of the tracer and preferential clearance into blood. Pretreatment with the vesicular
monoamine transporter (VMAT) inhibitor reserpine (RSP) reduced myocardial retention by 34%
within 5 minutes in comparison to baseline, providing evidence for intraneural vesicular retention.
Dahl salt-sensitive (DSS) rats were induced with HF via high salt (HS, 8%) diet. After 16 weeks,
rats kept on HS diet showed ~32% reduced myocardial uptake in comparison to low salt (LS)
controls. Non-invasive PET imaging of HF is therefore sensitive to the expected changes in

myocardial uptake in small animal imaging.



The myocardial cholinergic system was evaluated using the vesicular acetylcholine
transporter (VACHT) ligand [*®F]fluoroethoxybenzylvesamicol ([**F]JFEOBV) in CD-1 mice. We
hypothesized that i) [**FJFEOBV uptake in the myocardium is VAChT dependent; and more
specific in the absence of isoflurane anesthesia. Baseline uptake was observed in the ventricles.
However, pretreatment with vesamicol in the presence and absence of isoflurane did not reduce
myocardial activity. Analysis of PET images in mice with differential cardiac VAChT expression
showed minimal changes in blood and cardiac activity. These studies have demonstrated a lack of
specific binding of [*®FJFEOBYV in the myocardium of mice, rendering this imaging probe unfit in

interpreting cholinergic function in small animals.

The second half of the thesis is focused on the development of a radiolabeling technique
using novel iminophosphorane precursors, and their subsequent reactivity and application using
the naturally abundant (99% carbon-12) and positron emission tomography (PET) imaging isotope
(carbon-11). We hypothesized that the reaction of iminophosphorane precursors with [}1C]CO:
with allow us to i) synthesize a myriad of labelled isocyanate derived functional groups ii) apply
this chemistry to label relevant radiopharmaceuticals in high yield and molar activity. Optimization
of reaction conditions was performed, and a substrate scope was developed. Using the naturally
abundant carbon isotope, we synthesized isocyanate derived functional groups such as carbamates,
thiocarbamates, ureas, and amides in 63-94% vyield. Pharmaceuticals such as regorafenib,
URB694, and melatonin were synthesized in 60-72% yield. When applied to carbon-11
radiochemistry, labelled products were produced in 32-84% radiochemical yield (RCY).
Radiopharmaceuticals such as [*'CJURB694 and [*!C]glibenclamide were synthesized in high

yield and molar activity suitable for preclinical evaluation. We have demonstrated the utility of



iminophosphorane precursors in synthesizing labelled functional groups and relevant

radiopharmaceuticals in high yields, enabling their use for future preclinical or clinical studies.

The recent development of the potent and selective nod-like receptor protein-3 (NLRP3)
inhibitor MCC950 has demonstrated remarkable application as a therapeutic in reducing
macrophage infiltration and aortic lesion area, but has yet to be applied to PET imaging due to
poor synthesis yields. We hypothesized that i) using our previously established iminophosphorane
chemistry we can synthesize [*C]JMCC950, and ii) selective uptake of [1!C]JMCC950 occurs in
aortic atherosclerotic lesions. We successfully radiolabeled [*'*CJMCC950 in 45 + 4 % RCY (27 +
2 GBg/pumol). Plasma metabolite analysis revealed 94% intact tracer after 15 minutes, and ex vivo
autoradiography on excised aortas showed heterogeneous uptake in atherosclerotic plaques of
ApoE” mice. Pretreatment with nonradioactive MCC950 resulted in significantly increased
uptake in aortic lesions (48 + 17 %ID/m? vs 104 + 15 %ID/m?), without significantly increasing
plasma free fraction (1.3 = 0.4% vs 1.7 + 0.8%). The data suggests increased specific binding
following blockade which may be due to biochemical mechanisms such as disaggregation of
NLRP3 oligomers, artificially increasing the available number of binding sites. Thus, the data
suggest [*'CJMCC950 uptake demonstrates specific binding and may therefore prove useful as an

in vivo imaging probe to detect NLRP3-mediated inflammation in atherosclerosis.
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Chapter 1: Introduction



1. Introduction
1.1.  Autonomic nervous system (ANS)

The ANS is responsible for regulating involuntary functions and maintaining homeostatic
mechanisms including heart rate, blood pressure, and respiration. The ANS is composed of three
functionally distinct divisions: sympathetic, parasympathetic, and enteric.)® At rest, the
myocardium is primarily under parasympathetic control by the vagus nerve.’> However, upon
activation by an external stimulus, the sympathetic nerve system activates systemic fight-or-flight
responses that alter cardiac inotropy and chronotropy.?* The sympathetic and parasympathetic
nervous systems (SNS, PNS) both contain afferent and efferent nerve fibers critical for providing
sensory input and motor output, respectively, to the central nervous system (CNS).}3
Organizationally, the SNS and PNS motor pathways consist of preganglionic neurons with cell
bodies originating in the CNS, and postganglionic neurons in the periphery that innervate target
tissues.13° On the other hand, the enteric nervous system (ENS) is a quasi-autonomous part of the
nervous system equipped with intrinsic micro circuits that orchestrate gastrointestinal behavior

independent of the CNS.3

A three-level hierarchical network is used to control the heart: (1) central nervous system
neurons, (2) extracardiac-intrathoracic neurons, and (3) the intrinsic cardiac nervous system.®’ To
ensure that cardiac output fulfils blood flow requirements, these network components function in
tandem with one another. In fact, alterations in cardiovascular afferent inputs are influenced by
both central and peripheral reflexes in response to common physiological stressors including
dynamic exercise and orthostatic stress, which in turn govern motor outputs to meet bodily
needs.*%8 As a result, this system ensures that the sympathetic-parasympathetic balance in the

heart is precisely controlled.



1.1.1. Parasympathetic myocardial innervation

The PNS emerges from medial medullary sites in the brain (nucleus ambiguous, tractus
solitarius, dorsal motor nucleus) and is regulated by the hypothalamus.®°° Vagal efferents extend
from the medulla to postganglionic nerves that innervate the atria via ganglia situated in cardiac
fat pads, with neurotransmission mechanisms modulated by nicotinic receptors.®>*° Cholinergic
postganglionic parasympathetic and sympathetic nerves then affect cardiac muscarinic
receptors.81112 Peripheral vagus nerve afferent activation can influence central and baroreceptor-
level efferent sympathetic and parasympathetic function.!%® Efferent vagus activation has tonic
and basal effects that function to inhibit sympathetic activation and reduce release of
norepinephrine (NE) in the presynaptic neuron.>!%'* Release of acetylcholine (ACh) from
parasympathetic neurons activates ganglionic nicotinic receptors, further activating muscarinic
receptors to reduce heart rate and cause direct hyperpolarization of sinoatrial node cells.!* In
addition, muscarinic receptors present on blood vessels induce vasorelaxation via nitric oxide

(NO)-dependent pathways.*

The SNS and PNS are classically referred to as having opposing functions. However, the
dynamic interaction that occurs between the two systems is complex. At rest, tonic
parasympathetic activation (vagal tone) predominates over sympathetic tone.'*> However, sudden
PNS stimulation will inhibit sympathetic activation (tonic) during rest and exercise.®**> This
phenomenon has been termed accentuated antagonism.>'#° In a static or dynamic state, elevated

sympathetic tone is overridden by excessive vagus nerve discharge.

In the PNS, most parasympathetic fibers (75%) are carried by the vagus nerve, which

regulates internal organ functions such as digestion, heart rate, respiratory rate, vasomotor activity,



among others.® In the myocardium, the intrinsic conduction of action potentials originates from
the sinoatrial node (SA node), located in the right atrium.**® All components of this conduction
system are composed of autorhythmic cells that spontaneously depolarize to maintain basal cardiac
function under resting conditions.® However, depending on the body’s nutrient and oxygen
deprivation status, heart rate and cardiac output must undergo rapid changes that are regulated by

the autonomic nervous system (ANS) and hormones, among other factors.416

Mechanistically, ACh transmission has been hypothesized to begin with the synthesis of
ACh by choline acetyltransferase (ChAT) in the cytoplasm of presynaptic cholinergic neurons
(figure 1).178 The storage of ACh is mediated by vesicular ACh transporter (VAChT) via the
exchange of two vesicular protons released upon stimulation.t”!8 The rate determining step in the
synthesis of ACh is dependent on choline transporter (CHT1), responsible for reuptake of
extracellular free choline into the pre-synaptic neuron for synthesis.?”® Lastly, termination of the
effects of ACh is dependent on acetylcholine esterase (AChE), responsible for the enzymatic
degradation of ACh.1"8 Dysfunction of these transporters and enzymes can result in a variety of
pathological conditions. For example, aberrant signaling via muscarinic receptors has been
correlated with diseases such as Parkinson’s disease, Alzheimer’s disease, epilepsy, and

schizophrenia,419-2!
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Figure 1. Acetylcholine neurotransmission. (1) Synthesis and transport of acetyl
coenzyme-A via glycolysis. (2) Choline derived from choline transporter (CHT1)
combines with acetyl coenzyme-A via choline acetyltransferase (CHAT) to yield
acetylcholine. (3) Acetylcholine is stored in vesicles by vesicular acetylcholine
transporter (VAChT) and (4) is stimulated to be released into the synaptic cleft via
calcium-dependent exocytosis. (5) Synaptic ACh binds post-synaptic muscarinic
receptors on neurons or effector organs to stimulate signal transduction pathways.
(6) Signal transmission is terminated by the degradation of ACh by synaptic
acetylcholine esterase (AChE) into choline and transported back into the

presynaptic membrane by CHT1.



Muscarinic ACh receptors are highly expressed in the atrium and conduction system such
as the SA node and atrioventricular (AV) node, whereas its expression is observed to be low in the
ventricle in comparison.>*** To date, a large body of literature has reported on reduced ACh
secretion as a result of decreased cholinergic activity to be associated with cardiovascular diseases
such as hypertension, arrhythmias, myocardial infarctions, and heart failure.*222-27 |nterestingly,
increased ACh secretion as a result of vagal stimulation is observed to have protective features by
attenuating positive inotropic responses in the left ventricle, suppressing reactive oxygen species
(ROS) injury, preventing ischemia-reperfusion injury, and improving the survival rates in chronic
HF animal models.’®?® The therapeutic benefits of modulating ACh secretion is under
investigation for cardiovascular diseases. However, little is known about the regulation of ACh in

ventricles due to its extremely sparse cholinergic innervation.®8

1.1.1.2. Non-neuronal cholinergic system (NNCS)

Several studies have been published that provide evidence for the capability of the left
ventricle to possess an intrinsic cholinergic system, now termed as the non-neuronal cholinergic
system (NNCS).182%31 |nitial evidence for the NNCS was determined by the localization of ChAT,
CHT1, VAChHhT, and AChE in isolated primary mouse and rat cardiomyocytes, where
contamination from neuronal cholinergic neurons is not observed.®* In addition, the presence of
vesicle-like structures was observed to be VAChT positive using immunoreactivity assays,
indicating ACh storage and release by intracellular vesicles.3>%* In addition, the use of ChAT
inhibitors such as bromoacetylcholine was observed to reduce ACh secretion in comparison to

controls.3

These findings precipitated further research into the role of acetylcholine signaling in

cardiomyocytes. Recent work suggests a critical role of the NNCS in the maintenance of glucose



and cellular homeosis, and in promoting angiogenesis.®*323% Furthermore, dysfunctional NNCS
signaling has been shown to lead to the development of diabetic heart disease.3! As evidence
accumulates towards deciphering the role of aberrant NNCS signaling in disease development,

novel therapeutic strategies can be developed for symptom management.

1.1.2. Sympathetic myocardial innervation

Sympathetic neuronal cell bodies originate in the intermediolateral column (lateral horns)
of the spinal cord. Presynaptic fibers exit the CNS through anterior roots to the anterior rami of
T1-L2 spinal nerves, then onto sympathetic trunks via white rami communicantes.>® Nerve fibers
can descend or ascend the sympathetic trunk to the inferior or superior paravertebral ganglion,
respectively, pass to adjacent anterior spinal nerve, or cross the trunk and continue through the
abdominopelvic splanchnic nerve to reach the prevertebral ganglia.> Due to the central location of
the sympathetic ganglia, the presynaptic nerve fibers are observed to be shorter than their
postsynaptic counterparts.>3° Cardiac sympathetic preganglionic fibers originate in the brainstem
and can be modulated by centers such as the subthalamic and periaqueductal grey, and rostral
ventrolateral medulla.® The preganglionic fibers exit the spinal cord at T1-T4 and synapse at the
left and right stellate ganglia, T2-T4 thoracic, and middle cervical ganglia.>®3® Postganglionic
fibers relay from the stellate and upper thoracic sympathetic ganglia to the epicardial vascular
structures including the coronary veins and then arteries.>®1%%¢ These fibers provide input to
several ganglionated subplexuses interspersed throughout the ventricles and bilateral atria.®
Increased density of sympathetic innervation is the myocardium is observed at the sinus node and
coronary sinus, with decreasing density from the base of the ventricle to the apex.*®> Most post-

ganglionic sympathetic nerve fibers synapse directly onto the myocardium.



Terminal release of neurotransmitters occurs from the terminal axons of sympathetic
nerves, termed as varicosities or boutons, which form neuroeffector junctions with cardiomyocytes

(figure 2).14%7
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Figure 2. Cardiac NE neurotransmission. (1) Biosynthesis of NE begins from
L-tyrosine and eventually results in the production of dopamine. (2) Dopamine is
transported into the neuronal vesicle by vesicular monoamine transporter 2
(VMAT) and is converted into NE by dopamine B-hydroxylase present in the
vesicle. (3) Calcium mediated exocytosis causes release of NE into the synaptic
cleft. (4) Binding of NE to postsynaptic alpha and beta receptors induces signal
transduction pathways. (5a) NE is transported back into the neuron by
norepinephrine transporter (NET) to be recycled and repackaged into vesicles by
VMAT or degraded by monoamine oxidase. (5b) NE enters the cardiomyocyte via
uptake-2 transport [organic cation transporter 3] and is degraded by catechol-O-
methyltransferase (COMT). Presynaptic alpha-2 receptors present on the neuron
can induce negative feedback via agonism by excess NE, subsequently resulting in
reduced action potential firing rate and diminished active release of

neurotransmitters



1.1.3. Adrenoreceptor downstream signaling

NE in the neuroeffector junction predominantly exerts its physiological effects by
agonizing post-synaptic a1 and P1 receptors to initiate downstream signaling pathways.**>®> Under
physiological conditions, homeostatic mechanisms dictate the degree of activation of each of the
receptors.*® However, during a flight-or-fight response, increased secretion of NE into the synaptic
space causes activation above basal levels.3” The a1R is coupled to the Gy family of GPCRs,
where agonism results in the dissociation of the a, B, y subunits and stimulates phospholipase C
(PLC) to cleave membrane bound phosphatidylinositol-4,5-biphosphate 2 (PIP2) into inositol
1,4,5-triphosphate (IP3) and 2-diacylglycerol (DAG).%*" DAG remains in the plasma membrane,
whereas IP3 is released into the cytosol and binds to transmembrane IP3 gated calcium channels
in the endoplasmic reticulum (ER).%®5" Stimulation of this receptor causes release of sequestered
calcium into the cytosol, activating protein kinase C (PKC) with the aid of DAG.%®*" PKC
catalyzes the phosphorylation of cellular proteins that mediate the observed biological changes
such as increased heart rate, blood pressure, and smooth muscle contractions.**>®%" In parallel,
activation of B1 receptors by NE triggers Gs dependent adenylate cyclase activity, increasing the
product of secondary messenger cyclic adenosine monophosphate (CAMP).>? Increased
intracellular concentrations of CAMP leads to activation of protein kinase A (PKA) causing a
phosphorylation cascade, activating a variety of proteins that increase the rate and force of cardiac
contraction.>®3%:°% For instance, phosphorylation of L-type calcium channels increases the
permeability of calcium entry into cytosol of cardiomyocytes, leading to increased

contractility.506?

10
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Figure 3. Adrenoreceptor downstream signaling mechanism. (A)
Catecholamine bound a1R activates Gq alpha subunit which activates PLC and
increases IP3 and intracellular calcium concentrations. (B) Catecholamine bound
az2R are Gi-coupled and inhibit adenylate cyclase (AC) activation. Pi-3 Adrenergic
receptors couple to Gsand activate AC to promote the synthesis of cyclic adenosine
monophosphate (CAMP). cAMP activates PKA, regulating the activity of multiple

cellular proteins
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In addition to activating aaR, NE can regulate the rate of neurotransmitter release by binding to
azR, predominantly located on the pre-synaptic nerve terminal to provide negative feedback.%%3
Agonism of this receptor activates the Gi-coupled GPCR pathway, inducing inhibition of adenylate
cyclase and reducing the concentration of intracellular cCAMP.% As cAMP is inhibited, potassium
efflux through activated calcium channels prevents transport of calcium ions into the nerve
terminal, reducing the rate at which action potentials are fired.®® Consequently, the rate of vesicular
fusion and release of neurotransmitters into the synapse is diminished and can produce reductions

in heart rate, blood pressure, and an attenuated sympathetic stress response. 5263

1.1.4. Norepinephrine reuptake

Approximately 90% of the NE released by the presynaptic terminal is transported back into
the neuron via NET also called the “uptake-1 transporter”.®* However, a small fraction of synaptic
NE is metabolized into noremetanephrine via soluble catecholamine-O-methyl transferase
(COMT).*> NET is a member of the superfamily of monoamine transporters composed of twelve
transmembrane domains, primarily located on the presynaptic nerve terminal.®® NET functions to
clear and recycle synaptic NE to maintain sympathetic homeostasis. NET is a secondary active
transporter, coupling the influx of sodium and chloride ions (Na*/CI") ions to drive the transport of
NE.%%" The ion gradient is regenerated by a Na+/K+-ATPase which transports three Na* ions out
and two K™ ions into the cell.®>%” NE present in the axoplasm is subject to two fates: metabolism
by monoamine oxidase (MAO), or storage into neuronal vesicles.*>®"% MAOQ is predominantly
expressed in the terminal axons where it functions to break down NE into
dihydroxphenethyleneglycol, which is eventually metabolized to vanillyl mandelic acid via a
series of biochemical transformations.*>% As such, inhibition of MAO in the CNS and periphery

causes a dose-dependent elevation in NE content.®® Furthermore, novel MAOA/B knockout mice
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have been characterized to have increased levels of NE and other neurotransmitters in the CNS,
exemplifying the critical role of MAO in regulating NE content.”®"* In addition to neuronal
reuptake in the cardiac sympathetic nerves, NE can be transported into neighboring
cardiomyocytes by the “uptake-2 transporter”, identified as the organic cation transporter 3
(OCT3).”>7 Extraneuronal NE is subsequently metabolized by COMT present in the
cardiomyocyte.’® The relative contribution of uptake-1 vs uptake-2 mediated recycling has been
shown to be species dependent. In humans, a small (<5%) contribution of NE turnover is attributed
to extraneural transport in the cardiomyocyte, whereas in rodents extraneural transport has been

observed to be the dominant mechanism of catecholamine handling.”’

1.15. SNS dysfunction and HF

HF is defined as the inability of the myocardium to sufficiently supply organs with
oxygenated blood.”® HF generally develops in response to a cardiac injury that causes a decline in
pumping capacity (contractile function) of the heart.”® This condition is marked by the complex
interplay between the underlying myocardial dysfunction and compensatory neurohumoral
mechanisms that are activated to maintain cardiac output in the face of decompensating
function.”®”® Among these mechanisms are overstimulation of the SNS, cardiac remodelling, and
reduced contractility.”8’® Elevated SNS outflow can be determined by calculating the
concentration of plasma NE entering the heart and the amount of NE exiting the heart. Indeed,
various processes may contribute to increased spillover such as catechol release, reuptake, and
metabolism.”® Thus, the dynamic nature of correlating plasma NE concentrations to disease
progression or survival limits the utility of this measurement to a parameter of SNS activity. 88081
The spillover of NE is typically estimated and used clinically as a measure of sympathetic nerve

activity in the heart. Studies conducted in ovine found pacing-induced HF to be associated with
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significantly higher total and cardiac NE spillover.®? Indeed, similar results were obtained in
coronary artery ligation models (CAL) of HF in rats, in addition to enhanced renal SNS activity.
Consequently, the likelihood that HF can alter sympathetic outflow regionally in the kidney
presents the possibility of dysregulated cortical and medullary mechanisms that can impact
hemodynamic measurements and alter excretion from blood. In humans and animals with
experimentally induced heart failure, decreased tissue NE and NE storage capacity are observed
in hypertrophic hearts, whereas turnover is unaltered or moderately higher in pressure overload
hypertrophy.8 Failing hearts are also observed to have reduced expression of tyrosine
hydroxylase, consequently limiting NE biosynthesis.® In failing hearts of rat models with
streptozotocin-induced diabetes mellitus, NE content and turnover are accelerated.® In a separate
study, rat models of CAL displayed an accelerated rate of disappearance that was attributed to
increased NE turnover.®® In clinical studies, increased NE secretions, decreased efficiency of
reuptake, and reduced NE stores due to chronic noradrenergic stimulation all synergistically

contribute to increased turnover in humans with congestive HF.”®

1.1.6. NET in HF

Due to the central role NET has in regulating NE turnover in the CNS and periphery, minor
alterations in NET function have significant impacts, especially the cardiovascular system. Given
that NET transport is an energy-dependent mechanism, poor tissue oxygenation and substrate
supply promote myocardial adrenergic dysfunction.®’ In addition to excess sympathetic drive, NET
dysfunction limits the ability of the neurons to maintain neurohumoral homeostasis.®® Cardiac
radiotracers applied in clinical imaging such as ['?*Ilmeta-iodobenzylguanidine [*2*IJmIBG,
[*®F]fluorodopamine, [**C]hydroxyephedrine (HED), and [*H]NE display myocardial adrenergic
uptake dependent on NET.8%° Reduced tracer accumulation has been noted with these NET

14



substrates in patients with ischemic cardiomyopathy and congestive HF.%>%2 In patients with
ventricular arrhythmias, often a mechanistic precursor to HF, NET gene expression was
significantly downregulated in the septal wall of the right ventricular outflow tract.%*-% Decreased
neuronal retention of these radiotracers have been associated with poor prognosis in patients with
dilated or hypertrophic cardiomyopathy, as well as ischemic heart disease.®®’ Increased cardiac
NE release in HF is associated with either downregulated NET or decreased NET efficiency.’887.%
This was noted in human cardiac tissue samples obtained during transplantation, where NET

expression and reuptake were reduced.8":9°

In rabbit models of heart failure, NET downregulation was prevented by adenoviral transfer
of NET gene, consequently increasing cardiac NE content, and improving cardiac function.1®
Studies in Wistar rats induced with HF by supracoronary aortic banding (AB) resulted in
biventricular myocardial hypertrophy and overt heart failure with elevated left ventricular end
diastolic pressure and pulmonary congestion.®® Moreover, NET density following myocardial
hypertrophy was not observed to be reduced, likely due to a proportional increase in neuronal
growth to cardiac mass in AB rats.®’ However, reduced NET density per neuron was observed as

a primary contributor for adrenergic dysfunction.®

1.1.7. B-blockers for HF therapy

Left ventricular systolic dysfunction such as decreased ejection fraction is a mechanical
defect that manifests hemodynamic and physiologic aberrations such as poor cardiac output to
tissues, increased pulmonary capillary wedge pressure, and reduced exercise tolerance, 87101102
Elevated plasma neurohormones result in fibrosis, necrosis, and apoptosis within the

myocardium 8191192 Consequently, progression of HF can be halted by blocking the overactivated
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postsynaptic receptors of NE on myocytes. Clinical trials have provided adequate evidence for the
role of beta-blocking (B1, primarily located on myocytes) agents to reduce the ability of NE to
stimulate beta receptors on the myocyte and slow disease progression.’?®1% As a result, negative
chronotropic, inotropic and lusitropic agents have been studied extensively in clinical trials and
remain the first line of therapy in controlling HF. Molecular changes in the density of 1 receptors
are noted due to chronic stimulation, producing blunted responses that reduce the efficiency of

downstream signaling pathways due to a shift in G; protein subtype expression (figure 4).105-108
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1.1.7.1. Figure 4. Regulation of p-adrenoreceptors. Overactivation of $-adrenoreceptors
results in their phosphorylation by PKA/PKC and GRK leading to B-arrestin
recruitment. B-Arrestin prevents activation of G proteins and promotes

desensitization and internalization of B-adrenoreceptors.

Rapid uncoupling of the receptors from the membrane is observed due to PKA mediated
phosphorylation of B1 receptors (absence of agonist) as well as G-protein receptor kinases (GRK,
agonist occupied).%>1% Phosphorylated 1 receptor interactions with cytosolic B-arrestin inhibits
Gs stimulatory pathways and facilitates internalization via a clathrin-mediated endocytic

pathway.!® Resensitization of B1-AR remains a possibility, with evidence of receptor
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dephosphorylation in endosomal vesicles following beta-blocker therapy.?® In the absence of
therapeutics, degradation of B1-AR and decreased 1 mMRNA expression is evident and has been
observed in left ventricle samples of patients with end-stage HF.8"1% Reduced expression is

hypothesized to be an adaptive mechanism to protect the myocardium from further insult.

1.1.8. Animal models for HF

Given the high mortality rate (50% within 5 years of initial diagnosis) and increasing
prevalence of HF, increasing research output has become critical in understanding HF and its
underlying mechanisms to develop novel therapeutic strategies.''® HF is categorized as either HF
with preserved ejection fraction (HFpEF, LVEF > 50%), HF with reduced ejection fraction
(HFrEF, LVEF <40%), or HF with mid-range ejection fraction (HFmMrEF, LVEF 40-49%).11%
U313-115 Approximately fifty percent of patients are diagnosed with HFpEF with impaired cardiac
contractility and compliance.'* In comparison, HFrEF is commonly associated with a reduction
in cardiomyocytes due to myocardial insult (such as MI) with increased myocardial wall
stress. 111112 1t was previously advocated that HFpEF is due to diastolic dysfunction (reduced
chamber capacity in the absence of systolic dysfunction) and was once termed “diastolic heart
failure (DHF)”.1® However, newer research has identified HFpEF can also occur in the absence
of diastolic dysfunction.!® In the setting of idiopathic hypertrophic cardiomyopathy and

infiltrative cardiac diseases, diastolic dysfunction however does result in HFpEF.1Y

The high degree of homology with the human genome has prompted the use of mice and
rats to study HF.''8119 |n addition to their low breeding cost and housing, researchers can utilize
genetic modifications, and pharmacological and surgical models to induce symptoms. One

disadvantage of this is the multifactorial pathogenesis of HFpEF and HFrEF in humans which can
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instigate disease development. Therefore, close attention must be paid to the model of HF chosen
and the broad applicability of the experimental findings. Regardless, rodent HF models provide
the opportunity to investigate specific risk factors without confounding comorbidities. Numerous
surgical methods exist to induce pressure overload in rats. The most common method to
accomplish this is aortic banding, in which a stricture is fixed around the ascending aorta of 3—4-
week-old rats.'!811  As the rats mature, aortic outflow is increasingly constricted, and
hypertension gradually manifests.!'®1!® Researchers that developed this surgical model showed
evidence of LV compensatory hypertrophy and increased left atrial pressure via doppler
echocardiography after 8 weeks post-banding.''®® At 18 weeks, tachypnea, edema, pleural
effusion, and ascites were evident and are associated with systolic dysfunction and LV
dilation.}*®1 Advantages of this model include gradual onset of HF and progression from
compensated hypertrophy to decompensated HF, providing a clinically accurate time-course in the

development of HF 118119

Genetic models for inducing hypertension and HF have also been used extensively by
researchers. Notably, Dahl salt-sensitive (DSS) rats have been used in research for over 50 years.
Genetic analysis of rat crosses has overcome challenges faced in human studies such as complex
genetic traits influenced by several genes, moderate gene penetrance, environmental factors, and
genetic heterogeneity (different alleles within the same genes, or different gene combinations
resulting in the same phenotype). Hereditary hypertension in rats is due to naturally occurring
allele variants captured during the selection and inbreeding process.'?® Using inbred rats
diminishes the problem of heterogeneity and may identify disease genes in humans given the 90%
sequence similarity to the human genome.*®?0 Using an inbred cross of DSS rats and Brown

Norway rats, cosegregation analysis was performed using an F2 intercross.*?! A genome wide scan
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for 265 polymorphic simple sequence length polymorphism (SSLP) markers for 247 traits
identified seven arterial pressure phenotypes mapped to the same region of chromosome 18 in the
rat.*?! Notably, the salt sensitivity trait was influenced by the presence of SS alleles in a specific
locus of chromosome 18.1' Consequently, rats homozygous for SS/SS displayed significantly
greater reductions in mean arterial pressure after sodium depletion in comparison to homozygous
BN/BN or heterozygous rats.*?* This region of chromosome 18 in rats corresponds to the long arm
of human chromosome 5 and a region of human chromosome 18 linked to hypertension in

humans.*?! DSS rats gradually develop hypertension leading to progressive hypertrophy and HF.

DSS Rats fed high salt (HS) diet for 12 weeks are characterized to have normal ejection
fraction, with reductions in end diastolic volume (EDV) and an upward shift of the end-diastolic
pressure-volume relationship (EDVPR).'?? These early physiological alterations are passive
indications of diastolic dysfunction.!??> At 16 weeks, LV hypertrophy continually develops.
However, dilation of the heart results in an indistinguishable EDPVR in comparison to age
matched controls.?? As the rats continue on diet, ejection fraction (EF) and stroke volume (SV)
are reduced, and end diastolic pressure (EDP) and wet lung weight increase, and aberrations in
diastolic filling are identified by Doppler echocardiography.?? HF (fluid accumulation, high filling
pressure, reduced SV) becomes increasingly more severe in the absence of diastolic dysfunction.??
Initially, systolic and diastolic properties yield upward shifts at 12 weeks in rats. By 20 weeks, the
ESPVRs, EDPVRs, and pump function curves of high salt fed and control animals are nearly
identical 1?2 As such, researchers propose the development of HF as a result of fluid accumulation.
As such, this genetic model of HF displays HF in the absence of late stage diastolic, systolic and
pump dysfunction, but parallels deterioration of renal function.''8119122 The researchers note the

careful distinction of pump dysfunction and myocardial dysfunction, as myocardial and muscle
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cells isolated from DSS rats show abnormal contractile forces, endocardial shortening, and
midwall shortening fraction by 30% at 20 weeks on HS diet.1?2 However, due to insignificant

changes in the myocardial stiffness constant, pump function was conserved.

1.1.9. Current methods of diagnosis & disease management

The New York Heart Association (NHYA) provides functional classification definitions
for the four stages of heart failure.!?® In each stage, the limitations to physical activity, patient
comfort, and symptoms after exercise gradually worsen, with class IV HF patients being
uncomfortable at rest, and unable to perform physical activity without symptoms.?® The American
College of Cardiology/American Heart Association (ACC/AHA\) classification attempts to capture
the evolution and progression of HF within four stages (A-D).'?* In stage A, patients are classified
to be at high risk of heart failure with no structural heart disease or symptoms of HF.1?* In stage
B, structural heart disease is present in the absence of symptoms.1?* Whereas in stage C symptoms
are present.!?* Stage D HF is defined as refractory HF requiring special interventions.!?* Patients
with HF often present with shortness of breath, fatigue and weakness, edema, and abdominal
distention.?> Unfortunately, due to compensatory mechanisms, the early stages of HF lack specific
signs of disease.!?® Whereas late-stage HF patients demonstrate significant tachycardia, pedal

edema, increased jugular venous pressure, including other signs and symptoms.1%

Diagnosis is performed by investigating a variety of parameters including complete blood count,
uranalysis, metabolic profile, blood urea nitrogen, lipid profile, among others.'?® HF-specific
laboratory tests (patients at risk for HF) include brain natriuretic peptide (BNP), displaying 90%
sensitivity and 73% specificity.!?® In addition, N-terminal proBNP (NT-proBNP) has showed 99%

sensitivity and 85% specificity and is recommended in outpatient and hospital settings.'?’~12® The
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neuro-hormone BNP is an activated form of proBNP, stored in secretory vesicles in both ventricles
and to a lesser extent in the atria.?® In response to pressure overload and volume expansion,
proBNP is secreted and cleaved into NT-proBNP and BNP.1?"12° Both peptide fragments are
diagnostic and prognostic markers in HF management, with patients presenting with acute dyspnea
having <100 pg/mL having a 90% negative predictive value, whereas values greater than 500
pg/mL have 81% positive predictive value.!?® Furthermore, BNP concentrations are strong
predictors of cardiovascular events and risk of death for individuals previously diagnosed with HF
or cardiac dysfunction.*?® However, elevated BNP is also associated with pulmonary embolism,
renal failure, pulmonary hypertension, and chronic hypoxia.'?5'2" No significant difference has
been noted between BNP and NT-proBNP in terms of diagnostic and prognostic value and cut off
values have been established in clinical settings to aid in risk stratification for HF patients.126:127:129
Atrial natriuretic peptide (ANP), produced by muscle cells in the atrial wall as a result of stretch

has also been assessed, although its predictive value has not shown to be significantly higher than

BNP 126,127,130
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1.1.9.1.

Table 1. Biomarkers in Heart failure
Class Biomarker
Myocardial Injury Troponin, creatine kinase, H-type fatty acid binding
protein

Renal injury

Fibrosis, matrix
remodeling

Inflammation

Chamber
dilation/myocardial
stretch
Neuroendocrine

Creatinine, cystatin C, electrolytes, neutrophil gelatinase
associated lipocalin

Suppression of tumourigenicity-2, Galectin 2, matrix
metalloproteinase

High sensitivity C-reactive protein, interleukin-6, tumor
necrosis factor-a, procalcitonin

B-type natriuretic peptide, proBNP, atrial natriuretic
peptide

Mid-regional pro adrenomedullin, copeptin, endothelin 1

Oxidative stress Uric acid, myeloperoxidase

Multiple other biomarkers have been classified in the research setting, but none have shown
enough utility to be introduced into the clinical practice (Table 1).12"13° Diagnostic imaging tests
are also routinely performed in the clinic for HF patients including chest X-ray and transthoracic
echocardiography. Chest x-rays are used to determine heart size, pulmonary congestion, and other
cardiopulmonary diseases which may contribute to patients’ symptoms.!3! 2D echocardiography
with Doppler is the recommended evaluation for patients suspected to have HF to assess
ventricular function and size, wall thickness, wall motion, and valve function.'® Transthoracic
echo also provides measurements of ejection fraction, critical for establishing diagnosis and

subsequent patient management.*32
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Indeed, there is a growing need for a reliable method to assess disease severity especially
in the early stages of HF. This can be exemplified in the population of HF individuals that present
with chronic obstructive airway disease (30%), where diagnosis can be difficult and nonspecific.**?
The Breathing Not Properly trial reported clinical confusion among patients presenting
breathlessness in emergency.®® While echocardiography detects aberrant LV function,
breathlessness is shown to be asymptomatic in 50% of cases.'®® In addition to diagnosis, current
clinical methods are inadequate for monitoring patients receiving treatment for HF. Since
physiological changes in the absence of symptomatic presentation often precede clinical
deterioration, invasive monitoring via pacemaker devices can be used.*** Thus, a growing need for

non-invasive methods of monitoring disease progression are needed.

1.2.  Positron Emission Tomography (PET)

PET is a noninvasive molecular imaging technology capable of static or dynamic imaging
protocols. Dynamic imaging provides visualization of the distribution of a radiolabeled biological
ligand over the duration of the scan within the body.!31%¢ Radiolabeled isotopes are produced
using a medical cyclotron, accelerating a positively charged hydrogen nucleus (proton) by
magnetic centripetal acceleration and bombarding a target material.*3"1%8 For instance, fluorine-18
is produced by irradiating heavy oxygen-18 enriched water ([**0O]JH20) with protons.**® The
resulting nuclear 80(p,n)* F reaction substitutes a proton for a neutron and generates the positron
emitting isotope fluorine-18.13 This radioisotope is then incorporated into a molecule of interest

(ligand, protein, antibody, etc) and subsequently purified to yield a radiotracer.
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Radiotracers injected into live animals or humans enable molecular imaging due to the
radioactive isotope undergoing B-decay to release a positron, a positively charged subatomic
particle with the same mass as an electron.*®3 The positron annihilates with an electron from
ionized tissue and generates two approximately antiparallel (~180°) gamma photons of 511 keV.**
The imaging subject is placed in a PET camera comprised of a ring of detectors with the capability
to detect coincident photons.*® With the use of automated iterative and non-interactive
reconstruction algorithms, a map of radioactivity distribution is generated within the field of view
over time producing a dynamic image, allowing quantitative extrapolation of tissue activity data
from the subject.'® The development of this technology has instigated preclinical studies on a
variety of organisms most typically rodents, rabbits, and nonhuman primates. Continual
improvements in camera and detection technology in addition to the ability of multimodal imaging
using CT and MR has enabled quantification of anatomically small structures (<1 mm).14
Furthermore, PET imaging can be used to perform serial noninvasive measurements in the
preclinical and clinical settings and is commonly used to evaluate novel tracers in healthy and
transgenic mice/rats. Indeed, cardiac PET has a profound application in the clinic and is utilized

on a routine basis.!3®

1.2.1. Metabolic imaging

Cardiac metabolism is defined as the supply of substrate, utilization, downstream oxidative
phosphorylation (oxphos), and production of high energy molecules such as adenosine
triphosphate (ATP).1 In the healthy myocardium, ATP production is achieved in a 3:1 ratio by
B-oxidation of fatty acids (FA) and oxphos.*142 ATP is transferred in the creatine kinase (CK)
energy shuttle for ATP utilization in the heart.2411%? The wavering aerobic demands are met by

changes in myocardial perfusion to maintain homeostasis.*®> In disease states, myocardial
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metabolism can often be altered. For example, the failing heart is observed to have changes in FA
and glucose metabolism that is dependent on the stage of HF, animal species, and type of HF 141142
However, in general a downregulation of myocardial FA oxidation and accelerated glucose
oxidation is typically observed.}*142 The most widely used PET imaging tracer is 2-deoxy-2-
[‘8F]fluoro-D-glucose ([*8F]FDG), which displays excellent retention in organs with high
metabolic demand, such as the myocardium.** The uptake mechanism into the myocardium is
irreversible, as [*®F]FDG becomes trapped within tissues via phosphorylation to yield [*®F]FDG-
6-phosphate and cannot be metabolized further.'** The irreversible accumulation of the tracer can
be quantified at a given timepoint and provide insight of myocardial metabolic flux and correlate

with glucose metabolism in healthy and diseased hearts.'#°

1.2.2. Perfusion imaging

Myocardial blood flow of patients is frequently evaluated in cardiac PET centers.
Radiotracers used for imaging perfusion such as 8?Rb or ammonia ([**N]JNHa) identify regional
defects in blood flow at rest or under stress, indicative of ischemic or scarred tissue.*® The uptake
rate into the LV can be quantified by flow imaging. However, high positron energy (particularly
for 8Rb) and low acquisition times can limit the use of these two tracers in small animals due to

blurring.4

1.2.3. PNS Imaging

PET imaging of the PNS has been a topic of research for decades. Indeed, radioligands that
bind muscarinic receptors such as [*C]methquinuclidnyl benzilate ([**CJMQNB, muscarinic)
have been studied, but none have achieved clinical validation to image the myocardial PNS.147:148

Efforts to synthesize radiolabeled AChE inhibitors such as [*!C]donepezil have been a topic of
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interest mainly in the area of CNS imaging, with limited evaluation of myocardial uptake.!4%-15
One radiotracer that has demonstrated reliability for imaging cholinergic synapses is the VAChT
substrate [*®F]fluoroethoxybenzovesamicol ([*3F]JFEOBV). This radiotracer was first evaluated in
1998 by Mulholland et al, and found to have high brain extraction, favorable metabolism, and a
good localization pattern of AChE in the brain.'®? Currently, [**F]JFEOBV is under clinical
investigation as a diagnostic tool to determine the severity of neurodegenerative diseases such as

Alzheimer’s disease and Parkinson’s disease. %31

[*®F]FEOBV myocardial uptake was first evaluated in the early 1990s by Degrado et al.1*
Isolated rat hearts were used to determine the extent of specific binding. Degrado noted high
[1®F]FEOBYV uptake as an index of high lipophilicity rather than receptor-mediated binding.'>®
Furthermore, extensive clearance in the washout phase (90%+) is indicative of the tracer being
freely diffusible.’™ This hypothesis was further tested by blocking the VAChT receptor with
(-)-vesamicol prior to injecting [*®F]JFEOBV. Pharmacological challenge yielded similar peak
uptake of the tracer in the myocardium, but faster tracer washout. Increased washout is indicative
of clearance of the tracer from nonspecific targets to specific targets during this phase. The authors
surmised [*8F]JFEOBV myocardial uptake is due to nonspecific binding and myocardial perfusion,
providing inadequate contrast of innervated tissues and thus not a suitable molecular imaging agent
for the myocardial PNS. These findings deterred any future research for the application of

[*|F]FEOBYV in myocardial PNS imaging.

Recently, evaluation of [*®FJFEOBYV in the myocardium of four healthy participants noted
high uptake of the radiotracer in the LV within 4-5 minutes followed by slow monophasic
washout.’® The distribution volume (DV) was observed to be similar using Logan graphical

analysis and tissue compartmental models (1-TCM, 2-TCM). The authors noted favorable uptake
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and washout properties of the radiotracer in the myocardium, which may be attributed to non-
neuronal cholinergic handling in humans. Unfortunately, due to the toxicity of vesamicol and its
derivatives (FEOBV) blocking studies were not performed. Whole body PET imaging with
[*®F]FEOBYV in humans was also performed in a separate study and noted significantly higher
uptake in older individuals when using similar methods of quantification with uptake parameters
such as SUV or volume of distribution (Va).2>” The authors note a negative correlation between
age and the rate parameter k2, which describes the rate of [!3F]FEOBV being transported from the
myocardium back to the blood, indicative of a higher specific binding fraction in older

individuals.t®’

1.2.4. Neurohormonal Imaging

The development of radiotracers for cardiac SNS imaging is a competitive field with
emphasis placed on designing radioligands that mimic endogenous NE uptake and release
pathways, targeting NET/uptake-1.1¢ These ligands have quantifiable parameters such as tracer
retention, used as a proxy for cardiac sympathetic innervation and NET expression, whereas
washout is reflective of sympathetic tone.?%21%° Given the unique role of B-AR in sympathetic
tone, radiolabeled ligands have been developed to noninvasively assess -AR density during
disease.'® Initial efforts geared towards isotopic labeling of B-blockers using carbon-11 yielded
variable results due to subpar lipophilicity and binding affinity.?®® The most recognized
radioligand for assessing cardiac B-AR density is [1*C](S)-CGP12177. Myocardial uptake has been
shown to be specific via pretreatment with selective B-AR ligands, and treatment with
isoproterenol over a two-week period reduced 3H-CGP12177 uptake in ex vivo biodistribution
experiments, indicative of reduced uptake following overstimulation of the receptor

(internalization).1%%%2  Furthermore, PET imaging in human subjects provided high contrast
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imaging of the myocardium with minimal metabolism.1%3164 Determination of B-AR density (Bmax,
pmol/g) was performed by graphical analysis and requires two injections of [*'C](S)-CGP12177,
one with high molar activity (>1 Ci/umol) followed by low molar activity.%* In patients with scar
tissue following MI, myocardial B-AR density was reduced and correlated with LV dilation.'%*
Researchers measured B-AR density early after MI and found significantly reduced density (1

pmol/g) in association with a three-fold increased risk of developing congestive HF in patients.'®*

1.3. Radiotracers targeting myocardial presynaptic nerves

Radiotracers targeting presynaptic neurons are developed with the intent to mimic the
kinetics of endogenous neurotransmitters. The first use of the radiolabeled catecholamine analogue
[*2IlmIBG was first reported almost 40 years ago and has since then found good clinical utility
using lower resolution planar scintigraphy and single photon emission tomography (SPECT)
imaging.% In PET, the predominant tracers are [1!C]HED and [*®F]LMI1195/['®F]FBBG, the
latter of which has shown favorable utility due to the longer half-life of fluorine-18.9* Of note, the
radiofluorinated  phenethylguanidine  tracers  4-[*8F]fluoro-m-hydroxyphenethylguanidine
([*8F]4F-MHPG) and 3-[*8F]fluoro-p-hydroxyphenethylguanidine ([*3F]3F-PHPG) have shown

unique myocardial kinetics in NHPs and are currently being evaluated in clinical trials.166.167

131 [21]mIBG

Planar scintigraphy was a dominant form of nuclear imaging prior to the advent of PET.
However, due to increasing costs, scarce supply of radiolabeled iodine, the use of this imaging
modality is losing pace. [*21]mIBG, initially synthesized for imaging presynaptic neurons in
adrenal glands, has found profound applications in the field of cardiac imaging, in addition to

imaging pheochromocytomas and neuroblastomas.'®® As a NE analogue, [*23I]mIBG is a substrate
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for NET and is readily packaged into vesicles within the nerve terminal by VMAT2.% Gradually,
[121]mIBG exhibits washout from the myocardium which is hypothesized to reflect sympathetic
tone/rate of release from the presynaptic neuron.>%168169 [123]1mIBG is semi-quantified by
calculating the heart-to-mediastinum ratio (H/M), providing a reproducible method of gauging
cardiac sympathetic activity.%>17° Using two imaging acquisitions, early and late retention of the
tracer can provide a washout rate (WR), reflecting the turnover of catecholamines and sympathetic
tone.}’® WR is increased in patients with HF and correlated to an increase in cardiac death or

hospital admission,165168.170.171

One of the pivotal studies in the field of cardiac molecular imaging was the AdreView
Myocardial Imaging for Risk Evaluation in Heart Failure (ADMIRE-HF) clinical trial, using
[*2IlmIBG. This imaging agent was evaluated to predict the prognosis of significant cardiac events
by assessing the H/M ratio for patients with HF and significant left ventricular dysfunction.’? A
significant relationship between HF-related events and reduced H/M ratio was observed
independent of factors such as left ventricular ejection fraction (LVEF), BNP, and demographic
parameters.t’? Preserved neuronal uptake of [*?°IlmIBG identified a low-risk HF population with
a late H/M >1.60 (21% of trial subjects) associated with <1%/year incidence of cardiac death. In
contrast, 10% of the subjects, characterized by H/M <1.20, had a ten-fold higher annual rate of
cardiac mortality (9.6%).2"? Thus, [*21]JmIBG nuclear imaging discriminated populations of HF
patients at risk for near-term mortality from those at low risk at the current level of therapy.
Overall, [*2]IlmIBG has shown a unique application in determining cardiac sympathetic function,
and has the potential to improve treatment management for HF patients. Mechanistic studies in
human population are ongoing with this radioligand to determine [*2ImIBG scintigraphy’s

correlation with myocardial remodeling and cardiopulmonary exercise, diagnosis and symptom
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severity of Parkinson’s Disease (PD), and autonomic dysfunction in type 2 diabetes

mellitus,169.173.174

13.2.  [“CJHED

Advancements in the field of molecular imaging have led to the production of cardiac
neuronal imaging agents that provide higher resolution and are more easily quantifiable using PET.
Fluorine-18 and carbon-11 are the most common PET radionuclides due to a highly selective decay
process with > 97% positron (B+) emissions.}”® The attractive features of fluorine-18 over other
PET radionuclides include its longer half-life (ti2 =109.77 min), enabling radiotracer transport in
addition to longer PET acquisition times and same-day multi-patient imaging. In contrast, carbon-
11 is prized for isotopic labelling of relevant biomolecules, thereby conserving the biochemical

properties of the native ligand.

The most widely studied SNS tracer for PET is [YCJHED, a derivative of
sympathomimetic amine metaraminol (MR, 1R,2S).1"® MR is structurally similar to NE but lacks
catechol functionality to restrict tracer metabolism by MAQ.Y81"7 [L1C]HED has high binding
affinity for myocardial NET (Ki = 20.9 nM), and has shown utility for predicting lethal
arrhythmias, sudden cardiac death, and all-cause mortality in heart failure patients with reduced
ejection fraction.r”” Furthermore, [*!C]JHED PET imaging studies have elucidated the relationship
between impaired SNS innervation and severity of diastolic dysfunction in HF patients.'’®17° The
Prediction of Arrhythmic Events with Positron Emission Tomography (PAREPET) study tested
the application of [*!C]JHED in identifying patients at high risk for sudden cardiac arrest (SCA)
who benefit from an implantable cardiac defibrillator (ICD) by quantifying inhomogeneities in LV

retention.*® Data collected from 204 individuals determined [**C]HED PET in predicting cause-
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specific mortality from SCA independently from LVEF and infarct size.!® The PARAPET Il trial

is currently ongoing with further applications towards selecting patients suitable for ICD.

13.3.  [“F]JFBBG/[*F]LMI1195

To date, the most successful radiofluorinated PET analogue of [*21]mIBG is N-3[3-bromo-
4-(3-18F-fluoro-propoxy)-benzyl]-guanidine ([*®F]LMI11195/flubrobenguane), a benzylguanidine
class of radiotracers for presynaptic nerve imaging. [*®F]Flubrobenguane displays excellent
contrast of the myocardium and desipramine (selective NET inhibition) sensitivity in both rabbits
and NHP, with a favorable heart-to-liver ratio in comparison to [*2IJmIBG.%181-183 |ndeed, the
phase I first-in-human multicenter trial for flubrobenguane displayed rapid cardiac extraction and
excellent contrast of the myocardium.!8 Research conducted at the University of Ottawa Heart
Institute compared the regional distribution of [*!C]JHED and [*®F]flubrobenguane for imaging
sympathetic innervation.®® Dynamic PET was performed on patients with and without ischemic
cardiomyopathy, and regional denervation, distribution volume and retention index were used to
quantify presynaptic sympathetic innervation.®® The results of the study yielded equivocal
distributions in both patient cohorts. Thus far, [®F]flubrobenguane is a promising radiofluorinated
candidate for presynaptic imaging and necessitates further clinical studies to enable its widescale

distribution.

1.3.4. [®F]Phenethylguanidines (PHEG)

The third class of NE mimics for presynaptic imaging include phenethylguanidine (PHEG)
radiotracers [*®F]4F-MHPG and [*®F]3F-PHPG, developed in Michigan. Preclinical studies in
NHPs showed NET-dependent uptake for both radiotracers, with excellent contrast of the

myocardium.166:167.185 Both tracers exhibited poor metabolic stability 10 minutes after intravenous
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injection (<25% parent intact).’®” The advantages of PHEGs however arise from their slower
neuronal uptake rates, where uptake of the tracer by NET becomes the rate determining step, and
is likely to aid in the sensitivity of detecting small changes in NET expression or neuronal density.
Human studies conducted with both tracers yielded marginally better metabolism (~25% parent
intact) at 10 minutes.'® Patlak graphical analysis performed to quantify presynaptic nerve density
yielded similar results for both tracers. Faster clearance from the liver was observed from [‘F]4F-
MHPG, improving image interpretation and reducing spillover into the LV.*® Conversely,
[8F]3F-PHPG displayed prolonged accumulation into presynaptic neurons and might be more

accurate in detecting changes in neuronal density.*8®

1.3.5. Pharmacological characterization of SNS radiotracers

Most mechanistic studies performed with [121JmIBG are restricted to cell lines, tumor
studies, and canines. Within the last 20 years, presynaptic tracer evaluations have predominated in
rodents such as rats. As a result, significant differences in species-dependent myocardial uptake
mechanisms are observed.”” Tracer kinetics and tissue distribution vary among the classes of
currently available PET radiotracers, and pre-clinical studies help to determine which tracers are

best suited for clinical translation.

The evaluation [Y!C]JHED in SD rats showed strong baseline myocardial uptake, and
preferential retention in organs with rich adrenergic innervation.’®” Organs such as the heart,
spleen, and adrenals showed tracer retention values of 3.46, 1.42, and 1.30 %ID/g (percent injected
dose per g), respectively at five minutes.'® After thirty minutes, the myocardial activity reduced
to 2.69 %ID/g, with heart to blood (H/B) ratios of 26 and 35 at 5- and 30-minutes post injection

(p.i.), respectively.*®” Mechanistic studies were performed to assess tracer localization using the
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selective and potent NET inhibitor desipramine (DMI, 10 mg/kg, intraperitoneal [i.p]), which
displayed a 92% reduction of tracer uptake in the ventricles, suggesting high neuronal occupancy
of [M'C]HED.*®’ In contrast, DMI pre-treatment was not found to have a significant reduction in
myocardial tracer retention for [*21JmIBG, whereas pretreatment with the nonselective NET and
extraneural uptake inhibitor phenoxybenzamine (PBZ, 50 mg/kg, iv, uptake-1 and uptake-2
inhibitor) reduced myocardial uptake by 90%.% These results provide strong evidence that
[1211mIBG myocardial uptake is solely dependent on extraneuronal uptake-2 mediated transport

in SD rats, whereas [*!C]JHED accumulates within myocardial neurons and is NET dependent.

Rischpler et al. further investigated this phenomenon in rats with chronic infarction by
transient coronary occlusion and reperfusion (Cl) and healthy controls, followed by injection of
[*'C]HED and [*#31]1mIBG.® An autoradiography study revealed the local distribution pattern
of [1!C]HED to have a decreasing gradient from the subepicardium (SEC) to the subendocardium
(SENC) in healthy rat hearts.!® This transmural pattern of sympathetic nerve distribution has been
previously reported in mouse hearts and was assessed by tyrosine hydroxylase (TH)
immunofluorescence, revealing a similar gradient of innervation (1:0.29, ratio of nerve density
between SEC and SENC).'® It was concluded that the tracer distribution pattern may reflect
physiological sympathetic innervation in rat hearts. In contrast, autoradiography studies with
[**11lmIBG showed an even distribution of radioactivity in the myocardium, consistent with non-
neural uptake-2 mediated tracer accumulation.'® Radiotracer distribution and kinetics vary in rats
in comparison to rabbits and higher species, and has been attributed to a higher contribution of
catecholamine handling by uptake-2 mediated transport, rendering NET blockade by DMI less

significant.””% Consequently, SNS tracer distribution studies are often advanced to higher species
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such as rabbits and non-human primates, where catecholamine handling occurs predominantly by

NET, similar to humans.

Mechanistically, both [!C]JHED and [*®F]FBBG are localized in the neurons of higher
species, however, the former displays apparent irreversibility by NET (fast transport in and out of
the neuron), whereas the latter is shown to accumulate irreversibly in neuronal storage vesicles
(figure 5).991%0 This was exemplified in rabbits using DMI “chase” dosing, where DMI is
administered following peak radiotracer uptake.*® While both [*®*F]JFBBG and [*'C]HED are
sensitive to DMI pre-treatment in rabbits, chase dosing was observed to have no effect on the

myocardial retention of [*3F]FBBG, but markedly reduced the uptake of [*'C]HED.
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1.3.5.1. Figure 5. Myocardial kinetics of [*!C]HED, [*®F]FBBG, and [*ZIImIBG. (A)
[1!CJHED is transported by NET into the presynaptic neuron and contains VMAT?2
affinity resulting in translocation within neuronal storage vesicles. Exocytosis
results in release of [*'C]JHED into the synaptic cleft, followed by reuptake by NET
back into the presynaptic neuron. (B) Benzylguanidines [*®F]FBBG and [*?*I)mIBG
are transported into the presynaptic neuron by NET and retained in storage vesicles

where they remain irreversibly trapped.

Using comparable assay methodology for human and rat left ventricle samples, the
measured NET Bmax values in the human heart are ~15 times higher than in rat hearts.**! Indeed,
each ligand possesses a unique combination of transport parameters that may be advantageous or
limit accurate quantification.””® For [*!C]JHED, rapid NET transport compared to the rate of

clearance back into the plasma may lead to neuronal uptake of this tracer being rate limited by
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delivery from the plasma into the insterstitium rather than by NET transport. For [*F]FBBG, rapid
uptake may also be influenced by perfusion rather than NET transport. However, [*®F]FBBG does
not undergo continuous recycling and remains trapped within the presynaptic neuron, and thus
may be advantageous in identifying dysfunctional vesicular storage mechanisms in addition to

reduced NET density.

14. [“FImFBG

14.1. Chemistry

Historically, the radiosynthesis of [**FJmFBG has posed challenges to its routine
development. The tracer was initially synthesized using fluoro-for-nitro exchange reactions with
3-nitrobenzonitrile, obtained in 16 + 4% RCY.1% Similar yields were reported using a quaternary
ammonium perchlorate exchange reaction with meta-nitro aryltrimethylammonium perchlorate as
a precursor.'%® Challenges in the purification of volatile radiofluorinated intermediates using these
methods yielded losses in radioactivity and were abandoned. Shortly thereafter, multistep synthesis
from benzonitrile precursors was attempted, requiring the use of lithium aluminium hydride
reduction, consequently hindering radiotracer automation.!®> The most successful synthesis
reported the use of a protected diaryliodonium salt precursor, achieving high yields (31%) and
molar activity (> 1 Ci/umol) in two steps.®* However, multi-step precursor synthesis including
challenging purification and poor solubility of the diaryliodonium salt were notable drawbacks of
this method. Furthermore, the purification of [*®FJmFBG was limited to the use of biocompatible
HPLC eluent, resulting in dilute formulations, consequently hindering the ability for its widespread
distribution for multi-center imaging. With the advent of spirocyclic iodonium ylide (SCIDY)
radiofluorination technology, many of the mentioned limitations have been overcome.%1% The

SCIDY precursor for [**FJmFBG radiofluorination is prepared using three synthetic steps from
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inexpensive starting materials, enabling the synthesis and purification of [*®FJmFBG using an

automated radiosynthetic method.*%

1.4.2. Application in clinic

mFBG is currently used for PET imaging of neuroblastomas (NB) and neuroendocrine
tumors as an alternative to SPECT imaging by [*21]MIBG.'®” Ten patients, half of which were
diagnosed with NB, and the other half diagnosed with paraganglioma/pheochromocytoma, were
imaged using [*®F]mFBG to visualize the lesions. Biodistribution revealed biexponential clearance
from the blood pool with ti/2 earty = 18 min and ti2 1late = 6 h, in comparison to monophasic 2-15 h
clearance with [*2°IlmIBG.1%" Liver activity is high in early stages of the scan (tz2 = 80 min) and
decreases over time with lesions detectable at 1 h after injection with excellent contrast.'®’
Prominent activity was noted in the left ventricle (LV), with biphasic washout over the duration
of the scan (240 min).1®” Parent tracer metabolism was determined by venous blood sampling
followed by HPLC analysis and revealed 90-92% of the parent intact after 2 h, representing
excellent in vivo stability in humans.?®” [*®FlmFBG provided both superior metabolism, kinetics,
and diagnostic imaging (122 vs 63 lesions detected) in comparison to [*2IJmIBG and is
particularly appealing in pediatric patients, enabling the use of PET/MR to reduce radiation
exposure.’®” Further analysis of radiotracer kinetics in the LV of patient cohorts enabled the
absolute quantification using a 2-tissue-4-compartmental (2T4K) to calculate the volume of
distribution (V7).1%® Human imaging revealed reversible kinetics of [*®FJmFBG, hypothesized to

be a function of sympathetic nerve tone.1%
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1.4.3. Physicochemical properties & preclinical imaging

Affinity studies performed with C6-hNET cells using [*?*IJmIBG and various
concentrations of MIBG, PIBG, PFBG, and MFBG provided ICso values of 1.72, 7.2, 9.8, and 4.86
UM, respectively.r® While [*®FJmFBG results in a 2.8-fold loss in competitive affinity in
comparison to MIBG, its potency has been well demonstrated in cell-lines and tumour
imaging.1%2% [*®F]mFBG imaging is also appealing as data have revealed greater hydrophilicity
compared to [*Z21JmIBG (logD of -0.52 vs. 0.42), with 70% less plasma protein binding, resulting
in faster washout in most organs.®® Furthermore, the higher 1Cso of [*)FJmFBG (4.9 pM), in
comparison to [*21]mIBG (1.7 uM) and [®F]FBBG (0.90 pM) is likely to result in slower NET
mediated neuronal uptake and reversible kinetics. Biodistribution studies in rats with C6 wild-type
rat glioma cells (C6-WT) and human NET gene stably transduced C6 cell (C6-hNET) xenografts
revealed strong cardiac uptake after 4 h post injection (p.i).1 In rats with C6-hNET xenografts, a
more rapid clearance of [**FJmFBG from both target and non-target organs was also observed in

comparison to [*21JmIBG, with higher urinary excretion.1%

1.4.4. Image quantification

PET image quantification is commonly performed in units of standardized uptake value
(SUV), representing the activity concentration of summed frames normalized to injected dose and
body weight of the subject. This normalization is important when imaging subjects of variable

sizes using a consistent dose. SUV is calculated as:

Equation 1 SUV = <
ID /W
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Where Acis the activity concentration in the organ in nCi/cc, ID is the total injected dose in nCi,
and Wh is the subject bodyweight in grams. SUV is a unitless ratio. SUV can also be calculated
for ex vivo tissue counting experiments by dividing Ac by tissue weight to further normalize the
dataset. In the scenario where ex vivo biodistribution was performed at a given timepoint where

animal mass is consistent, %I1D/g is most appropriate and is calculated as

Equation 2 %ID = — %100

m

Where Wh is the mass of tissue in grams.

1.4.5. Exponential modeling of time-activity curves

The clearance of [*®FJmFBG in the myocardium of rats follows monoexponential kinetics,
providing constants Amono/Ao and kmono.2®* Ao reflects the extrapolated y-intercept of the fitted
function and is therefore expressed in units of SUV. Whereas kmono is indicative of the washout
rate and is expressed as min™. With respect to sympathetic nerve imaging, Ao is a measure of
functional nerve terminal density/concentration, and kmono describes the clearance of the tracer
from the myocardium. The measurements are performed using organ TACs in the absence of a

blood input function (blood activity not corrected for metabolites).

1.4.6. Significance

Small animal imaging using [*F]mFBG to evaluate its use for imaging cardiac sympathetic
nerves was not performed prior to our published work. The previous evaluation of structurally
similar benzylguanidine analogs has informed human imaging with this tracer. However, the lack
of mechanistic details raises concerns for the accurate interpretation of human cardiac imaging

data. As such, this project aimed to investigate myocardial uptake and washout mechanisms in rats
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to provide a foundation for explaining the Kinetics of the tracer in the myocardium. To date,
available neurohormonal imaging tracers are quantified using irreversible Kkinetic models.
[*®FImFBG displays reversible kinetics, and may therefore prove useful in imaging both NET

density and intraneuronal dysfunction.

1.5. Carbon-11 radiochemistry

Carbon-11 (ti2 = 20.4min, B* emission = 99.8%) is one of the most used short-lived
isotopes incorporated into biomolecules for PET imaging.'® The cyclotron generated radionuclide
is prized for its isotopic labeling, enabling the use of well-established native pharmaceuticals as
molecular imaging agents. [*'C]CO: is produced from the bombardment of target gas composed
of N2 + 0.1-1% Oz via an *N(p,a)*'C nuclear reaction resulting in a substitution of a proton for an
alpha particle.®® This method of production is known as no-carrier-added (NCA, absence of
deliberately added stable isotope), important in retaining high molar activity (GBg/pumol). In
comparison, carrier added PET isotopes can be produced such as in the case of [*8F]fluorine (*3F-
19F), resulting in low molar activity.3® The ratio of radioactive to non-radioactive isotopes in NCA
is preferred especially when synthesizing tracers that bind to low-density targets to avoid protein
saturation to the point of competitive inhibition (labelled molecule vs unlabelled molecule).?%?
Molar activity values are dependent on the half-life of the isotope in question. In the case of carbon-
11, molar activity values are reduced by % approximately every 20 minutes, necessitating rapid

chemical synthesis, purification, formulation, and injection into animals or patients.

15.1. 11C-Methylation

The most inexpensive and available form of carbon-11 is [*'C]COz, considered to be a
primary carbon-11 precursor (Scheme 1).2%® Often times, [*'C]methane ([*!C]CHa) is directly
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generated and converted into secondary precursors such as [*'Cliodomethane ([*!C]CHal),

[1!C]methyl triflate ([**C]CH3OTf), or more rarely [*'C]hydrogen cyanide ([1!C]HCN).203:204

Cyclotron
N2+ O,
1iN(p,a)!'C
Y
SOCl, 2 H, 4 NH,

Mo
Y

["cico ["'cIcH;! _AQOTF__ ["'CICH;0TH

1.5.1.1. Scheme 1. Summary of secondary precursors prepared from [*!C]CO:

The most common method to incorporate carbon-11 into molecules is the use of
methylating agents [1!C]CHal or [*C]CH3OTf.204205 However, the reactivity of [*'C]CHal towards
arylamines, especially those that are deactivated (containing electron withdrawing groups, EWG)
is poor, but may be marginally improved upon by using the more reactive electrophile,
[*!C]CH30Tf.2% Methods developed to use [1!C]COzas a C1 building block to methylate amines
is a topic of interest, but not implemented on a wide-scale as of yet. For example, the use of
catalytic substrates ZnCl2/IPr and PhSiHs with [*'C]CO: to prepare the corresponding
methylamine.?®® Rather, efforts are generally focused on the development of novel reactions for
Y1C-labeling of radiopharmaceuticals using 'C-methylation.?%®?% For example, the use of
transition-metal-mediated carbon-carbon bond forming reactions using Pd has shown utility for
labelling novel radioligands for the serotonin and nicotinic acetylcholine receptor, [p-methyl-
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HCIMADAM and [*'C]5-methyl-5-nitroquipazine, respectively.29%204207208  Common cross-
coupling reactions such as the Suzuki and Stille reaction are plentiful in the field, relying on the
reactivity of organoborane and organotin precursors, respectively, with [*!C]CHzl.?%® Methylation
of a-carbons with [*!C]CHsl is also an effective strategy to radiolabel, but requires the use of strong

alkyl lithium bases limiting substrate versatility.203204

1.5.2. 11CO,-fixation

Carbonyl groups are abundantly found throughout a large array of biomolecules and are
utilized by medicinal chemists during the development of pharmaceuticals. Previous library
analyses of drug candidates from AstraZeneca reveal that less than 35% of compounds could be
labeled by *C-methylation, compared to a 75% success rate for compounds that can be labeled by
11C-carbonylation.?% Therefore, [*1C]CO: serves as an important labelling strategy for carbon-11

radiotracer development.

The production of [C]CO2 is generated by proton bombardment of nitrogen gas
(**N(p,a)'*C) in the presence of 0.5% oxygen.'*® The [*1C]CO2 generated from the cyclotron can
be directly used through trap-and-release purification and concentration steps to remove excess
oxygen and nitrous oxides, and to control the delivery rate of the gaseous reagent.?®® The two
methods for this process are cryogenic purification and immobilized supports. Cryogenic
purification requires condensing [*'C]CO: in a small vessel cooled by liquid nitrogen, and the
removal of condensable impurities by in-line chemical traps.2® In contrast, [*!C]CO2 can be
immobilized onto solid supports such as molecule sieves, and delivered into the reactor upon
heating.2% Due to the low solubility of [*1C]CO: in polar organic solvents, bases that trap [}*C]CO:
are frequently used. Such bases are 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-

42



1,3,2-diazaphosphorine  (BEMP), or 1,8-diazabycyclo[5.4.0Jundec-7-ene  (DBU) in
dimethylformamide (DMF) or other polar organic solvents.136:203.205209210 This dramatically

improves yields due to an increase in [*!C]CO: trapping efficiency.

Due to the poor electrophilicity of [*!C]CO2, the development of chemical technologies

directly utilizing this primary precursor are limited (scheme 2).2%°

A ey t B.
. 9 [''Clisocyanate DBAD o
1
R. H, ['CICO, _ R. Cog POCl, R. 1" PBu, R IC.or ["clco, R. 2
DBU/ N . N N . DBU
BEMP BH By
[”C}CO2 A. Agid dehydration .
B. Mitsunobu dehydration
Ph
N=R~Ph
/
PH  Ph
1.5.2.1. Scheme 2. Radiosynthetic methods to synthesize *'C-isocyanates

Regardless, efforts have been made to produce diverse sets of molecules to facilitate the
development of PET radioligands. Initial efforts focused on the synthesis of high value
intermediates such as !C-isocyanates from [Y!C]phosgene ([*!C]COCI) and enabled the
accessibility of key functional groups such as 'C-imidazolones and oxazolidindiones.2%52!
However, the use of [1!C]phosgene has been discontinued in the vast majority of facilities due to
a complex production requiring specialized apparatus and extensive upkeep prior to each
use.205209211 |nstead, radiochemical strategies to produce isocyanate equivalents have provided an
adequate means to synthesize ''C-isocyanates under milder conditions with increased substrate

versatility. Early attempts to prepare structurally complex *C-ureas utilized the carboxylation of
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amines by [*C]CO: in the presence of triethylamine or BEMP to form a carbamate intermediate,
followed by the addition of a dehydrating agent POCIz to facilitate the formation of 'C-
isocyanates (scheme 2).2'2213 Under these conditions, isocyanates react with excess amine to
produce symmetrical ureas and 'C-carbodiimides.?*®* However, the inherent challenge of this
method is the synthesis of asymmetrical products, supressed with the use of excess POClzand high
concentrations of the secondary amine to reach the desired selectivity within 2 minutes in high
radiochemical yields.2%5212213 Thyjs is currently one of the most used strategies to reliably produce
labelled isocyanates directly from [1!C]CO2, but still suffers with poor reactivity towards anilines,
and releases HCI as a by-product, creating highly acidic conditions that can limit [**C]CO2 trapping
efficiencies and substrate selectivity. The second popular strategy to produce *'C-isocyanates is
using Mitsunobu chemistry, replacing the use of the acidic dehydrating reagent POCls with di-tert-
butyl azodicarboxylate (DBAD) and tributylphosphine (PBus) following stepwise trapping with
an amine and DBU (scheme 2).2** This technology led to high yielding synthesis of both
symmetrical and asymmetrical ureas including electron deficient anilines. Advancements in this
technology also led to the production of *C-amides using Grignards, and organozinc coupling
reactions following isocyanate formation.?'>216 The third strategy used to expand the feedstock of
11C-isocyanate synthons is the use of phosphinimine precursors, prepared by azides or amines, and

have shown utility in synthesizing a small scope of asymmetrical ureas in moderate yields (scheme

2).217,218

1.5.3. Iminophosphorane structure and reactivity

Iminophosphoranes (phosphinimines, phosphoranimines, phosphazenes) are nitrogen
organophosphorous compounds with the chemical structure RsP=NR. The structure of these

nitrogen-phosphorous ylides was demonstrated in 1919 by Staudinger and Meyer, and their
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reactivity has been extensively explored since then.?!® This functional group is commonly installed
in intermediates for multi-step synthesis, have shown utility as superbases (ketimine nitro-
Mannich reaction), are building blocks for P-N containing polymers, and are commonly employed
in transitional metal chemistry.??220-224 The two most common methods to prepare
iminophosphoranes are the Staudinger and Kirsanov reaction. In the former reaction, oxidation of
an organic azide is required with the use of a phosphine ligand (PRs), most commonly
triphenylphosphine.?® In the latter reaction, a phosphine-dibromide (P[V]) reagent such as
triphenylphosphine dibromide is used in conjunction with a primary amine and base such as
triethylamine or pyridine.??® The highly polarized P=N bond of the iminophosphorane is
commonly described as resonance hybrids of the two canonical forms, one in which the nitrogen
and phosphorous share a covalent double bond (A), and the other which places a positive charge

on the phosphorous and negative charge on the nitrogen (B).%?

As aza-ylides, iminophosphoranes react both at the nitrogen (nucleophilic) and
phosphorous (vacant 3d-orbitals) atoms, allowing the preparation of a wide variety of derivatives
with ease. The most widely explored use of iminophosphoranes surrounds its application in
heterocycle synthesis via intramolecular aza-Wittig reactions. The reactivity towards cyclization
is shown to be controlled by a variety of factors such as a) chain length (ring size/strain), b)
reactivity of the carbonyl group, and substituents on the iminophosphorane.??® In general, this class
of compounds is efficient in generating 5-7 member rings but not 3-4 member rings due to
excessive strain of the oxazaphosphetane intermediate.??52%6 In terms of carbonyl reactivity,
aldehydes and ketones are the most reactive, but esters, amides, and imide carbonyls have all been
employed in the synthesis of heterocycles.??®227 Substituent groups on the N and P atom are also

of paramount importance. Electron poor R groups of the nitrogen will consequently reduce
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nucleophilicity, whereas reducing steric bulk (triphenylphosphine vs trimethylphosphine) or
adding EWG will increase the electrophilicity of the phosphorous.??522” Useful synthetic reactions
of iminophosphoranes are summarized in Scheme 3 but do not encompass the total diversity of
synthesizable functional groups using this chemistry. In addition to intramolecular aza-Wittig
reactions, the intermolecular variant has also been explored, albeit to a lesser extent. It is known
that iminophosphoranes are particularly reactive with carbon dioxide, carbon disulfide,
isocyanates, ketenes, and sulfur dioxide in intermolecular reactions and can function as robust

dehydrating agents to yield reactive intermediates.?26:228.229

O
R')J\N/R
H

R.

c=S N/\<

R | N
N:N’

P

R—N=C=N—-R'

1.5.3.1. Scheme 3. Reactions of iminophosphoranes. (a) R’COOH, (b) Me2CO, (c) COz,

(d) R’COCI, NaNs, (e) CSz, (f) R’NCO, (g) SOz, (h)R2C=C=0

1.5.4. Iminophosphoranes and supercritical CO2 (scCO3)

Marsura and co-workers discovered the inherent intermolecular reactivity of
iminophosphoranes with supercritical carbon dioxide (scCO2), yielding an isocyanate intermediate

readily converted into a urea with the addition of an amine nucleophile.?®® The interest in this

46



chemical reaction for a synthetic point of view stems from a safe route to isocyanate synthesis that
does not require the use of phosgene or acid chlorides, benefiting both research and industrial
markets. In addition, scCO2 chemistry is applicable in the context of Green Chemistry as in this
state COz functions as both a solvent and reactant. This reaction has been well documented in the
literature; however, the chemical mechanism was only probed recently. From an electronic
standpoint, iminophosphoranes have high proton affinity and are organic neutral, low-nucleophilic
superbases, owing to their zwitterionic nature.??> As such, the electron density on the nitrogen
atom is large, with pKsr™ values of 23-25 for triaryliminophosphoranes in acetonitrile, comparable
to guanidines (~24).222 In contrast, CO2 behaves as an electron acceptor or Lewis acid (LA),
exemplified by the interaction of compounds containing carbonyl groups or fluorine atoms having
Lewis acid — Lewis base (LA-LB) interactions with CO2.23:232 However, COz typically acts as an
electron donor/LB. Ab initio calculations describe competitive donor-acceptor interactions of CO2
and m-systems that are significantly stronger than LA-LB interactions.??? Calculations performed
with a methylene iminophosphorane CHsN=PRs containing PPhs and PHs functionalized
phosphines show the nucleophilicity and basicity is highly dependent on the substitution of the
phosphine.??? For instance, replacing H by Ph on the phosphorous atom resulted in a 22 kcal/mol
increase in gas-phase basicity, but lowers the nucleophilicity of the iminophosphorane,
exemplified by a -6.42 to -5.18 kcal/mol difference in the interaction energy of iminophosphorane-

COz2,explained by an increase in steric hinderance??.

1.5.5. Reactivity with gaseous CO>

While applications of iminophosphorane reactivity with scCO2 are apparent, access to
specialized vessels to form scCO2 can limit its use in traditional organic synthesis and

radiochemistry. Attempts to react normal phase CO2 with cyclohexyliminotriphenylphosphorane
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report reduced selectivity, producing the corresponding cyclohexyl isocyanate in 24% vyield and
the symmetrical cyclohexyl carbodiimide in 53% yield.?** Molina et al described the carbodiimide
free synthesis of isocyanates using triaryl and trialkyl iminophosphoranes in yields of 73-97%,
paving the way for further research into intermolecular reactions of isocyanates under mild

conditions.?28

1.5.6. Iminophosphoranes in 'C-radiochemisty

Van Tilburg et al replicated the chemistry by Molina et al using carbon-11 radiochemistry
using a stepwise approach of bubbling and trapping [*'C]CO: into a reaction vessel at low
temperatures in THF with the commercially available N-(triphenylphosphoranylidene)aniline.?'8
Following [*C]CO: trapping, the reactor was heated at 90 °C for 6 minutes, and subsequent
addition of an amine nucleophile heated at 35 °C for 3 minutes to obtain an asymmetrical urea in
33% yield.?*® The authors noted improved yields and trapping efficiencies when the nucleophilic
amine was present with the iminophosphorane in the vessel and heating the vessel to 90 °C
following [*C]CO:2 trapping. Using this method, 4 asymmetrical ureas were formed from 8-46%

radiochemical yield.?8

The most popular methods for utilizing iminophosphorane-CO2 reactivity circumvents the
isolation and synthesis of iminophosphorane precursors. Rather, reactions are typically performed
in situ in the presence of phosphine, amines, or azides. An in situ Kirsanov reaction demonstrated
good application for the synthesis of three carbon-11 labelled hydratoins using trimethylphosphine
diiodide and the corresponding amine to yield the corresponding iminophosphorane, followed by
the addition of [*'C]C0O22%* Del Vecchio et al utilized a similar strategy of intramolecular ring

closure to form cyclic ureas using a Staudinger aza-Wittig (SAW) approach with o-azidoanilines
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and dimethylphenylphosphine.?!’ The technique resulted in the successful synthesis of
pharmaceutically relevant cyclic ureas such as [*'Cloxatomide, [**C]domperidone,
[1*C]flibanserin, and [*'*C]CGP12177A. This technology was further expanded to produce cyclic
carbamates such as [*'C]chlorzoxazone, [*!C]metaxalone, and [**C]fenspiride.?!” One attempt was
made to synthesize a linear acyclic carbamate under harsh conditions, resulting in a low 4%

radiochemical yield.?®

1.5.7. Significance

Developing a radiolabeling technique using iminophosphorane precursors obviates the use
of explosive azide precursors, toxic phosphines, and high mass loading of reagents that can hinder
radiotracer purification and limit functional group tolerance. Developing a straightforward strategy
to isolate stable iminophosphorane precursors reduces the complexity of the sample matrix
allowing a more robust reactivity profile and increases the practicality of this labelling method for

good manufacturing practices (GMP) environments.

1.6.  Atherosclerosis and cardiovascular disease

Coronary artery disease (CAD) is the leading cause of mortality worldwide, responsible
for one in every five deaths.2® CAD is a condition caused by atherosclerosis, the obstruction or
narrowing of arteries due to a buildup of plaque within the vessel walls. The early lesions of
atherosclerosis are composed of subendothelial accumulations of macrophages engorged with
cholesterol, also known as foam cells.?*” These lesions are typically found in the aorta, and are
described as fatty streaks found within the first decade of life in humans. Fatty streaks are not
clinically significant but are prone to develop into advanced lesions characterized by lipid-rich
necrotic debris and smooth muscle cells (SMCs).?*® Pathological studies have shown a series of
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changes in the endothelium during atherogenesis, especially with increased monocyte/macrophage
content. Current evidence suggests a central role of macrophages in disease initiation and
progression, as the accumulation of oxidized low-density lipoprotein (LDL) in the vascular intima

has a significant contribution to macrophage recruitment and foam cell formation.?*

1.6.1. NLRP3 mediated vascular inflammation

The recruitment of macrophages and other cells of the innate immune system is recognized
by chemical signals released by pathogens or injured cells and tissues by pattern recognition
receptors (PRR).Z%?40 PRRs are expressed in innate immune cells and can distinguish between
two types of molecular patterns: danger associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs).24 Several different PRRs are responsible for recognizing
distinct PAMPs and DAMPs and are generally classified into four groups: Toll-like receptors
(TLR), nucleotide-binding oligomerization domain-like receptors (NLRs), retinoic acid-inducible
gene-l-like receptors (RLRs) and C-type lectin receptors (CLRs).24%241 Importantly, NLRP3, a
member of the NLR family, can recognize various DAMPs and form a molecular complex known
as the NLRP3 inflammasome. In general, the NLRP3 inflammasomes are composed of an
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and a
cysteine protease caspase-1 (CPC1), responsible for activating proinflammatory cytokines such as
prointerleukin-1p and prointerleukin-18 into its active form.2** NLRP3 inflammasome activation
is thought to occur in two steps: 1) priming by transcriptional upregulation of pro-interleukins and
NLRP3, and 2) the presence of activation signals causing inflammasome assembly, leading to
proteolytic processing of interleukins into its mature form by activated caspase-1.2%? In order to
activate NLRP3, macrophages must first be exposed to stimuli such as ligands for the TLR, NLRs,

or cytokine receptors which activate the widely known transcription factor NF-«xB.?*? NF-kB is
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responsible for upregulating the expression of NLRP3 and pro-interleukins which are currently
known to exist in concentrations that are inadequate for inducing inflammasome activation under
normal conditions.?*?> Following the priming step, NLRP3 inflammasome assembly can be
activated by ATP, potassium ionophores, heme, particular matter, reactive oxygen species (ROS),

among other signals.?41242

Experimental and clinical studies have described a crucial role of IL-1 in the progression
of atherosclerosis and characterized this cytokine as proatherogenic. In 2012, Duewell et al used
atherosclerotic-prone low-density lipoprotein receptor-deficient LDLR-/- chimeric mice whose
bone marrows (BM) were transplanted with inflammasome-related molecules NLRP3-/-, ASC-/-,
or IL-1o0/p-/-, and show reduced atherosclerotic lesion development.?*® This research also
highlighted the presence of cholesterol crystals, found in all stages of atherosclerosis as a DAMP
candidate that strongly activated NLRP3 inflammasomes in macrophages. Since vascular wall
macrophage infiltration is the hallmark of atherosclerosis, most studies have focused on the role
of NLRP3 activation in macrophages. In the earliest stages of fatty streak development, it was
noted that cholesterol crystals are phagocytosed by macrophages, but induced phagolysosomal
destabilization and rupture due the inability to efficiently phagocytize cholesterol crystals.?** This
process is now known as frustrated phagocytosis. The inefficient processing of cholesterol crystals
further causes lysosomal rupture, inducing leakage of the lysosomal enzyme cathepsin B, resulting
in NLRP3 inflammasome activation.?**245 Similarly, calcium phosphate crystals including
hydroxyl apatite and tricalcium phosphate are shown to accumulate in atherosclerotic lesions and

activate NLRP3 inflammasomes though the same mechanism. 24424
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1.6.2. MCC950 as a small molecule inhibitor

The evaluation of MCC950 as a small molecule IL-1B processing inhibitor occurred as
recently as 2015.24¢ The mechanism for NLRP3 inhibition is still currently under investigation,
and evidence as recent as 2022 continues to provide additional insight into the exact inhibition
mechanism. Current evidence suggests that this inhibitor has not been shown to inhibit TLR
signaling, or any proteins in the priming/transcriptional upregulation stage of NLRP3 activation.?4
Furthermore, calcium signaling, potassium efflux, NLRP3-ASC interactions are not shown to be
inhibited. While some groups have postulated MCC950 as a substrate for NIMA-related kinase 7
(NEK?7), a regulatory protein that inhibits NLRP3 activation, a drug affinity responsive target
stability (DARTS) approach has demonstrated that MCC950 binds directly to NLRP3 itself.?*’
Using bone marrow-derived macrophages and a broad specificity protease mix (pronase), an assay
was performed to induce the degradation of NLRP3. Increasing doses of MCC950 was shown to
protect NLRP3 from pronase-mediated degradation, evident from changes in the digestion pattern
detected using antibodies against the NACHT or PYD domains of NLRP3.24” MCC950 was shown
to be selective and did not alter the digestion pattern of NEK?7. In primed and unprimed BM derived
macrophage stimulated cells, MCC950 exposure was shown to protect NLRP3, which suggests
that it binds to both the active and inactive conformation of NLRP3.24” With the production of
mutant NLRP3 proteins, the binding site domain was identified to be the NLRP3 NACHT
domain.?*” Further evaluation demonstrated that MCC950 binds non-covalently to the Walker B

motif to block NLRP3 ATPase activity, critical for NLRP3 assembly and function.?*’

In a separate study by Tapia-Abellan et al, a bioluminescence resonance energy transfer
(BRET) assay was employed to study the open and closed conformations of NLRP3.2#¢ Analysis

in cells of the disease relevant mutant NLRP3 p.D305N revealed an enhanced propensity of
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oligomerization. Treatment with MCC950 was found to cause almost complete disaggregation of
all p.D305N oligomers presumably into closed monomeric NLRP3 monomers.?*® MCC950 is now
being evaluated as a therapeutic in a multitude of chronic inflammatory conditions such as
rheumatoid arthritis, Alzheimer’s disease, aortic aneurysms, myocardial infarctions, ulcerative

colitis, among others.?4°

1.6.3. MCC950 and atherosclerosis

NLRP3 inflammasome inhibition in atherosclerotic ApoE” mouse models have
demonstrated profound therapeutic benefit. Insulin-deficient type 1 diabetes ApoE” mice
generated by intraperitoneal injections of streptozotocin (100 mg/kg/day) had increased
atherosclerotic total plaque area by fourfold in arch, thoracic, and abdominal aortic regions.?*
MCC950 treatment significantly attenuated atherosclerotic lesions in diabetic ApoE” mice by
~40%, reduced systemic oxidative stress, and reduced the expression of proatherogenic mediators
TNF-0, ICAM-1, and MCP-1, and IL1p after a five-week treatment cycle.?® In aortic sinus
plaques, reduced macrophage infiltration was noted in the treatment group. Furthermore, MCC950
reduced the necrotic core of diabetic plaques without altering a-smooth muscle actin (a-SMA) or
collagen content.?*® Improved delivery methods of MCC950 to atherosclerotic plagques to increase
the therapeutic effect were demonstrated by packaging MCC950 into platelet-derived extracellular
vesicles (PEVs) followed by intravenous injection.?®* Immune cell populations, plaque size, and
proinflammatory cytokines such as IL-1p and IL-6 were significantly reduced in the aortic arch of
animals treated with MCC950-PEVs in compared to the control group, enabling improved drug

delivery to minimize the risk of side effects and increase its therapeutic action.?!
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1.6.4. Clinical significance

Patients with coronary atherosclerosis have demonstrated high expression of NLRP3 in the
aorta correlated to the severity of stenosis. Patients with high level risk factors such as
hypertension, smoking, diabetes, and blood lipid chemistry also correlates with increased NLRP3
expression levels in the aorta of patients with CAD.?*22% Studies comparing carotid atherosclerotic
lesions with normal iliac or mesenteric arteries show high levels of mMRNA and protein levels of
inflammasome components such as ASC, NLRP3, caspase-1, and consequently IL-1p and IL-
18.%5% Within plaques, co-staining revealed increased CD68 positive macrophage population. In
addition, increased NLRP3 expression in subcutaneous adipose tissue was observed to be
positively correlated with lifestyle-related indexes that impact the development of CAD such as
body mass index (BMI) and uric acid serum levels.?®® Genetic polymorphisms are also
hypothesized to contribute to aberrant NLRP3 inflammasome activation, but have not yet been
extensively identified in patient populations. Given the extensive role of NLRP3 in mediating
inflammation, efforts to synthesize safe potent inhibitors with the goal of treatment are underway.
In addition, high expression of NLRP3 in inflammatory conditions has generated interest in
performing non-invasive in vivo PET imaging using an NLRP3-specific probe to enable the

visualization of NLRP3-dependent inflammation.

1.6.5. Rationale

The use of MCC950 as a PET radiotracer candidate for neuroimaging applications was first
evaluated by Hill et al.?® The radiotracer was synthesized using traditional Mitsunobu
radiochemistry and acquired in 1% yield in low molar activity.?>* [1!CJMCC950 brain uptake was

absent, and is hypothesized to lack the chemical properties required for BBB penetration. Recently,
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efforts have been made to synthesize derivative radiotracers that retain the potency of MCC950
but are easier to label and evaluate.?> With the completion of our recent project, we have shown
the use of iminophosphorane chemistry to be a more reliable strategy for obtaining 'C-
sulfonylureas in high yields suitable for the preclinical evaluation of radiotracers.?>® We were
interested in evaluating [*!C]JMCC950 in detecting NLRP3-mediated inflammation in
atherosclerotic plaques, with the eventual goal of in vivo PET imaging, as this imaging probe may
provide useful information about NLRP3 expression and provide molecular information regarding

plaque stability.

1.7. Hypotheses and research aims

Project 1: Cardiac SNS imaging using [*® FImFBG (chapters 11-111)

The hypotheses for this research project are:

1. [*F]mFBG possesses measurable NET-dependent uptake kinetics

2. [*®F]mFBG reuptake occurs, and tracer retention is not complicated by additional kinetics
compartments and radiolabeled metabolites

3. [*®F]mFBG washout is sensitive to changes in sympathetic tone

4. [“¥FJmFBG PET imaging can discriminate between healthy and diseases animals

These hypotheses are addressed by completing the following aims:
1. Determining baseline uptake and assessing tracer specificity towards NET using neuronal
and extraneuronal uptake inhibitors
2. Invivo studies of intraneural tracer kinetics, and determination of radiolabeled
metabolites

3. Pharmacological challenge (chase dosing) of a2 receptors
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4. Determining whether quantifiable differences in [*®FJmFBG myocardial kinetics
accurately reflect neuropathology in an animal model of HF (control vs Dahl salt-

sensitive rats)

Project 2: PNS imaging using [*®F]IFEOBV (chapter 1V)

The hypothesis for this research project is:

1. [*8F]FEOBV uptake in the myocardium is VAChT dependent; and more specific in the

absence of isoflurane anesthesia
We will address these hypotheses by completing the following aims:

1. Perform baseline uptake and pharmacological challenge experiments in mice with and

without isoflurane anesthesia

2. Assess myocardial uptake in mouse models containing differential expression of VAChT

Project 3: Interrupted aza-Wittig reaction using iminophosphoranes (chapter V)

The hypotheses for this research project are:
1. Iminophosphorane precursors can react with stable CO2 and [*!C]CO: to yield isocyanate
derived products with application to pharmaceutically relevant drugs and in-demand *C-

radiotracers

This hypothesis is addressed by completing the following aims:

1. Investigating reaction selectivity towards a substrate of choice and optimizing reaction

conditions

2. Synthesis of multiple isocyanate derived functional groups with the naturally abundant

carbon isotope and carbon-11 by utilizing unique iminophosphorane precursors
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Project 4: Synthesis and evaluation of [F*CIMCC950 for imaging atherosclerotic plagues
(chapter V1)

The hypotheses for this research are:

1. [*CIMCC950 can be radiolabeled using iminophosphorane chemistry in yields suitable for

its evaluation

2. Selective [**C]MCC950 uptake occurs in aortic atherosclerotic lesions
These hypotheses are addressed by completing the following aims:

1. Developing suitable automated reaction conditions for labeling [*!C]JMCC950
2. Assessing baseline biodistribution and aortic plaque accumulation of [**CJMCC950 in
ApoE” and C57BL/6 mice.

3. Performing homologous blockade to determine specific binding
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2.1.  Statement of the manuscript

The  manuscript “Cardiac  Sympathetic PET  Imaging with  meta-
[*8F]Fluorobenzylguanidine is Sensitive to Uptake-1 in Rats” was accepted into ACS Chemical
Neuroscience and published on October 29", 2021. In this chapter, | further developed the
radiosynthesis by reperforming experiments relating to radiofluorination yields and concentration
of base. Moreover, | developed the entirety of the reformulation conditions. Solvent, reaction
times, and deprotection conditions, and regioisomers analysis were previously conducted by Dr.
Benjamin Rotstein & Aleksandra Pekosak. | performed ex vivo and in vivo experiments with the
aid of Ariel Buchler. Tissue sectioning and autoradiography was performed by Eadan Farber and
Nicole MacMullin. All data analysis was performed by me, and data interpretation was a
collaborative effort of myself, Dr. Benjamin Rotstein, and Ariel Buchler. The manuscript was
written by me and edited by Dr. Benjamin Rotstein and Ariel Buchler. All authors approved the

final version.
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2.2.  Abstract

Dysfunction of the cardiac sympathetic nervous system contributes to the development of
cardiovascular diseases including ischemia, heart failure, and arrhythmias. Molecular imaging
probes such as meta-[*?®l]iodobenzylguanidine have demonstrated the utility of assessing neuronal
integrity by targeting norepinephrine transporter (NET, uptake-1). However, current radiotracers
can report only on innervation due to suboptimal kinetics and lack of sensitivity to NET in rodents,
precluding mechanistic studies in these species. The objective of this work was to characterize
myocardial sympathetic neuronal uptake mechanisms and kinetics of the positron emission
tomography (PET) radiotracer meta-[‘®F]fluorobenzylguanidine ([**FJmFBG) in rats. Automated
synthesis using spirocyclic iodonium(I11) ylide radiofluorination produces [*¥FJmFBG in 24% =+
1% isolated radiochemical yield and 30-95 GBqg/pumol molar activity. PET imaging in healthy rats
delineated the left ventricle, with mono-exponential washout kinetics (kmono = 0.027 % 0.0026
min, Amono = 3.08 + 0.33 SUV). Ex vivo biodistribution studies revealed tracer retention in the
myocardium, while pharmacological treatment with selective NET inhibitor desipramine, non-
selective neuronal and extraneuronal uptake-2 inhibitor phenoxybenzamine, and neuronal ablation
with neurotoxin 6-hydroxydopamine reduced myocardial retention by 33%, 76%, and 36%,
respectively. Clearance of [*F]JmFBG from the myocardium was unaffected by treatment with
uptake-1 and uptake-2 inhibitors following peak myocardial activity. These results suggest that
myocardial distribution of [*F]JmFBG in rats is dependent on both NET and extraneuronal
transporters and that limited reuptake to the myocardium occurs. [*®F]JmFBG may therefore prove

useful for imaging intraneuronal dysfunction in small animals.
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2.3. Introduction

The autonomic nervous system (ANS) has a crucial role in governing cardiac homeostasis,
and in regulating functions including heart rate, blood pressure, and contractility.! The sympathetic
branch of the ANS supplies excitatory stimuli to increase such functions above basal levels through
the release of norepinephrine (NE) as the major postganglionic neurotransmitter, whereas the
parasympathetic branch produces opposing effects using acetylcholine (ACh).? Loss of
autonomic regulation in favour of increased sympathetic activity and vagal withdrawal has been
described in chronic heart failure, cardiac arrythmias, sudden cardiac death, and diabetes
mellitus.>® As such, sympathetic dysfunction is considered central to many pathologies, and
molecular imaging is used clinically for both mechanistic investigations and risk stratification in
cardiovascular disease.?’ !

Currently available radiotracers used for nuclear imaging of cardiac sympathetic
dysfunction predominantly target the norepinephrine transporter (NET) to detect defects in global
and regional myocardial presynaptic nerve density.’? Radiolabeled neurotransmitters such as
[!C]epinephrine, [**C]norepinephrine, [*:C]phenylephrine, and fluorinated dopamine derivatives
can be imaged by positron emission tomography (PET) and exhibit high selectivity and rapid
uptake by NET, but are complicated by both peripheral and intraneuronal metabolism giving rise
to multiple substrates with distinct kinetics and target affinities.™® These challenges were overcome
with the development of structural analogs lacking catechol functionality such as the substituted

amphetamine derivative meta-[*!C]hydroxyephedrine ([*!C]HED), and benzylguanidines meta-
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[121]iodobenzylguanidine ([*?]I]mIBG, used for lower resolution single-photon emission
computed tomography or planar scintigraphy) and [*®F]flubrobenguane ([*®F]FBBG, formerly
[*®F]LMI1195, Figure 1).* While NET-mediated neuronal retention provides excellent cardiac
imaging contrast for these analogues, rapid uptake kinetics hinder the accurate quantification of
sympathetic nerve abnormalities and cannot report on neural tone, thus necessitating the continued
development of sympathetic nervous system (SNS) radiotracers which are easily accessible and
possess favourable myocardial kinetics.'>'® To this end, another benzylguanidine, meta-(3-
[‘8F]fluoropropyl)benzylguanidine ([**FJmFPBG), has been developed for more facile alkyl
radiofluorination and has shown utility for neuroblastoma imaging and preclinical cardiac
imaging.*®

More recently, radiotracer candidates bearing a phenethylguanidine core (Figure 1) have
exhibited slower neuronal uptake rates in human imaging while maintaining irreversible kinetics
due to vesicular trapping mediated by vesicular monoamine transporter 2 (VMAT2).2° Initial
challenges associated with nucleophilic ®F-fluorination of the electron-rich aromatic rings in 4-
[*8F]fluoro-meta-hydroxyphenethylguanidine ([*®F]4F-MHPG) have since been overcome using
spirocyclic iodonium ylide radiofluorination.!®?1:22 Nevertheless, [*®F]4F-MHPG and its isomer
[8F]3F-PHPG inspired the development of [*®F]AF78, which retains the phenethylguanidine core
with an appended 3-fluoropropy! ether moiety for more facile radiolabeling.?® Preliminary studies
with [*8F]AF78 have demonstrated cardiac retention in rats likely due to extraneuronal uptake
mechanisms. However, further in vivo evaluation of this tracer is required to assess NET-

dependent uptake in rats and higher species.
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2.3.1. Figure 1. Chemical structures of NE radiotracer mimics used for SNS imaging

meta-[‘®F]Fluorobenzylguanidine ([**FJmFBG) is the closest structural analogue of
[121]mIBG that can be used for imaging with fluorine-18 (tv2 = 109.7 min), the most convenient
PET nuclide for labeling, transport, and dynamic imaging of small molecules. [*®*FJmFBG was
first reported in the 1990s but has not since been evaluated for cardiac SNS imaging.2* While
analogous to [*2°IlmIBG, and to some extent [}8F]JFBBG, available evidence suggests that
[*®FImFBG possesses lower affinity for NET, as well as reduced lipophilicity and serum protein
binding.?® Given these attributes, [*FJmFBG may exhibit slower uptake into tissue, with
distribution less dependent on tissue perfusion. This hypothesis is consistent with observable
myocardial washout in [*®F]JmFBG human imaging,?® in contrast to the very slow washout kinetics
that [*221lmIBG displays,?”?® and irreversible cardiac uptake of [*!*C]HED and [*®F]FBBG.?° We

were further attracted to [*®F]mFBG by its potential for faster myocardial clearance and slower
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reuptake as it may provide critical information on sympathetic tone and improvements in
quantification of neuronal dysfunction.?®

However, due to synthetic challenges associated with radiofluorination of deactivated
arenes, the development of this compound has been gradual, with few recent reports demonstrating
the utility of [*FJmFBG for imaging neuroendocrine tumors.?3 New syntheses have been
reported using either copper-mediated radiofluorination or diaryliodonium salt precursors, both of
which are accompanied by technical challenges related to automation and access to
precursors.?%31-34 In addition, [*®*F]JmFBG is often obtained using biocompatible HPLC eluent,
resulting in dilute activity concentrations that present an obstacle for routine production and small
animal imaging studies. Using our previously reported methodology, we sought to develop an
improved practical synthesis of [*FJmFBG by spirocyclic iodonium vylide (SCIDY)
radiofluorination.® The SCIDY precursor is prepared in three steps from commercially available
reagents, radiolabeled, and subsequently reformulated using a carboxymethyl (CM) ion exchange
resin to obtain the tracer in activity concentrations >370 MBg/mL, suitable for transport and
imaging. The enhanced accessibility of this radiotracer prompted us to evaluate its
pharmacokinetic properties and utility for cardiac SNS imaging in Sprague Dawley (SD) rats. Our
in vivo and ex vivo evaluation includes PET imaging to assess tissue contrast and myocardial
kinetics, metabolite analysis to gauge tracer stability, biodistribution to determine tracer
localization, pharmacological blocking studies using desipramine (DMI) and phenoxybenzamine
(PBZ), and chemical sympathectomy with 6-hydroxydopamine (6-OHDA\) to study tracer uptake

mechanisms.
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2.4.  Results and Discussion

Automated radiosynthesis of [\®FJmFBG in high activity yields. The synthetic route to obtain
the precursor was first described by Rotstein et al.*® Briefly, synthesis of the radiolabeling
precursor began by guanylation of meta-iodobenzylamine to form the partially protected meta-
iodobenzylguanidine 1 in 56% vyield (Scheme 1). Following complete protection to afford
compound 2 (92%), the intermediate was oxidized using Selectfluor and trimethylsilyl acetate,3®
followed by the addition of spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd, 3) to obtain the SCIDY
precursor 4 in 54% vyield (Scheme 1). Precursor stability studies conducted by NMR spectroscopy
only revealed decomposition of the ylide after >6 months when stored at ambient temperature, but

no apparent degradation upon long term storage at lower temperatures (<6 °C, Table S1).

N
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24.1. Scheme 1. Synthetic route to prepare SCIDY precursor

Further optimization of the previously reported radiolabeling conditions was carried out manually
with low levels of starting radioactivity.*® Radiochemical yields were determined by radioTLC

integration of product peaks and unreacted [‘®F]fluoride. This two-step radiosynthesis first
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incorporates [*®F]fluoride by nucleophilic substitution, followed by acidic deprotection (Scheme
2). Radiofluorination of 4 in the presence of tetraethylammonium bicarbonate (TEAB) in DMF
afforded the desired intermediate [*F]5 in 42 + 11% yield after 5 minutes (Figure 2A). In line with
previous studies on SCIDY radiofluorination, prolonged reaction times or elevated base
concentrations above the optimal range of 4-6 equiv. had deleterious effects on precursor stability
and radiochemical yield (RCY, Figure 2B).?23%3" Higher overall yields were observed in DMSO
after 10 minutes (55 + 9%) compared to DMF (Figure 2A), while replacing TEAB with potassium
carbonate and Kryptofix® (K2CO3/K2.22) led to markedly lower yields in either solvent (<7%,
Table S2). Nearly quantitative disappearance of protected intermediate [®F]5 in the presence of
12 M HCI was observed after 5 minutes to form the desired product [*®F]6 ([**F]JmFBG).
Previously described radiofluorination reactions with iodonium ylides using Meldrum’s acid as an
auxiliary have suggested the formation of radiolabeled regioisomers as byproducts.® We prepared
authentic standards of both ortho- and para-fluorobenzylguanidine and did not detect these
radiochemical impurities from SCIDY radiofluorination (Figures S2-S3). In summary, [**FJmFBG

was formed with high selectivity, and synthesized in 53% RCY within 15 minutes.
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2.4.2. Figure 2. Optimization of [*®F]5 radiofluorination and [*®F]JmFBG reformulation
conditions. Dependence on (A) solvent (n = 1-4), and (B) base concentration (n = 2—
4). Conditions: 20 mM precursor, 200 uL DMSO, 10 min, 120 °C. Radiochemical yield
of [*®F]5 determined by radioTLC integration of product peaks and unreacted
[*®F]fluoride. Product identity was confirmed by radioHPLC and co-injection of
nonradioactive standard. (C) Dependence of [*8FJmFBG reformulation efficiency (RE)
on influent pH (n = 6). RE is defined as the product of the trapping and elution

efficiencies. (D) Volume of saline required for [*F]JmFBG elution (n = 6).
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Using the optimized conditions, an automated two-step production of [*FJmFBG was
performed using the GE TRACERIab FX2N radiosynthesis module with in-line semi-preparative
HPLC purification (Scheme 2, Figures S5-6). Following purification, we screened commercially
available resins to concentrate the radiotracer. We observed no retention of [**FJmFBG on
commonly used C18 and HLB solid phase extraction cartridges. However, the weak ion-exchange
CM resin showed greater promise for trap and release reformulation during initial screening,
enabling the isolation of [*3F]JmFBG in high activity concentrations. Unsurprisingly, we noted a
dependency of activity retained by the CM resin on the pH of the influent solution collected from
semi-preparative HPLC purification (Figure 2C). At pH >7, we noted poor REs (<25%), while a
mildly acidic pH resulted in a steep increase to 48 + 4%. Nearly quantitative retention (98 + 1%)
was achieved at pH <5, followed by complete elution of []FJmFBG in a maximum of 4 mL of
physiological saline in activity concentrations >370 MBg/mL (Figure 2D). Satisfied with the
quality of our reformulation, the entire production was then automated to reliably obtain the
radiotracer in 55-65 minutes from the beginning of synthesis, in an isolated decay corrected yield
of 24% + 1% and in high molar activity (30-95 GBg/umol), suitable for our preclinical evaluation

(Scheme 2).
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2.4.3. Scheme 2. Automated radiosynthesis of [)FJmFBG

[*®FJmFBG exhibits cardiac uptake in SD rats. Dynamic PET scans were performed over 60
minutes to assess the cardiac imaging quality and myocardial kinetics of [*®F]mFBG in male SD
rats following intravenous injection of the tracer in the lateral tail vein (Figure 3). The images
show uniform uptake in the left ventricle (LV) that peaks at >3.0 SUV from 2.5-5 minutes.
Minimal bone uptake was observed and did not interfere with quantification of LV activity
(Figures S8-S9). While liver uptake remained constant after 30 minutes (2.69 + 0.04 SUV), cardiac
activity decreased monoexponentially after peak uptake (r? = 0.93, 5-55 min), with an observed
Kmono = 0.027 + 0.0026 min* and Amono = 3.08 + 0.33 SUV. Increased LV clearance of [*3FJmFBG
is likely due to its reduced NET affinity (as measured in vitro) and lipophilicity in comparison to
other benzylguanidine radiotracers,? since [*21]JmIBG and [®F]FBBG display slow washout or
irreversible uptake in rat myocardium.3® Structure-activity relationships of benzylguanidines with
respect to NET are complex, though it has been appreciated that meta-bromo or -iodo substitution
and para-hydroxy or -alkoxy substituents are associated with NET-mediated uptake.*® In this

context, the observed faster clearance of [**FJmFBG compared to [121JmIBG and other reported
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analogues is in line with expectations and in vitro measurements. Considerable radiotracer washout
from the myocardium over the course of a dynamic PET scan enables the use of readily available
kinetic analyses such as kmono and Logan plots for quantitative interpretation. Encouraged by the
in vivo cardiac time-activity profiles, we next sought to better understand the mechanisms of

[*8F]JmFBG distribution.
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2.4.4, Figure 3. in vivo baseline PET imaging of the myocardium in SD rats. (A)
Representative myocardial PET images and (B) corresponding time-activity curves (n

=5).

Ex vivo biodistribution studies were performed in male rats under baseline conditions at 30
minutes following intravenous radiotracer administration via the lateral tail vein, after blood pool
activity stabilized (Table 2). As expected, high uptake in the myocardium was detected (3.12 +
0.61 %ID/qg) along with considerable distribution to other innervated organs such as the lung (1.12
+ 0.28 %ID/qg), spleen (0.96 £ 0.22 %ID/qg), adrenal gland (1.56 £ 0.36 %ID/g), and thyroid (1.25
+ 0.24 %ID/g). Renal retention (0.85 = 0.03 %ID/g) predominated over hepatic retention (0.56
0.27 %ID/qg), and moderate bone uptake (0.85 £+ 0.21 %ID/g) was observed in the femur, likely

due to in vivo defluorination and consistent with previously reported findings on [*F]JmFBG and
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related benzylguanidines.®>3® The heart to blood (H:B) ratio was found to be 13.12, similar to
[121]mIBG and [*®F]FBBG, despite lower NET affinity discussed above.3® We conducted the same
experiment on female rats (Table 1), and observed comparable retention in all organs except for

the kidney (0.63 + 0.09 %ID/g, p = 0.035).

2.45. Table 1. Ex vivo biodistribution in SD rats at 30 minutes.

%ID/g
Baseline Uptake-1 Uptake 1 + uptake 2
Organ uptake blockade blockade
Male Female Vehicle DMI PBZ

Heart 3.12+0.61 3.08 £ 0.59 3.45+0.69 2.40+0.23 * 0.85+0.12*
Liver 0.56 £ 0.27 0.90 £ 0.46 0.54 £0.28 0.88 £0.33 0.64 £0.16
Kidney 0.85+0.03 0.63 +0.09 * 0.87 £0.05 0.72+0.18 5.05+0.49*
Lung 1.12+0.28 1.26 £0.14 1.07 £0.35 0.75+0.16 1.18£0.15
Blood 0.24 £0.02 0.24 £ 0.08 0.26 £ 0.03 0.18 £0.07 * 0.27 £0.03
Spleen 0.96 £ 0.22 1.03+0.21 0.99 £0.25 0.44+0.11 * 0.74 £0.10
Adrenal 1.56 £ 0.36 1.50+0.16 1.59+0.43 0.58 +0.37 * 0.12+0.02*
Thyroid 1.25+0.24 1.77 £ 0.68 1.29+0.27 1.31+0.36 1.37£0.16
Bone 0.85+0.21 0.77 £0.07 0.89+£0.24 0.59 +0.36 0.79+0.16
H:B 13.12+0.61 13.50+ 3.48 13.27 + 2.43 14.24 + 1.50 3.40+0.24*
Animal 111+6 107 + 3 125+ 8 111 + 10 100 + 1
weight (9)

* Statistical significance (p < 0.05) reached by unpaired t-test comparing sexes (male and female, n = 4), and vehicle

(n =5) to uptake-1 blockade (DMI 1 mg/kg, n = 5), and uptake-1 + uptake-2 blockade (PBZ 27 + 3 mg/kg, n = 3).

[*8FJmFBG is intact in SD rat myocardium. Next, we assessed the in vivo stability of [®FJmFBG
at the 30-minute time-point in myocardium and plasma samples (Figure 4A). Activity from the
myocardium was extracted by homogenization, and metabolites were separated using reversed-
phase HPLC. Fractions were collected every minute and radioactivity was quantified using a
gamma counter. The parent compound accounted for 98 + 1% and 97 + 1% of myocardial uptake,
with extraction efficiencies of 76 + 3%, and 78 £ 2%, for males and females, respectively. These
findings are consistent with previous reports on related NET radioligands and demonstrate

selective uptake and limited myocardial metabolism of the radiotracer.!8442 Concurrently,
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[*®F]mFBG-associated activity was assessed in plasma following separation and protein
precipitation of whole blood samples obtained via cardiac puncture. The parent fraction
represented 22 + 4 % and 20 + 2% of total radioactivity with extraction efficiencies of 82 + 2%
and 81 £ 3% in males and females, respectively (Figure 4A). This is in marked contrast to the 90%
parent fraction in plasma reported during human imaging experiments conducted by Pandit-Taskar
et al.,?® and likely arises from more aggressive peripheral metabolism in rodents. Lastly, we
investigated the stability of [*®F]JmFBG in human serum (Figure 4B), incubated at 37 °C and
aliquoted samples for HPLC analysis at 0, 15, 60, and 120 minutes. Up to a 2-hour incubation, the

tracer was found to remain 99% intact.
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2.4.6. Figure 4. Percent intact [*F]mFBG in (A) myocardium (n = 2), and plasma (n = 4) at

30 minutes in vivo, and (B) human serum in vitro (n =1).

[*®FImFBG uptake is dependent on uptake-1 and uptake-2 transporters. To determine the
uptake mechanisms of this tracer, animals were pre-treated with vehicle, desipramine (DMI, 1
mg/kg, iv), or phenoxybenzamine (PBZ, 27 + 3 mg/kg, iv) 10 minutes prior to [**FJmFBG
administration and sacrificed at the 30-minute time-point (Table 1). DMI has been extensively
evaluated in rodents and humans as a potent and selective NET inhibitor, while PBZ inhibits both
neuronal and extraneuronal uptake non-selectively.!243-4 Ex vivo tissue counting experiments
revealed 31% and 76% reductions in myocardial uptake with DMI (2.40 £ 0.23 %ID/g, p = 0.01),

and PBZ (0.82 £ 0.12 %ID/g, p <0.0001), respectively, in comparison to vehicle (3.45 = 0.69
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%ID/g). In vivo PET imaging recapitulated these findings (Figure 5A), and time-activity curves
revealed an increase in kmono (accelerated washout) following DMI pre-treatment (0.058 min vs
0.020 min't, p = 0.044). Uptake-1 and uptake-2 blockade also significantly reduced tracer retention

in the blood pool and other innervated organs (Table 1).
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24.7. Figure 5. Representative in vivo myocardial PET imaging in SD rats following (A) pre-

treatment (n =1-3), and (B) chemical sympathectomy (n = 1-3).

To provide additional evidence for tracer uptake in cardiac sympathetic neurons, chemical
sympathetic denervation using 6-OHDA was performed on rats following an established treatment

cycle.*8 [8FJmFBG was administered one week after the last 6-OHDA treatment, and organ
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uptake was measured ex vivo (Table 2). Myocardial tracer retention was reduced by 36% (1.32 £
0.27 %ID/g, p = 0.02) relative to vehicle controls (2.04 £ 0.07 %ID/g). Notably, 6-OHDA
treatment also reduced uptake in the spleen (0.30 + 0.04, p <0.0001), and lowered the H:B ratio to
11.11 + 2.21 compared to 17.20 £ 2.22 in vehicle treated rats (p = 0.01). The magnitude of the
observed reduction of myocardial uptake with 6-OHDA treatment is consistent with the results
obtained from DMI blocking experiments, indicating that [*®F]mFBG localizes within myocardial
sympathetic neurons, mediated by NET. Representative PET images and time-activity curves for
this treatment group further illustrate reduced LV myocardial uptake, with kmono Values remaining
unaffected (Figure 5B).

We also performed autoradiography on mid-ventricular myocardial sections prepared from
the same cohort of vehicle, PBZ, and 6-OHDA-treated rats (Figure 6). Comparable results were
obtained by ex vivo autoradiography experiments, displaying high uptake of [*FJmFBG
throughout the LV (14.3 +1.9 %IDxkg/m?), in comparison to those pre-treated with PBZ (3.49 +
0.99 %IDxkg/m?, p = 0.02). Similarly, reduced uptake was observed in animals treated with 6-
OHDA (8.07 + 0.54 %IDxkg/m?, p = 0.04) in comparison to vehicle controls (15.47 + 2.10
%IDxkg/m?). The uptake in the LV was observed to be homogenous in all samples. A reduction
in myocardial uptake (Table 2) was also noted in rats treated with vehicle in comparison to our
previously established baseline (Table 1) when measured in units of %ID/g. Myocardial
sympathetic innervation is known to decrease in Wistar rats over one year in age,*® and it is
possible that a similar phenomenon could occur in young Sprague-Dawley animals. However, the
apparent difference was resolved when expressing the dataset as standard uptake values (SUV,
Table S3), suggesting that variations in animal bodyweight associated with the prolonged

treatment cycle were responsible for this change.
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2.4.8. Table 2. Ex vivo biodistribution in 6-OHDA treated SD rats at 30 minutes.

%IDl/g
Organ Vehicle 6-OHDA
Heart 2.04 +0.07 1.32+0.27 *
Liver 1.50+£0.23 1.49+0.13
Kidney 0.63+0.13 0.73+0.12
Lung 1.30+0.15 1.25+0.29
Blood 0.12 +0.02 0.12+0.00
Spleen 1.08£0.10 0.30£0.04 *
Adrenal 1.62+£0.29 1.41 +0.44
Thyroid 1.56 +0.36 1.38+0.35
Bone 0.77+0.25 1.01+0.22
H:B 1720+2.22 11.11+221*
Animal 240 + 12 235 + 28
weight (g)

* Statistical significance (p < 0.05) reached by unpaired t-test (n = 4).

NET blockade with DMI in rats has previously been shown to reduce radiotracer uptake in
the myocardium using [*!C]HED and [**FJmFPBG, but not [*23I]mIBG and [*®F]FBBG, due to a
dominant contribution of extraneuronal uptake-2 dependent catecholamine handling of these latter
molecules.®*>? Consequently, NET-selective uptake with previously studied benzylguanidines is
typically observed only in rabbits and higher species, where myocardial tracer retention is reduced
by >60%.%% Based on our findings, neuronal and extraneuronal uptake in the rat myocardium

account for 31-36%, and 40-45% of [\®F]JmFBG signal, respectively.
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2.4.9. Figure 6. Ex vivo autoradiography of mid-ventricular short axis slices from SD rats at

30 minutes. (n = 2 animals per group). * Statistical significance reached by unpaired

two-tailed t-test (p <0.05).

Clearance of myocardial [**FJmFBG is independent of uptake-1 and uptake-2. Next, we were
keen to determine the clearance mechanism of [*®FJmFBG in the myocardium and performed
DMI- and PBZ-chase experiments with PET imaging (Figure 7). Each pharmacological treatment
was administered after peak LV accumulation (10 minutes after tracer injection), and differences
in tracer washout were quantified by kmono. Animals treated with DMI chase (0.023 + 0.004 min™),
and PBZ chase (0.035 + 0.008 min™) were not found to have significantly increased washout
compared to animals administered vehicle chase treatment (0.027 + 0.002 min). DMI chase
insensitivity suggests minimal activity reuptake by NET, consistent with the lower affinity of

[*®FImFBG for NET. Other benzylguanidine radiotracers have similarly shown insensitivity to
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DMI-chase treatment in higher species, which is attributed to irreversible intraneuronal vesicular
trapping.>® PBZ chase insensitivity supports the notion of insignificant [**FJmFBG reuptake
through extraneuronal transporters. Based on our tracer stability results, the observed washout of
radioactivity is unlikely to be the result of an excreted metabolite. Similarly, the high degree of
myocardial washout over 60 minutes and good quality of monoexponential fits for these data
suggest that selective clearance from myocytes along with neuronal retention is improbable.
Importantly, human imaging studies, where uptake-2 contributes less to benzylguanidine uptake,
have also revealed rapid washout uniquely for [**FJmFBG.% Therefore, the absence of increased
tracer washout from the myocardium upon inhibition of uptake-1 and uptake-2 mechanisms
following peak activity accumulation suggests that [**FJmFBG clearance to plasma predominates

over reuptake by these transporters.
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2.4.10.  Figure 7. in vivo PET imaging of the myocardium in SD rats following chase dosing

with vehicle, DMI, and PBZ at 10 minutes (n = 3 per group)
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2.5. Conclusions

A reliable and efficient automated synthesis of [X®F]mFBG in high molar activity has been
developed, enabling preclinical evaluation for cardiac sympathetic nerve imaging. Our in vivo
investigation of [*®FJmFBG in Sprague Dawley rats showed clear delineation of the left ventricle
with tracer washout following a monoexponential fit after 5 minutes. [*®F]mFBG stability studies
revealed >97% of the parent tracer in the myocardium with moderate parent fraction in plasma at
an equivalent time-point. No significant differences between sexes were identified for baseline
myocardial uptake and parent fraction in tissue or plasma. [*®F]JmFBG, in comparison to its
benzylguanidine analogues [*®1IJmIBG and [®F]FBBG, possesses unique NET dependent
neuronal uptake in rats evidenced by pre-treatment blockade with DMI and 6-OHDA
sympathectomy. Extraneuronal uptake-2 dependent mechanisms also contribute significantly to
radiotracer accumulation. These results were further supported by PET imaging and ex vivo
autoradiography. Chase-dosing experiments with DMI and PBZ demonstrated insignificant
radiotracer recycling in the myocardium through uptake-1 and uptake-2 transporters, which is
distinct from the neurotransmitter analogue [*!C]JHED. In summary, [*®F]mFBG is a promising
radiotracer candidate that displays favourable imaging properties and unique myocardial clearance
with the potential for accurate quantification of SNS dysfunction using PET imaging in rats and

higher species.
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2.6. Materials and Methods
Chemistry. The synthetic procedure for the preparation of the [*3FJmFBG precursor (4), including
the synthesis of SPIAd (3) was performed as previously described.®®

N’ N"-di(tert-butoxy)carbonyl-meta-iodobenzylguanidine (1). A solution of 1,3-bis(tert-
butoxycarbonyl)-2-methyl-2-thiopseudourea (1.2 mmol) in DMF (0.5 mL) was added to a flask
containing meta-iodobenzylamine hydrochloride (1 mmol) and triethylamine (3 mmol) dissolved
in DMF (0.5 mL). The reaction was stirred at room temperature overnight, diluted with ethyl
acetate, and washed with water (3x), then brine (3x). The organic layers were pooled and dried
with magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was
purified by flash column chromatography (0-25% hexane/ethyl acetate) to yield the final product
as a white solid (437 mg, 92%). 'H NMR (600 MHz, CDCls): § 11.53 (s, 1H), 8.58 (s, 1H), 7.67
(s, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H), 7.08 (t, J =7.8 Hz, 1H), 457 (d, J = 5.4
Hz, 2H), 1.51 (s, 9H), 1.49 (s, 9H) ppm. 3C NMR (151 MHz, CDCls): & 163.5, 156.1, 153.2,
139.8, 136.9, 136.7, 130.4, 127.1, 94.5, 83.3, 79.5, 44.1, 28.3, 28.0, ppm.

N,N’,N’,N"-tetra(tert-butoxy)carbonyl-meta-iodobenzylguanidine (2). To a solution of 1
(0.92 mmol) in THF (6.12 mL) was added N,N-dimethylaminopyridine (4.6 mmol). The reaction
was cooled to 0 °C and di-tert-butyl dicarbonate (3.45 mmol) was added over ten minutes. The
reaction was then stirred at room temperature for two hours and concentrated under reduced
pressure. The residue was resuspended in ethyl acetate, and the organic layer was washed with
water (3x). The organic fractions were collected, dried with magnesium sulfate, filtered,
concentrated under reduced pressure, and purified by flash chromatography (0-25% hexane/ethyl
acetate) to yield the final product as a colorless oil (571 mg, 92%). *H NMR (400 MHz, CDCl3):
§7.71 (s, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.37 (d, J = 7.8 Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 4.93 (s,
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2H), 1.46 (s, 9H), 1.42 (s, 18H), 1.38 (s, 9H) ppm. 3C NMR (101 MHz, CDCls): § 157.2, 151.1,
147.2,144.4, 139.8, 136.8, 136.3, 130.0, 127.2, 94.0, 84.0, 83.7, 82.0, 49.3, 28.0, 27.9, 27.8 ppm.
spiroadamantyl-1,3-dioxane-4,6-dione (3). Malonic acid (4.8 mmol), acetic anhydride (5.1
mmol, 0.5 mL), and H2SOa (1 drop) were stirred at 60 °C for 15 minutes, then cooled to room
temperature. 2-Adamantanone (4.8 mmol) was added dropwise over 0.5-1 hr, and the mixture was
stirred at room temperature for an additional 1 hr. The reaction was concentrated under reduced
pressure, reconstituted in  dichloromethane (DCM) then washed with water (3x), dried with
magnesium sulfate, and filtered. The crude was concentrated under reduced pressure and
recrystallized using hexane and ethyl acetate to yield the final product as white crystals (680 mg,
60%).'H NMR (600 MHz, CDCl3) & 3.60 (s, 2H), 2.18-2.10 (m, 6H), 1.89 (s, 2H), 1.79-1.73 (m,
6H). 3C NMR (151 MHz, CDCls) § 163.1, 109.6, 37.6, 36.7, 36.5, 33.5, 26.1 ppm.
N,N’,N’,N"-tetra(tert-butoxy)carbonyl-meta-(spiroadamantyl-1,3-dioxane-4,6-dione-5-
ylidene)iodobenzylguanidine (4). Compound 2 (1.1 mmol) was dissolved in anhydrous acetonitrile
(ACN, 6.8 mL) and TMSOACc (2.86 mmol) was added. Then, a slurry of Selectfluor (1.43 mmol)
in ACN (6.8 mL) was added to the reaction and left to stir overnight. The crude mixture was then
concentrated under pressure and resuspended in DCM (10 mL). The solution was filtered by
gravity filtration, and the filtrate was collected, concentrated, and resuspended in EtOH (4.4 mL).
A solution of 3 (1.1 mmol) dissolved in a 10% aqueous bicarbonate solution (3.7 mL) was then
added dropwise to the reaction. After 6 hours, the contents of the flask were concentrated under
reduced pressure and purified by column chromatography (0-100% hexane/ethyl acetate) to yield
the final product as an off-white powder (415 mg, 41%). 'H NMR (600 MHz, CDClz): § 7.86 (s,
1H), 7.73 (d, J = 8.4 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.34 (t, J = 7.9 Hz, 1H), 5.00 (s, 2H), 2.41

(s, 2H), 2.16 (s, 2H), 2.14 (s, 2H), 1.84 (s, 2H), 1.69 (s, 4H), 1.67 (s, 2H), 1.48 (s, 9H), 1.45 (s,
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18H), 1.40 (s, 9H) ppm. *C NMR (151 MHz, CDCI3): § 163.4, 157.2, 150.9, 147.3, 144.5, 142.0,
132.4, 131.9, 131.7, 114.0, 107.5, 84.7, 84.1, 84.0, 82.4, 55.5, 49.5, 37.2, 35.6, 33.7, 33.5, 28.8,
28.0, 26.5 ppm.

meta-fluorobenzylguanidine hydrochloride (6). The non-radioactive standard (mFBG, 6)
was synthesized following the guanylation procedure outlined for the synthesis of compound 1
using meta-fluorobenzylamine (0.12 mmol). The partially Boc-protected intermediate (0.18 mmol,
5a) was concentrated, and resuspended in dioxane, followed by the addition of excess 4.0 M HCI
in dioxane. The reaction was left to stir for 15 min, and the residue was concentrated under reduced
pressure. The product was precipitated (5%) using methanol and tert-butyl methyl ether to yield
the final product as a white powder (27 mg, 88%). 'H NMR (600 MHz, DMSO): § = 8.25 (br, 1H),
7.90-6.90 (br, 3H), 7.46-7.40 (m, 1H), 7.18-7.12 (m, 3H), 4.42 (d, J = 6.0 Hz, 2H). 1*C NMR (151
MHz, DMSO): § = 163.5 (d, ] = 244.0 Hz), 157.6, 140.9 (d, J = 7.0 Hz), 131.1 (d, J = 8.3 H2),
123.7 (d, J = 2.8 Hz), 114.8 (d, J = 21.0.8 Hz), 114.5 (d, J = 22.1 Hz), 43.8.2%F NMR (377 MHz,
DMSO): § =-113.1 (s, 1F). The product was characterized in accordance with the literature.!
Radiochemistry. Aqueous [*®F]fluoride (no-carrier-added) was produced by a Siemens CTI
Eclipse HP/RD Hybrid Cyclotron (11 MeV) via an *0(p,n)*®F nuclear reaction and delivered to a
hot cell. A solution of TEAB (4 mg in 1 mL of MeCN) was added to an aliquot of target water (<
1 mL) containing a suitable amount of [*®F]fluoride in a sealed conical vial equipped with a vent
needle. The vial was placed in a heating block and dried under nitrogen flow (passed over a P20s-
Drieriete™ column) at 100 °C. Acetonitrile (1 mL) was added to the dried residue, and heating
was resumed until the liquid was completely evaporated. This process was repeated three times.
Subsequently, the contents of the vial were resolubilized in the desired solvent (0.3 mL) containing

precursor 4 (6 mg) and then heated at the desired temperature for 5, 10, 15, or 20 min. An aliquot
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of the crude reaction was spotted onto a silica plate developed in a chamber containing ethyl
acetate, and crude yields were determined by radioTLC. Aqueous HCI (0.2 mL, 6 or 12 M) was
then added to the vial and heated at the desired temperature (100 °C or 120 °C) for 5, 10, 15, or 20
min. Following completion, the reaction was partially neutralized with NaOH (0.2 mL, 8 M) and
the mixture was sampled for radioTLC analysis. An additional sample was prepared to verify the
yield by radioHPLC using a Waters 2695 Alliance HPLC equipped with a Phenomenex Luna 10
pum C18(2) (100 A, 250 mm x 4.6 mm) column, a 996 Photodiode Array Detector (Waters), and a
Carroll & Ramsey Associates 105-S high-sensitivity radiation detector. Gradient: 1/99 10 mM
PBS/ACN for 1 min, linear gradient to 80/20 over 8 min, isocratic for 7 minutes, then linear
gradient back to 1/99 over 3 minutes. Retention time: ~15 min, flow rate = 1 mL/min.

Automated radiosynthesis. A fully automated sequence was developed on a GE
TRACERIab™ FX2N module to prepare [3FJmFBG. The reagents were loaded as follows: TEAB
(4 mg in 0.8 mL H20) in vial 1; HCI (0.6 mL, 12 M) in vial 2; precursor 4 (12 mg in 0.6 mL
DMSO) in vial 3; ACN (1 mL) in vial 4; H20 (0.6 mL) in vial 5; ACN/H20 (30/70, 1.3 mL) in
vial 6. A Sep-pak Carboxy Methyl (CM) ion exchange cartridge (preconditioned with 10 mL of
EtOH and 10 mL of H20) was also installed. [*®F]Fluoride (~11 GBq) was captured from the
['*O]H20 target solution using a Sep-pak Accel Plus QMA Plus Light cartridge (preconditioned
using 10 mL of EtOH, 10 mL of H20, 10 mL of 0.1 M NaHCOs, and 10 mL H20), and eluted into
the reactor by unloading vial 1. After unloading vial 4, the reactor was heated to 80 °C for 5
minutes, and 120 °C for 3 minutes under a nitrogen stream to yield dried [*3F]TEAF. The reactor
was then cooled to 40 °C using compressed air, before initiating the reaction by unloading vial 3.
The radiofluorination reaction was performed at 120 °C for 10 minutes and subsequently cooled

to 50 °C. Acidic deprotection was initiated by unloading vial 2 and heating the reactor to 120 °C
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for 5 minutes. Following cooling with compressed air, the reaction was quenched with the contents
of vial 5 and transferred to an adjacent vial. The reactor was further rinsed with the contents of
vial 6 and collected in the same vial. The crude mixture was purified by reversed phase HPLC
(Phenomenex Luna 10 um C18(2), 250 x 10 mm, isocratic 30/70 ACN/H20 + 0.1% TFA, flow
rate of 5 mL/min). The product was collected from 13-15 min into a bulk vessel containing 20 mL
of sterile water. The contents of this vessel were passed through the CM cartridge at a flow rate of
2.5 mL/min and rinsed with H20 (10 mL). [*8F]mFBG was eluted with physiological saline (4 mL)
and passed through a sterile filter into a crimped vial fitted with a vent needle. Radiochemical yield
(RCY) was determined by decay correcting the amount of initial activity to the end of synthesis
(E0S). Molar activity was determined by measurement of the UV absorbance of a known amount
of radioactivity under identical HPLC conditions used to generate a calibration curve for the
corresponding non-radioactive standard. The ratio of radioactivity (GBq) to moles (umol)
provided the molar activity (GBg/pumol), which was decay corrected to the end of synthesis (EoS).
Animal care. Male and female Sprague-Dawley rats (80-110 g) were purchased from Charles
River Laboratories (Senneville, Quebec) and housed in environmentally enriched cages with free
access to food and water. All housing, handling, and experimental procedures were in strict
accordance with the guidelines of Canadian Council on Animal Care and with approval of the
University of Ottawa Animal Care Committee. Animals used in this study were 4 weeks old unless
specified otherwise.

PET imaging. Male and female Sprague-Dawley rats (4-8 weeks old, 80-270 g) were
anesthetized with 2% isoflurane and placed in the PET scanner. Following a 10-minute
transmission scan, the animals were injected with [*®FJmFBG as a bolus over 30 seconds via the

lateral tail vein and maintained under isoflurane during the imaging protocol. Whole body PET
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imaging was performed for 60 minutes (4 x 15 sec frames; 4 x 1 min frames; 10 x 5 min frames)
using a Siemens DPET scanner. The collected emission data was corrected for attenuation and
scatter and reconstructed using the 3D-OSEM/MAP algorithm. VVolumes of interest (VOI) were
drawn for the left ventricle and cardiac blood pool using FlowQuant™. Blood pool time-activity
curves were created from mean values of three samples located in the left ventricle cavity, the left
ventricle base, and the left atrium. Polar maps were also generated by FlowQuant™. Uptake values
were obtained in nCi/cc and converted to SUV using the total injected dose and animal
bodyweight, as shown in the time-activity curves.
Ex vivo pharmacological blocking studies. Male and female Sprague Dawley rats were
anesthetized using 2% isoflurane and received lateral tail-vein injections of 4-13 MBq of
[*®F]mFBG in 0.15-0.3 mL of sterile saline (0.9% sodium chloride). For animals requiring
pharmacological treatment, DMI (1 mg/kg), PBZ (27 = 3 mg/kg), or saline was administered via
the lateral tail vein 10 minutes prior to radiotracer injection. Baseline studies were conducted
without pretreatment. Subsequently, anesthesia was stopped, and the animals were allowed to
recover. After thirty minutes, the animals were sacrificed by CO:2 asphyxiation followed by
cervical dislocation. All organs were harvested (blood collected by cardiac puncture), weighed,
and counted for radioactivity in a gamma counter (Hidex Automatic Gamma Counter, Energy
window: 480-558 keV). Counts per minute (CPM) were converted to activity using a set of
calibration standards with known activities. Percentage injected dose (%ID) was calculated from
dividing the organ activity by the injected dose (decay-corrected) and further normalized by
sample mass to obtain the percentage injected dose per gram tissue (%ID/g).

Note: Due to the poor solubility of PBZ in physiological saline, a 20 mg/mL suspension

of PBZ was prepared and filtered through a 0.45 um filter. A known volume of the effluent was
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sampled on a Waters Xevo TQD with an Acquity UPLC H-Class Plus system, and the
concentration of the solution was determined using a calibration curve (Figure S11).

6-OHDA treatment. Male Sprague Dawley rats (80-110 g) were acclimatized for one week upon
arrival, then given the previously reported treatment cycle (Figure S7).% Briefly, animals were
treated with either vehicle (saline + 0.1% ascorbate) or 6-OHDA via the lateral tail vein as a bolus
injection. Animals were dosed twice on day 1 (morning and afternoon, 50 mg/kg), and twice on
day 7 (morning and afternoon, 100 mg/kg). On day 14, the animals were administered [*®F]mFBG,
and organs were harvested, counted for radioactivity, and weighed. Alternatively, vehicle and 6-
OHDA treated rats were subject to PET imaging, as previously described.

Parent Fraction in Plasma and Myocardium. Male and female Sprague Dawley rats (80-110 g)
were injected with [**FJmFBG. Blood samples (500-1200 pL) were obtained via cardiac puncture
at the 30-minute time-point and placed in a heparinized tube. Samples were centrifuged at 4 °C for
7 minutes at 4000 rpm, and the plasma fraction was isolated. Protein free plasma (PFP) was
obtained by the addition of an equal volume of ice-cold ACN, followed by centrifugation at 4 °C
for 5 minutes at 4000 rpm. The myocardium was perfused with 15 mL of 1x PBS, cut into small
pieces, and placed into separate tubes containing a 50/50 mixture of ACN/H20. The tubes were
placed in an ice bath and homogenized using a Fisher Scientific PowerGen 125 (125 W, 115V,
50/60 Hz) adapted with a sawtooth, 7 x 95 mm generator. Samples were then centrifuged at 4 °C
for 5 minutes at 4000 rpm. For both plasma and myocardium preparations, additional extractions
were performed until extraction efficiency was >70%, as measured on a gamma counter. The
supernatants were then filtered through a 0.22 um filter, spiked with non-radioactive standard (10
pL, 1 mg/mL), and injected onto the analytical radioHPLC. Fractions were collected every minute,

for 20 minutes, and placed on the gamma counter to determine the total activity in each fraction.
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Autoradiography. Sprague Dawley rats were administered vehicle or pharmacological treatment
prior to receiving [*®F]mFBG, as described above. After 30 minutes, hearts were perfused with 15
mL of 1x PBS and harvested. Samples were embedded with OCT, flash frozen, sliced into 10 pum
sections using a Thermofisher Science Microm HM 550 cryostat. Tissue sections from the apex to
the base were obtained by slicing along the short axis of the heart. The sections were immediately
exposed to a super-resolution Storage Phosphor Screen (BAS-IP SR 2025 E) in an Electrophoresis
Systems Autoradiography Cassette (FBXC 810) overnight. The images were obtained using a
Cyclone Plus Storage Phosphor System and images were analyzed using OptiQuant. ROIs were
drawn for the whole myocardium and digital light units (DLU) were converted to activity using a
using a set of calibration standards with known activities on the same screen. Percentage injected
dose (%ID) was calculated by dividing the ROI activity by the injected dose (decay-corrected) and
further normalized by area (m?) and animal weight (kg) to obtain weight-normalized activity
density (%IDxkg/m?).

Statistical Analysis. Statistical analysis was performed using GraphPad Prism. Significance was
set at the 0.05 level. The data are presented as mean + standard deviation. Differences between

two groups were tested using a 2-tailed unpaired Student’s t-test.
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2.9.  Abbreviations

[*®F]3F-PHPG, 3-[*®F]fluoro-para-hydroxyphenethylguanidine; [®F]4F-MHPG, 4-
[‘8F]fluoro-meta-hydroxyphenethylguanidine; 6-OHDA, 6-hydroxydopamine; CM,
carboxymethyl; DMI, desipramine; EoS, end of synthesis; [\®F]FBBG, [*®F]flubrobenguane; HLB,
hydrophilic  lipophilic  balance; LV, left ventricle; [*®FJmFPBG, meta-(3-
[‘8F]fluoropropyl)benzylguanidine; [**FJmFBG, meta-[*®F]fluorobenzylguanidine; [*?I]mIBG,
meta-[1%1]iodobenzylguanidine; [*!C]HED, meta-[!C]hydroxyephedrine; NET, norepinephrine
transporter; PBZ, phenoxybenzamine; PET, positron emission tomography; QMA, quaternary
methyl ammonium; RCY, radiochemical yield; RE, reformulation efficiency; SUV, standardized

uptake value; SNS, sympathetic nervous system; VMAT, vesicular monoamine transporter;
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2.11. Supporting information

2.11.1. Section 1. General information

2.11.1.1. Chemistry

All commercial solvents and chemical reagents were utilized without further purification
unless stated otherwise. All reactions were performed under inert (nitrogen or argon) atmosphere.
All organic solvents were anhydrous. The characterization of reaction products was confirmed
using *H-NMR, *C-NMR, and **F-NMR (when applicable). *H-NMR spectra were obtained using
the Bruker AVANCE 600 MHz, 400 MHz, or 300 MHz spectrometers. Spectral data are reported
in ppm using solvent as the reference (CDCls at 7.26 ppm for *H NMR and DMSO at 2.50 ppm)
and trimethylsilane as an internal standard (5 = 0). *H NMR data were reported as: multiplicity, (s
=singlet, d = doublet, dd = doublet of doublets, t = triplet, g = quartet, m = multiplet, br = broad),
integration, and coupling constant(s) in Hz. Flash column chromatography was performed using a

Biotage Isolera One system and preloaded biotage columns using high grade silica 40-63 um.

2.11.1.2. Radiochemistry

No-carrier-added aqueous ['8F]fluoride was prepared on a Siemens CTI Eclipse HP/RD
Hybrid Cyclotron (11 MeV) via the ¥O(p,n)!®F nuclear reaction. Radiofluorination methods were
developed using GE TRACERIlab FX2N software, and reactions were performed on a GE

TRACERIab FX2N automation system equipped with in-line radioHPLC purification.
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Radioactivity was quantified using a Biodex Atomlab 500 Dose Calibrator. TLC silica gel 60
plates (10 x 2 cm) were spotted with radioactivity on the baseline and developed in a chamber
containing ethyl acetate until the solvent front reached 2 cm from the top of the plate. Analysis
was performed using a Bioscan AR-2000 radio-TLC imaging scanner and WinScan software.
Radiochemical identity and yield were determined by radioHPLC. UV and radiation detectors are

connected in series.
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2.11.2.
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13C NMR:
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13C NMR:
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13C NMR:
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2.11.2.4. N,N’,N’,N"-tetra(tert-butoxy)carbonyl-meta-(spiroadamantyl-1,3-dioxane-
4,6-dione-5-ylidene)iodobenzylguanidine (4)
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13C NMR:

2.11.25. N',N"-di(tert-butoxy)carbonyl-meta-fluorobenzylguanidine (5a)

Compound 5a was synthesized according to the outlined procedure for compound 1 with para-
fluorobenzylamine (1.0 mmol). The product was purified by flash chromatography (0-20
Hex/EtOAc) to yield a colourless solid (187 mg, 51%). The compound was characterized in
accordance with the literature.> *tH NMR (600 MHz, CDCls): § = 11.54 (s, 1H), 8.62 (s, 1H), 7.33-
7.27 (m, 1H), 7.10-7.06 (m, 1H), 7.04- 7.00 (m, 1H), 7.00-6.94 (m, 1H), 4.64 (d, J = 5.4 Hz, 2H),
1.51 (s, 9H), 1.49 (s, 9H); *3C NMR (101 MHz, CDCls): § = 163.8, 162.2 (d, J = 235 Hz), 156.2,
153.2,139.9 (d, J =16 Hz), 130.3 (d, J =22 Hz), 123.3 (d, J = 7.6 Hz), 114.8 (d, J = 9 HZz), 114.6
(d, J=9 Hz), 83.4,79.5,44.4 (d, J = 4.6 Hz), 28.3, 28.1; 1°F NMR (377 MHz, CDCls): § =—112.7.
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2.11.2.6. N’,N"-di(tert-butoxy)carbonyl-para-fluorobenzylguanidine (5b)

Compound 5b was synthesized according to the outlined procedure for compound 1 with para-
fluorobenzylamine (1.0 mmol). The product was purified by flash chromatography (0-20
Hex/EtOAC) to yield a colourless solid (326 mg, 88%). *H NMR (300 MHz, CDCl3): § 11.54 (s,
1H), 8.56 (s, 1H), 7.30 (m, 2H), 7.03 (t, J = 8.7 Hz, 2H), 4.59 (d, J = 5.2 Hz, 2H), 1.52 (s, 9H),
1.49 (s, 9H) ppm. 3C NMR (75 MHz, CDCla): § 163.7, 160.8, 156.2, 153.4, 133.2, 129.8, 129.7,
115.9, 115.6, 83.4, 79.6, 44.4, 28.4, 28.2 ppm. MS (m/z): calculated for C1sH27FN30a, 368.20;
found 368.2 [M+H]"; 168.1 [M-2xtBu+H]". The compound was characterized in accordance with
the literature.?
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2.11.2.7. N’,N”"-di(tert-butoxy)carbonyl-ortho-fluorobenzylguanidine (5c)

Compound 5c¢ was synthesized according to the outlined procedure for compound 1 with ortho-
fluorobenzylamine (1.0 mmol). The product was purified by flash chromatography (0-20%
Hex/EtOAC) to yield a white solid (355 mg, 97%). *H NMR (300 MHz, CDCls): § 11.53 (s, 1H),
8.60 (s, 1H), 7.28 (m, 2H), 7.08 (m, 2H), 4.69 (d, J = 5.3 Hz, 2H), 1.52 (s, 9H), 1.49 (s, 9H) ppm.
13C NMR (75 MHz, CDCl3): § 163.7, 162.8, 159.5, 156.3, 153.3, 130.2, 129.5, 124.4, 115.8, 115.5,
83.3, 79.5, 39.0, 28.4, 28.2 ppm. MS (m/z): calculated for C1sH27FN30a, 368.20; found 368.3
[M+H]"; 267.1 [M-tBu]*; 167.1 [M-2xtBu]".

'H NMR:
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13C NMR:
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2.11.2.8. meta-fluorobenzylguanidine hydrochloride (6a)
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F NMR:
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2.11.2.9. para-fluorobenzylguanidine trifluoroacetate (6b)

NH

0
et
F

Compound 5b (0.22 mmol) was dissolved in TFA/DCM (50/50, 0.8 mL) and stirred at room
temperature for 15 min. The reaction mixture was then concentrated and dried with the addition of
chloroform (3 x 5 mL) and diethyl ether (3 x 5 mL) to yield a white solid (6b, 36 mg, 0.21 mmol,
98%). 'H NMR (300 MHz, (CD3)2S0): § 7.95 (s, 1H), 7.34 (m, 2H), 7.22 (t, J = 8.9 Hz, 2H), 4.34
(d, J = 6.1 Hz, 2H) ppm. *C NMR (75 MHz, (CD3)2S0): & 163.8, 160.5, 157.4, 134.0, 130.0,
116.1, 115.9, 43.9 ppm. The compound was characterized in accordance with the literature.® MS
(m/z): calculated for C1sH11FN3, 168.09; found 168.0 [M+H]".

'H NMR:
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13C NMR:
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2.11.2.10. ortho-fluorobenzylguanidine trifluoroacetate (6c)

F NH

0
@fHJ\N%p,OOJLCFg,

Compound 6¢ was synthesized according to the outlined procedure for compound 6b starting from
compound 5¢ (0.25 mmol). The product was obtained as a white solid (67 mg, 93%). 'H NMR
(300 MHz, (CD3)2S0): 6 7.92 (s, 1H), 7.37 (m, 2H), 7.22 (m, 2H), 4.43 (d, J = 4.1 Hz, 2H) ppm.
13C NMR (75 MHz, (CD3)2S0): § 162.4, 159.1, 157.5, 130.5, 129.8, 125.2, 124.7, 116.2, 115.9
ppm. MS (m/z): calculated for C1sH11FNs, 168.09; found 168.0 [M+H]".

'H NMR

8 6 4 2 0 [ppm]
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13C NMR
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2.11.3.  Section 3. Supplementary figures and tables

2.11.3.1. Scheme S1. Synthesis of SPIAd
0
O
0 O
AN, Fem T O)i
HO oH AcO rt.1h @o o
3
60%
2.11.3.2. Scheme S2. Synthesis of the fluorobenzylguanidine (FBG) regioisomers
~
Boc )S\\ Boc BOC\JN\ J\II\H
NTNH NN 1 TFA NN NH,
RT R H H > R H
= NEts, DCM, = DCM, r.t.,15 min =
rt,24h
5a: 3-F, 51% 6a: 3-F, 88%
5b: 4-F, 88% 6b: 4-F, 98%
5¢: 2-F, 97% 6¢: 2-F, 93%
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2.11.3.3. Table S1. Assessment of precursor stability

Storage Area Temperature Colorat Color at NMR _
(°C) 0 months 7 months Characterization
Fumehood ambient white yellow decomposition
Fridge 2-6 white white stable
Freezer -26 —-21 white white stable

!H NMR after storage at ambient temperature:

|
' L |
SO B - Y RO ,.,,wl\,__ L,/"'LL\,LUVW \nA,L _

o TR ]

8 6 ‘ 4 2 [ppm]

'H NMR after storage in fridge:
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'H NMR after storage in freezer:
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2.11.3.4.

Table S2. Optimization of [!3FJmFBG radiosynthesis

Step 1: Nucleophilic radiofluorination

Entry Solvent Equiv. base Rea?::ﬁrr:)tlme RE;);(
1 DMF 4.8 5 42 +11 (n=3)
2 DMF 4.8 10 28+ 4 (n=4)
3 DMF 4.8 20 31+5(n=4)
4 DMF 4.8 30 14 (n=1)
5 DMF 6.0 20 27 (n=1)
6 DMF 7.1 20 22 (n=1)
7 DMF 8.3 20 16 (n=1)
8 DMSO 4.8 5 44 +8 (n=3)
9 DMSO 4.8 10 55+9 (n=4)
10 DMSO 4.8 15 51+6(n=3)
11 DMSO 4.8 20 58+4 (n=2)
12 DMSO 14 10 26+4(n=2)
13 DMSO 2.6 10 44 +6 (n=2)
14 DMSO 3.8 10 51+9(n=2)
15 DMSO 6.0 10 5014 (n=2)
16 DMSO 7.1 10 48 (n=1)
17 DMSO 8.3 10 43 (n=1)
18 DMSO 4.8° 10 <5(n=2)
19 DMSO 4.8° 20 <5(n=2)
20 DMF 4.8° 20 7(n=1)
Step 2: Deprotection
Entry [HCI]  Temperature Reaction time RCY
(M) Q) (min) (%0)
21 6 100 10 89+1(n=2)
22 6 120 10 93+2(n=6)
23 12 120 5 97+2(n=4)
24 12 120 10 95+ 3 (n=6)

20.02 M precursor, 200 pL solvent, TEAB, 120 °C. ® K2COs/Kz22
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2.11.3.5.

A

Counts

Counts

Figure S1. Representative radio-TLC chromatograms for (A) radiofluorination
(B) deprotection. Mobile phase = 100% EtOAc
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2.11.3.6. Figure S2. UV HPLC chromatogram of the FBG regioisomers. An Xbridge

phenyl column (100 x 4.6 mm, 3.5 um) was utilized with the following mobile
phase: 3% ACN, 10 mM phosphate buffer (pH 7-8), 1 mL-min-1, 1 min; linear
gradient to 20% ACN, 11 min; 20% ACN, 2 min.

L ' ' ' ' ['*F]ImFBG |
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l N oFBG \§ — —254 nm
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2.11.3.7. Figure S3. Crude radio-HPLC chromatogram co-injected with FBG regioisomers.

Crude radio-HPLC chromatogram co-injected with FBG regioisomers. Xbridge
phenyl column (100 x 4.6 mm, 3.5 um). Gradient: 3% ACN, 10 mM phosphate
buffer (pH 7-8), 1 mL-min-1, 1 min; linear gradient to 20% ACN, 11 min; 20%

ACN, 2 min.
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2.11.3.8. Figure S4: Crude radio-HPLC chromatogram following radiosynthesis of
[*®FImFBG. Xbridge phenyl column (100 x 4.6 mm, 3.5 um). Gradient: 3%
ACN, 10 mM phosphate buffer (pH 7-8), 1 mL-min-1, 1 min; linear gradient to
20% ACN, 11 min; 20% ACN, 2 min.
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2.11.3.9. Figure S5. [®F]JmFBG purification and quality control. Radio-HPLC
chromatogram following (A) isolation and reformulation of [18FJmFBG and (B)
co-injection with non-radioactive standard. Phenomenex Luna column 10 pm
C18(2) (100 A, 250 mm x 4.6 mm). Gradient; 1/99 10 mM PBS/ACN for 1 min,
linear gradient to 80/20 over 8 min, isocratic for 7 minutes, then linear gradient
back to 1/99 over 3 minutes. Retention time: ~15 min, flow rate = 1 mL/min.

7N
(@/ TRACERIab FX2 N

l 0’1’"‘
e o2 I
N TG —
a:wl I
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- =
ve I I |

HPLC purification Reformulation

2.11.3.10. Figure S6. GE TRACERIab FX2 N automated radiosynthesis schematic.
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A v ['*FImFBG
Catherization Injection Sacrifice
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Biodistribution
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Anesthesia 2 s s Anesthesia : Autoradiography )
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Transmission: ['*FImFBG
Scan Injection Recovery
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2.11.3.11. Figure S7. Timeline of experiments. (A) Pharmacological pre-treatment (B) In
vivo PET imaging (C) 6-OHDA treatment cycle
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2.11.3.12. Figure S8. Whole body PET. Images are summed from 0-60 min.
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2.11.3.13.
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Figure S9. Flowquant™ workflow. (A) Orientation displaying partial ellipse fitting
in orthogonal planes: transaxial plane (top left), mid-ventricular long axis (top right,
VLA), mid-horizontal long axis (bottom left, HLA), basal short axis (bottom right,
BSA). (B) Registration of reoriented images is confirmed on planar images of the
SA (generated by conical sampling). Circles located on the HLA and VLA indicate
sampling points used to determine mean tracer activity. Location of sample points
are used to develop a 3D model of the LV. (C) Time-activity curve for tissue and
blood pool is generated for the duration of the scan and fitted with a mono-
exponential trendline from 5.5 to 55.5 minutes. (D) Previously shown sampling
points are used to determine the mean activity in the myocardium, presented as
polar maps.
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2.11.3.14. Figure S10. Kidney time-activity curves during chase dosing experiments
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2.11.3.15. Figure S11. Phenoxybenzamine calibration curve
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2.11.3.16. Table S3. Weight-normalized myocardial uptake in baseline and 6-OHDA
vehicle groups

Baseline Vehicle
Heart
(SLV) 3.90+0.68 | 467 +£0.28
Age
(weeks) 4 8
Animal gy 110 | 190- 270
weight ()

No significant difference in mean myocardial uptake is observed between groups (n = 4-5 per
group, p = 0.08)
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2.11.3.17. Figure S12. Regional uptake of [*®FJmFBG in the left ventricle. SUV in the (A)
anterior (B) septal, (C) posterior (D) lateral and (E) apical wall of the left
ventricle

2.11.3.18. Table S4. Regional analysis of myocardial Kmono values.

Kmono (min'l)

Scan #

Anterior Apical Lateral Posterior Septal
1 0.015 0.033 0.029 0.038 0.032
2 0.067 0.023 0.016 0.010 0.024
3 0.060 0.025 0.022 0.025 0.035
4 0.042 0.021 0.027 0.022 0.021
5 0.010 0.031 0.018 0.025 0.021

mean +SD  0.039 £ 0.023 0.026 + 0.005 0.022 + 0.005 0.024 + 0.009 0.027 + 0.006

2.11.3.19. Table S5. Regional analysis of myocardial Amono Values.

Amono (SUV)
Scan # - - -

Anterior Apical Lateral Posterior Septal
1 1.927 3.093 3.684 3.990 4.170
2 3.899 3.243 3.066 3.718 3.810
3 2.705 3.155 2.685 3.450 3.400
4 2.320 2.880 3.076 3.699 3.740
5 3.369 2.924 2.860 3.557 3.830

mean+SD  2.844 +0.710* 3.059 + 0.137 3.074 + 0.337 3.683 +0.182 3.790 + 0.245*

* values significantly different by one-way ANOVA followed by Bonferroni correction

168



2.11.3.20. References

(1) Preshlock, S.; Calderwood, S.; Verhoog, S.; Tredwell, M.; Huiban, M.; Hienzsch, A.; Gruber,
S.; Wilson, T. C.; Taylor, N. J.; Cailly, T.; Schedler, M.; Collier, T. L.; Passchier, J.; Smits,
R.; Mollitor, J.; Hoepping, A.; Mueller, M.; Genicot, C.; Mercier, J.; Gouverneur, V.
Enhanced Copper-Mediated *®F-Fluorination of Aryl Boronic Esters Provides Eight
Radiotracers for PET Applications. Chem. Commun. 2016, 52 (54), 8361-8364.
https://doi.org/10.1039/C6CC03295H.

(2) Rong, H.J.; Yang, C.F.; Chen, T.; Xu, Z.G.; Su, T.D.; Wang, Y.Q.; Ning, B.K. lodine-
Catalyzed Guanylation of Amines with N,N’-Di-Boc-Thiourea. Org. Biomol. Chem. 2019, 17
(42), 9280-9283. https://doi.org/10.1039/C90B02014D.

(3) Garg, P. K,; Garg, S.; Zalutsky, M. R. Synthesis and Preliminary Evaluation of para- and
meta-[®F]Fluorobenzylguanidine.  Nucl. Med. Biol. 1994, 21 (1), 97-103.

https://doi.org/10.1016/0969-8051(94)90135-X.

169



3. Chapter Il1: Imaging Cardiac Sympathetic Nerve Dysfunction in Heart
Failure using [**F]meta-Fluorobenzylguanidine
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3.1. Statement of the manuscript

The manuscript “Imaging Cardiac Sympathetic Nerve Dysfunction in Heart Failure
using [®F]meta-Flurobenzylguanidine” is currently in the final phases of drafting and requires
follow up experiments such as Western blot of DSS rat hearts and ELISA on blood samples prior
to journal submission. The majority of this chapter consists of in vivo PET imaging to determine
the intraneuronal mechanisms of [*®F]JmFBG retention and washout. The mechanistic experiments
performed in SD rats mentioned in this chapter were completed by me and Ariel Buchler. DSS rat
imaging and blood pressure monitoring was a longitudinal study performed by me, Ariel Buchler,
and Jadde De Carvalho Tso. Echocardiography of DSS rats was performed by Serena Pulente and
Megan Fortier. All data was analyzed by me, and data interpretation was a collaborative effort of

myself and Dr. Rotstein. The manuscript was written by me and edited by Dr. Benjamin Rotstein.
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3.2.  Abstract

Cardiac sympathetic dysfunction is central to the development of cardiovascular diseases
such as heart failure (HF). Molecular imaging using positron emission tomography (PET)
radiotracers targeting the norepinephrine transporter (NET) has provided adequate contrast of the
left ventricle (LV) wall and demonstrated application in assessing sympathetic nerve function and
global cardiac sympathetic innervation. The lack of fluorine-18 containing SNS radiotracers
demonstrating NET dependency in commonly used small animals such as mice and rats has
precluded preclinical investigations in these species, hindering disease research critical for
quantitative interpretation. Our previous work demonstrated adequate NET-dependent uptake of
[8F]metafluorobenzylguanidine ([**FJmFBG) in the rat myocardium sensitive to neuronal
ablation. In this study, we use PET imaging in Sprague Dawley (SD) rats to explore the
intraneuronal kinetics and washout mechanisms of [*3FJmFBG, and demonstrate its application by
imaging Dahl Salt-sensitive (DSS) rats induced with HF using a high salt diet. Intraneuronal
vesicular retention of [*8FJmFBG was probed using the vesicular monoamine transporter (VMAT)
inhibitor reserpine (RSP), and markedly reduced retention in the LV by 35% within 5 minutes
(2.07 £ 0.24 vs 3.17 = 0.41 SUV). Tyramine (TYR) serial chase dosing was performed to
supplement neuronal washout following radiotracer accumulation, and increased cardiac washout
by 55% (Kmono = 0.025 # 0.009 vs 0.045 + 0.012 mint). Changes in cardiac sympathetic tone were
induced by chase dosing using sympatholytic and sympathomimetic alpha-2 (o2) targeting
pharmaceuticals dexmedetomidine (DEX) and yohimbine (YH), respectively. DEX chase
attenuated washout by 76% (Kmono = 0.006 + 0.008 min, p = 0.0037), whereas YH chase increased
myocardial washout by 31% (kmono = 0.036 *+ 0.007 min't) with respect to baseline imaging.
Imaging performed in C57BL/6 mice, containing intrinsically lower cardiac parasympathetic

input, demonstrated a ~5.5 fold increase in cardiac clearance of the tracer (Kmono = 0.14 + 0.008 vs
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0.025 + 0.009 mint). DSS rats displayed similar cardiac uptake at baseline in comparison to SD
rats. However, myocardial uptake in low salt (LS) fed DSS control rats significantly increased in
9-week-old rats (3.14 + 1.04 vs 6.31 £ 0.92 SUV) and stabilized in 14-week and 21-week-old rats.
Declining cardiac function measured by echocardiography and non-invasive blood pressure was
observed in rats kept on HS diet for 4-weeks (HS-4) and worsened in HS-16 rats. Concomitant
with poor hemodynamic parameters, 32% reduced peak uptake in the LV was noted by [**FImFBG
PET in HS-16 rats (7.26 £0.78 vs 4.92 + 0.48 SUV), consistent with the magnitude of previously
established desipramine sensitivity. PET imaging with [*®FJmFBG therefore demonstrates
sensitivity in an animal model of HF and can be utilized for serial imaging studies to determine

SNS function in small animals.

3.3.  Introduction

The cardiac autonomic nervous system exists in a state of dynamic equilibrium to maintain
functional homeostasis. Balance is achieved through a multilevel complex neural network to
control cardiac inotropy, chronotropy, lusitropy, and dromotropy.t Ischemic events, such as in
myocardial infarction (M), and chronic activation of the sympathetic nervous system (SNS)
following insult, such as in heart failure (HF), cause pathology of sympathetic neurons in the left
ventricle.>® Increased sympathetic drive following an injury results in hemodynamic changes in
cardiovascular, renal, and peripherical vascular systems.®’ Aberrant afferent signaling driven by
an imbalance in sympathetic-parasympathetic control leads to elevated efflux of inflammatory
cytokines and catecholamines, exacerbating cardiac function and leading to congestive HF.%° In
late stages, regional adrenergic denervation of the LV is often observed, and excess sympathetic

activity measured by NE spillover is a well-known negative prognostic indicator post-MI in
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congestive heart failure.”1! Furthermore, reduced parasympathetic input resulting in increased
action potential propagation and rapid repolarization in the ventricles manifests ventricular

tachycardia, increasing the risk of sudden death.12-14

On amolecular level, an increased rate of norepinephrine release (NE) from the presynaptic
bouton overstimulates postsynaptic adrenoreceptors to increase cardiac contractility and vascular
tone, inevitably causing B1 adrenoreceptor desensitization and downregulation.t*> In conjunction,
progressive dysfunction or downregulation of the norepinephrine transporter (NET), responsible
for recycling synaptic NE in the presynaptic neuron, contributes heavily to overall disease
progression.’%” As such, assessing NET activity has become a point of emphasis in evaluating

sympathetic nerve function.

Molecular imaging has been at the forefront of both diagnosis and risk stratification of
autonomic dysfunction for several decades, most notably with the development of ligands targeting
NET such as meta-[*?®I]iodobenzylguanidine ([*?3IJmIBG), used in planar scintigraphy and single
photon emission tomography (SPECT) imaging.*® [*21JmIBG has displayed prognostic power in
independently predicting the risk of cardiac events in patients with heart failure (HF) and
significant left ventricular dysfunction using the early and late timepoint heart-to-mediastinum
ratio (H/M) as a global indicator of myocardial neuronal uptake and washout, respectively.®
Recent studies using [*Z1]mIBG scintigraphy have also detected extrinsic cardiac sympathetic

dysfunction in Parkinson’s syndromes.?%%!

Limitations in the spatial resolution and absolute quantification of [*2IJmIBG imaging
have precipitated the development of analogous positron emission tomography (PET) radioligands
containing amphetamine, benzylguanidine, and phenethylguanidine (PHEG) cores such as
[1*C]hydroxyephedrine ([*!C]HED), [*8F]flubrobenguane ([}3F]FBBG), and 4-[*®F]fluoro-meta-
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hydroxyphenethylguandine ([}8F]4F-MHPG), respectively, for more accurate assessments of
cardiac sympathetic nerve density using NET as a proxy.!®?? The utility of [!C]HED for
quantifying sympathetic innervation was exemplified in the Prediction of Arrhythmic Events with
Positron Emission Tomography (PAREPET) clinical trial, providing evidence of low denervation
scores for those at high risk of arrhythmic death, independent of left ventricular ejection fraction
(LVEF).2® Due to the short half-life of carbon-11, a fluorinated analogue of [*%I]mIBG,
[*®F]FBBG was developed, and provided similar regional innervation data as [**C]HED.?* First in-
human trials of [*®F]J4F-MHPG and its regioisomer [*®F]3F-PHPG displayed high contrast in the

myocardium, and analogous baseline innervation scores to both [**C]JHED and [*®F]FBBG.?°

[1!C]HED uptake into the neuron depends on NET, whereas neuronal retention is governed
by vesicular storage and synaptic release.?®?” Due to high NET affinity, [*!1C]JHED re-enters the
neuron via NET and thus displays minimal myocardial clearance in higher species limiting its use
to the quantification of sympathetic innervation.?®?8 [*®FJFBBG and !8F-PHEG analogues also
display irreversible kinetics.?>262° However, these fluorinated analogues are shown to be trapped
within the presynaptic vesicle irreversibly rather than released into the synaptic cleft and recycled
by NET.26:2°30 |n small animal imaging, [*!C]JHED uptake and retention is dependent on NET, yet
neither of the fluorinated analogs display any NET dependence due to differential non-neuronal
catecholamine handling, hindering preclinical investigations of cardiac neuronal nerve density in

the most common species for cardiovascular research, rats and mice.%

Our recent evaluation of meta-[*®F]fluorobenzylguanidine ([*®F]mFBG) in rats revealed
appreciable NET-dependent uptake and monoexponential myocardial washout insensitive to
selective NET inhibition by desipramine (DMI) chase dosing.®? Consequently, [**FImFBG

displays preferential clearance into plasma, and is unlikely to remain trapped within presynaptic
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vesicles. The unique myocardial kinetics of [*FJmFBG prompted us to investigate the
intraneuronal mechanisms responsible for [*®FmFBG retention and washout in the absence of
NET reuptake. Given that the [*2IJmIBG washout rate is a meaningful imaging parameter in
humans and rats, we further hypothesized that [*®FJmFBG cardiac clearance is also a function of
sympathetic tone, a criteria that cannot be measured with the current generation of PET SNS
radioligands.?>3334 Furthermore, a recent study that included absolute kinetic quantification of
[*®F]mFBG in the LV of neuroblastoma patients revealed a slow but measurable washout rate from
the myocardium, consistent with a decrease in sympathetic tone expected moving from rats to

higher species.®

To assess intraneuronal mechanisms of [**FJmFBG handling in SD rats, we performed in
vivo PET imaging and employed various pharmacological agents. The vesicular monoamine
transporter (VMAT2) inhibitor reserpine (RSP) was used to determine the contribution of
[*®FImFBG vesicular storage on neuronal retention, as was the biogenic catecholamine depleting
agent tyramine (TYR). Alterations in sympathetic tone were performed by targeting the
presynaptic alpha-2 adrenergic receptor (a2R) with dexmedetomidine (DEX) and yohimbine (YH)
to decrease and increase presynaptic neuronal firing rate, respectively. PET imaging was also
performed in mice to support increased tracer washout in species naturally exhibiting higher
sympathetic tone. We also aimed to abolish extraneuronal uptake in the myocardium using
corticosterone to selectivity visualize sympathetic nerves. Lastly, [*®FJmFBG imaging was
performed in Dahl-salt sensitive (DSS) rats induced with HF following a high salt (HS) diet to

determine its application in imaging cardiac neuronal dysfunction.
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3.4. Results and discussion

[*BFJmFBG retention is dependent on vesicular storage. To determine the neuronal retention
mechanism of [*®F]mFBG, animals were treated with the VMAT?2 inhibitor RSP (4 mg/kg, ip) 4
hours prior to administering the radiotracer. Dynamic PET scans were performed for 60 minutes
from the time of tracer injection and baseline imaging data were obtained in age-matched controls.
Time-activity curves (TAC) obtained from the left ventricle (LV) were fitted to a monoexponential
function to obtain quantitative parameters for cardiac uptake (Ao) and washout (kmono). Baseline
imaging revealed clear uptake in the LV that peaks at ~3.4 standardized uptake value (SUV) from
2.5-5 min post-injection. Cardiac activity decreased monoexponentially (r> = 0.99, 10.5-55.5 min)

following peak uptake with an observed kmono 0f 0.025 + 0.009 mintand Ao of 2.87 + 0.44 SUV.

Reserpinized rats displayed rapid initial uptake of [**FJmFBG in the LV within 0.5 min,
followed by considerable early-phase washout from the myocardium sustained from 0.5-5 min
resulting in a maximal 35% depletion of myocardial retention at 5 min (2.07 £ 0.24 vs 3.17 £ 0.41
SUV, p = 0.0001). Monoexponential fitting revealed a similar myocardial clearance rate to
baseline imaging during the second washout phase (10.5-55.5 min, 0.026 + 0.016 min), and a

proportional 35% reduction in Amono (1.87 +0.32 SUV, p = 0.0007).

RSP is a well-established pharmaceutical used clinically to treat hypertension. Preclinical
investigations with this compound have determined the mechanism of action of this drug in small
animals. Inhibition of VMAT2 in the presynaptic neuron eliminates stable storage of
catecholamines within vesicles.*® Extravesicular neurotransmitters are subject to metabolism and
likely expelled from the neuron by facilitated diffusion, consequently reducing the long-term

action of NE in the synapse and ameliorating hypertension.®”® Baseline animals and those treated
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with RSP displayed similar peak myocardial retention within the first minute, likely due to NET-
dependent influx of [*®FJmFBG and tissue perfusion. The initial clearance phase of the tracer is
thus representative of tracer washout from the presynaptic neuron. Notably, our initial evaluation
with this tracer revealed a 31-36% NET dependency of [*®F]mFBG uptake, and is consistent with
the magnitude of reduction observed with RSP pretreatment.3? RSP pretreatment in rabbits with
[**C]HED revealed similar findings of minor changes in peak uptake but considerable washout
over the duration of the scan.?’” Moreover, [*?]I]mIBG retention was not observed to be
significantly different by 40 minutes in rabbits, but has displayed RSP dependency at late time-
points in the rat heart.2”*° In contrast, [*®FJmFBG neuronal retention appears to rely on vesicular
storage immediately upon entry into the neuron.*® Further evidence for vesicular/neuronal storage
mechanisms were probed using a chase dosing protocol for the biogenic catecholamine releaser

TYR to induce neuronal efflux of [*3FJmFBG.*
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34.1. Figure 1. Time-activity curves and representative images for baseline, RSP, and TYR

treatments. Baseline, n = 7; RSP, n = 6; TYR (100 pg/kg), n = 4; TYR (5 mg/kg), n =

4.

Due to the high susceptibility of TYR to monoamine oxidase (MAQO) metabolism in the
myocardium (tiz = ~5 min), TYR is administered in repeated doses to achieve an adequate
response.*? Chase dosing was performed with TYR (100 pg/kg, 5 mg/kg, iv) at 10 minutes and
was readministered every ten minutes for a total of five injections. Low dose tyramine injections
(100 pg/kg) led to a moderate but insignificant increase in the washout rate of [*23FJmFBG (Kmono
=0.031 +0.004 min't). However, high dose tyramine injections (5 mg/kg) significantly accelerated
myocardial tracer efflux (Kmono = 0.045 + 0.012 min, p = 0.013) by ~55% in comparison to
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baseline. Mechanistically, TYR exerts its pressor activity by release of NE from storage granules
in adrenergic neurons.**3-% Furthermore, TYR stoichiometrically displaces NE from isolated
storage granules and saturates MAO binding sites with successive injections to reduce the rate of
NE replenishment.*” Excessive accumulation of neurotransmitters in the axoplasm is hypothesized
to energetically drive reverse NET transport of displaced molecules back into the synapse, similar
to the action of amphetamines.*®#® Given the dependency of [**FJmFBG retention on vesicular
storage, accelerated tracer clearance from the neuron is likely to be a product of both vesicular
efflux and neuronal release. Similar results were obtained with [*®F]AF78, a PHEG analogue
displaying irreversible kinetics via vesicular trapping. Upon administration of TYR (1 mg/kg, 5
doses), significant tracer washout was observed from the myocardium of non-human primates

(NHP).50

[*FImFBG washout is dependent on sympathetic tone. Next, we investigated whether changes
in [*®FImFBG myocardial washout rate were dependent on sympathetic tone by administering the
selective sympatholytic and sympathomimetic o2 agonist DEX and antagonist YH, respectively,
using a chase-dosing protocol (pharmacological treatment administered 10 min after tracer
injection). Chase dosing with DEX attenuated the washout rate (Kmono = 0.006 + 0.008 min, p =
0.0037) by 76% with respect to baseline imaging. In contrast, YH chase accelerated myocardial

clearance by ~31% (Kmono = 0.036 + 0.007 min't, p = 0.04).
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3.4.2. Figure 2. Time-activity curves and representative images for baseline, DEX, and YH

treatments. Baseline, n = 7; DEX (2.5 pg/kg), n = 6; YH (1 mg/kg), n =5.

Neurohormonal homeostasis is maintained by negative feedback mediated by presynaptic
az2R. Under physiological conditions, increased sympathetic outflow can lead to agonism of
presynaptic a2Rs by NE, initiating downstream signal transduction pathways.®! Inhibition of
adenylyl cyclase induces hyperpolarization of the neuron, inevitably preventing calcium ions from
entering the nerve terminal, thereby suppressing the neuronal firing rate and attenuating the release
of NE from storage vesicles.>5? Systemic decrease in sympathetic tone by DEX is attributed to
the stimulation of a2aR in the locus coeruleus of the brain stem, whereas peripheral o2sR activation
in vascular smooth muscle induces vasoconstriction, resulting in a short-lived hypertensive
response concomitant with a decreased heart rate presumably mediated by enhanced baroreceptor
reflexes due to its short-lived nature.>>® In contrast, increased cardiac sympathetic tone and
hemodynamic changes of the az-antagonist YH may be due to receptor occupancy in the CNS and
by direct action on a2R present on cardiac presynaptic nerve terminals.>** Regardless, marked

reduction in sympathetic activity following DEX chase dosing is attributed to prolonged retention
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of [*® F]mFBG within presynaptic vesicles due to hyperpolarization and reduced action potential
propagation. Given that the opposite effect is observed following YH-chase, [*3FJmFBG washout
is therefore influenced by alterations in sympathetic signaling induced by activation or blockade

of central and/or peripheral a2Rs.

Additional evidence for [*®FJmFBG clearance and sympathetic tone was obtained in
healthy C57BL/6 mice. Mice exhibit a far greater conscious resting heart rate (HR) of ~500—700
beats per minute (BPM) in comparison to rats averaging 300-500 BPM.55%¢ We hypothesized that
this smaller species exhibiting a lower intrinsic HR due to reduced parasympathetic input and
higher sympathetic nerve activity demonstrates greater myocardial washout.®”% Animals were
pre-treated with vehicle, NET inhibitor desipramine (DMI) or the neural and extraneural inhibitor
phenoxybenzamine (PBZ) ten minutes prior to administering [*®F]mFBG. Exponential fitting was

performed to obtain quantitative metrics.
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3.4.3. Figure 3. Representative in vivo myocardial PET imaging in C57BL/6 mice following

pretreatment. Vehicle, n=4; DMI, n=3; PBZ,n = 2.
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Animals pre-treated with vehicle displayed myocardial uptake peaking at ~3.2 SUV at 1.5
min (Ao = 2.90 + 0.3 SUV), followed by a rapid exponential washout (r?> = 0.96, 2-60 min Kmono =
0.14 + 0.008 min™) for the remainder of the scan. Desipramine pre-treated mice displayed ~31%
reduced peak uptake noted at 2 minutes (2.2 £ 0.12 SUV, p = 0.0009), reduced Ao (2.3 £ 0.2 SUV,
p =0.0312) and increased clearance from the myocardium (Kmono = 0.26 * 0.005 min™ p < 0.0001)
in comparison to animals treated with vehicle. Pre-treatment with PBZ further diminished
myocardial uptake by 72% at 2 min (0.91 + 0.05 SUV, p < 0.0001). [*F]mFBG imaging in mice
provided similar NET-dependency as observed in rat imaging, with approximately 30%

contribution of myocardial retention by NET, and 40% contribution to extraneural transport.

Interestingly, myocardial washout under baseline conditions was observed to be
approximately 5.5 times faster in mice than in rats (Kmono = 0.14 + 0.008 vs 0.025 + 0.009 min, p
<0.0001). Given the inverse relationship of body weight and heart rate, the myocardium of smaller
animals such as mice are required to contract and relax at a faster rate to maintain cardiac output.®®
Studies conducted in “P-less” and muscarinic M2 receptors (MzR) knockout mice have
demonstrated cardiac sympathetic tone to be a major contributor of HR regulation in mice at
ambient temperatures, whereas vagal tone predominates fluctuations in HR at thermoneutrality (30
°C).”® While it is understood that direct measurements of sympathetic tone by microneurography
were not performed in this study, the relative differences in basal levels of sympathetic and
parasympathetic activation in the heart of smaller to larger species are known.®” Humans,
displaying greater input from parasympathetic control at rest are expected to have lower
sympathetic tone in comparison to rats, and mice, respectively. The observation that [**FmFBG
washout is progressively slower from mice to humans therefore supports the hypothesis that

[*®F]mFBG washout may be a function of sympathetic tone.
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Pilot studies were then performed to diminish the contribution of extraneuronal uptake in

rats by pre-treating animals with the uptake-2 inhibitor corticosterone (CTC, iv 5 mg/kg, ip 20

mg/kg).
5
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3.4.4. Figure 4. in vivo myocardial PET imaging in SD rats following pretreatment with

CTC. Baseline,n=7; CTCip,n=1;CTCiv,n=1.

Pretreatment with CTC (20 mg/kg, ip) 45 minutes prior to administering [**FJmFBG
revealed moderately lower uptake in the LV at 5.5 min (2.49 SUV), with no change in tracer
washout (Kmono_0.023 min™). In contrast, pretreatment with CTC (5 mg/kg, iv) led to similar
myocardial uptake (3.13 SUV) with a slower washout rate (0.009 min). CTC is a well-established
in vitro inhibitor of the uptake-2 transporter (OCT3), and has demonstrated selective inhibition in
isolated perfused rat hearts.”>"2 In our pilot study, the expected magnitude of reduction in the LV
was ~40%. However, CTC treatment resulted in ~25% reduced uptake. While iv treatment of CTC

displayed the expected reduced washout rate, the uptake remained the same. Further studies may
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be warranted with CTC or analogous inhibitors which have displayed reductions in myocardial

activity.”

[*8FJmFBG imaging detects NET dysfunction in HF. [*FJmFBG imaging was performed in
DSS rats fed low salt (LS, 0.2%) and high-salt (HS, 8%) diets to demonstrate its application in
imaging HF. DSS rats developed by Dahl et al exhibit hypertension and left ventricular
hypertrophy when fed high salt diet for 5 weeks, and display left ventricular dilation, cardiac
failure, and death within 10-15 weeks after initiating the diet.”~"" PET images were obtained
using a Bruker Si78 PET-CT, and time-activity curves were generated using PMOD. Both cohorts
(4-weeks old) were initially placed on LS chow diet for one week to establish baseline imaging
parameters and underwent non-invasive blood pressure monitoring under isoflurane via tail cuff.
After one week of chow diet (5-weeks old), one cohort was switched to HS diet for the remainder
of the study. Echocardiography and non-invasive BP monitoring was performed within 1-week of
PET imaging to determine cardiac function at each imaging time point. All data were collected in
age-matched LS controls to distinguish between differences in organ uptake. Baseline imaging of
rats fed LS diet revealed favorable peak uptake in the LV (3.14 £ 1.04 SUV) within 5 min, and
similar Ao as previously determined in SD rats (3.15 = 1.03 SUV), followed by a monoexponential
washout phase (r> = 0.99, kmono = 0.034 = 0.0094 min™). Hemodynamic parameters and

measurements obtained from echocardiography are summarized in table 3 for LS and HS rats.
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3.4.5. Figure 5. PET time-activity curves of LS DSS rats for (A) LV (B) blood (C) kidney
and corresponding quantitative LV exponential parameters (D) Kmono and (E) Amono .

Week 4, n =8; Week 9, n=5; Week 14, n = 4; Week 21, n=7.

Significant age-dependent changes were observed in LS controls. PET imaging of 4-week-
old LS DSS control rats displayed significantly lower peak uptake in the myocardium in
comparison to 9-week-old (6.31 £ 0.92 SUV, p < 0.0001), 14-week-old (6.62 £ 0.66 SUV, p =
0.0003) and 21-week-old rats (7.26 £ 0.78 SUV, p < 0.0001). Consequently, Ao was also observed
to be significantly lower in 4-week-old LS rats in comparison to all older cohorts. Reduced uptake
was also observed for peak kidney retention (6.20 £ 1.16 vs 12.14 + 1.9 SUV, p < 0.0001) and
blood activity (5.06 £ 1.13 vs 6.65 = 0.6 SUV, p = 0.0152), whereas Kmono Was found to be
significantly higher (0.034 + 0.0094 vs 0.024 + 0.0026 min, p = 0.043) in 4-week-old rats in
comparison to 9-week-olds and all other ages. Furthermore, significant age-related differences
were observed in almost all parameters of cardiac function measured by echocardiography in early
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timepoints of LS rats and are likely a consequence of dynamic physiological changes occurring as
the animals reach maturity (Table 1). To provide more reliable comparisons of HS diet-induced

changes, comparative analyses between cohorts were limited to animals 9-weeks and older.

3.4.6. Table 1. Echocardiography performed in LS controls.

LS controls Week 4 Week 9 Week 14 Week 21

Area(mm?)  425+185  87.6+28.6%  69.5+30.1 68.6 +22.9
EDA (mm?) 64.4+7.4  1107+11.9%  935+17.2 92.6+7.1
ESA (mm?) 32.9+4.0 66.7 + 7.9% 60.2 +13.7 54.4+6.3
Volume (uL)  150.3+117.2 462.3+284.0* 3256+240.2 299.7 +169.1
ESV (hL) 1904 +351  256.0+49.2* 2413+86.6 1854 38.8
EDV (uL) 2954 +43.1  642.3+93.4* 5256+137.8  493.5+443
SV (uL) 208.4+36.1  387.1+764% 2843+61.8  303.1+27.1
HR (bpm)  437.8+237  407.0£235  387.8+10.7  379.9+33.3
EF (%) 705+5.3 60.0 + 6.6* 54.8 + 6.2 62.0+5.1
FS (%) 122422 9.6+2.7 9.7+16 10.9+3.1

CO (mL/min) 90.9+14.0 158.0 £ 35.1* 1104 +£24.4 1152+ 14.8

“Statistical significance (p < 0.05) reached using one-way ANOVA. Week 4, n = 7;

Week 9, n =7; Week 14, n = 4; Week 21, n = 6.
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Age-matched LS controls and rats switched to HS diet for 4-weeks (LS-4, HS-4), 9-weeks (LS-9,
HS-9), and 16-weeks (LS-16, HS-16) underwent PET imaging and hemodynamic monitoring to
assess cardiac function at each imaging timepoint (figure 6, table 2). LV uptake and washout
remained consistent in HS-4 and HS-9 relative to LS controls (figure 6A,B). HS-4 rats were found
to have significantly higher systolic (138 £ 3.3 vs 114 + 5 mmHg, p = 0.0003) and diastolic (112
+ 12 vs 85 £ 13 mmHg, p = 0.0260) blood pressure in comparison to LS-4 rats, in addition to
increased MAP (120 £ 8.5 vs 95 + 9.6 mmHg, p = 0.0072). Blood pressure parameters remained
elevated in HS-9 rats in comparison to LS-9 controls, with minimal deviation from the previous

time-point (HS-4).

3.4.7. Table 2. Summary of non-invasive blood pressure measurements.

LS-4 HS-4 LS-9 HS-9 LS-16 HS-16

Systolic 1/ 5 13813% 11847 120+ 11*% 11143 164+4%
(mmHg)
Diastolic ¢ 13 154 10% 90413 100+ 12% 90+3 1424 1%
(mmHg)
MAP o0 10 12048% 99+11 110+ 11% 9742 1494 2%
(mmHg)
HR

378+ 16 343+ 11* 369+ 13 334+ 15% 371+3 349 + 5%
(bpm)

“Statistical significance (p < 0.05) reached using a two-sample t-test for
groups kept on LS and HS diet for an equivalent period. LS-4, n =7; HS-4, n

=8,LS-9,n=4; HS-9,n=4, LS-16,n = 2; HS-16, n = 2.
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HS-16 rats demonstrated significantly increased systolic (164 + 4 vs 111 + 3 mmHg, p =
0.0041), diastolic (142 £ 1 vs 90 + 3 mmHg, p = 0.0015), and MAP (149 + 2 vs 97 £ 2 mmHg, p
=0.0014) readings in comparison to LS-16 rats. All parameters were significantly elevated at HS-
16 in comparison to HS-4 and HS-9. HS-16 rats also demonstrated significantly increased end-
systolic area (ESA, 54.4 + 6.3 vs 62.2 mm?, p = 0.044), end-systolic volume (ESV, 185.4 + 38.8
vs 244.5 + 34.4 uL, p = 0.027), reduced ejection fraction (EF, 62.0 £ 5.1 vs 52.8 + 3.4%, p =0.009),

and diminished cardiac output (CO, 115.2 + 14.8 vs 93.5 + 11.5 mL/min, p = 0.025).
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3.4.8. Table 3. Echocardiography data for LS and HS rats.

LS-4 HS-4 LS-9 HS-9 LS-16 HS-16

Area (mm?)
EDA (mm?)
ESA (mm?)
Volume (jL)
ESV (ML)
EDV (ML)
SV (ML)
HR (bpm)
EF (%)
FS (%)

CO (mL/min)

87.6£28.6 88.6 £23.2 69.5+30.1 89.1+£31.0 68.6 £22.9 82.3+17.1*
110.7+119 109.2+14.1 93.5+17.2 102.0+12.8 92.6+7.1 94.6+5.4
66.7+7.9 73.0+13.2 60.2 £13.7 73.9%9.5 544+6.3 62.2 £4.4*
462.3+284.0 432.1+183.9 325.6+240.2 479.6+254.8 299.7+169.1 410.8 +147.1*
256.0+49.2 299.9+95.6 241.3+86.6 3458+65.7 185.4+38.8 244.5134.4*
642.3+93.4 618.6+1145 525.6+137.8 594.7+92.0 493.5+443 516.5+53.2
387.1+76.4 318.7+59.2 2843+61.8 2489+263 303.1+27.1 272.1+26.8
407.0+23.5 399.4+21.0 387.8+10.7 373.1+11.0 379.9+33.3 343.5+19.2
60.0+ 6.6 52.1+42.0 54.8+6.2 42.0+2.1 62.0+5.1 52.8 +3.4*
9.6+2.7 76121 9.7+1.6 9.8+2.6 109+3.1 9.5+2.2

158.0 £35.1* 123.1+24.3* 11041244 927+7.1 115.2+14.8 93.5+11.2*

“Statistical significance (p < 0.05) reached using a two-sample t-test for groups kept on LS and HS diet

for an equivalent period. LS-4, n =7; HS-4, n = 8; LS-9, n = 4; HS-9, n = 3; LS-16, n = 6; HS-16, n = 5.

Concomitant with these haemodynamic measurements, PET imaging in HS-16 rats

revealed 32% reduced peak uptake (7.26 £ 0.78 vs 4.92 £ 0.48 SUV, p = 0.0004) and Ao (7.21

0.73vs 4.82 + 0.44 SUV, p =0.0002) in the LV, consistent with the magnitude of NET dependence

displayed by [*®FJmFBG rat imaging.
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3.4.9. Figure 6. Left ventricular PET time-activity curves of DSS rats for (A) LS-4 and HS-
4 (B) LS-9 and HS-9 (C) LS-16 and HS-16 (D) corresponding quantitative LV
exponential parameters Kmono and (E) Amono. LS-4, n =5; HS-4, n = 8; LS-9, n = 4; HS-

9,n=4;LS-16, n = 7; HS-16, n = 4. ***P = 0.0002

Renal uptake of [*®F]mFBG (figure 7) evaluated at 3-minutes post injection was also observed to
be reduced by 34% in HS-20 rats (15.69 + 3.15 vs 10.27 +£2.32 SUV, p = 0.0154) in comparison

to LS-20. No other significant differences in renal uptake were noted at any earlier timepoint
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3.4.10. Figure 7. Kidney time-activity curves of DSS rats at (A) LS-4 and HS-4 (B) LS-9 and
HS-9 (C) LS-16 and HS-16. LS-4, n =5; HS-4, n = 8; LS-9, n = 4; HS-9, n = 4; LS-16,

n=7; HS-16, n = 4.

Imaging was performed again at HS-20, but no differences were observed in LV retention in
comparison to HS-16 (data not shown). BP measurements revealed sustained systolic, diastolic,
and MAP readings to HS-16 rats (data not shown). Animals were sacrificed one week later, and

blood was collected via cardiac puncture. The heart and lungs were weighed. Hearts were perfused,

flash-frozen, and stored at -80 °C for further analysis.

192



3.4.11. Table 4. Wet mass of heart and lungs
Organ LS-20 HS-20
Weight (g)

Lung 1.53+0.04 1.63+£0.11
Heart 1.28 +0.06 1.59 + 0.09*
Kidney 2.61+0.09 4.05 + 0.44*

Lung/BW 3.65+0.19 3.83+£0.18
Heart/BW 3.05+0.21 3.75+0.11*
Kidney/BW 6.27 £ 0.48 9.24 £ 0.52*

Animal bodyweight (kg) | 0.42 £ 0.02 0.42 +0.03

“Statistical significance (p < 0.05) reached using an
unpaired t-test. LS-20, n = 6; HS-20, n = 5; Kidney, n =
3/group

Due to variations in animal weight, organ mass was corrected for bodyweight. HS-20 rats
had ~1.25-fold higher HW/BW ratio (3.83 £ 0.056 vs 3.07 + 0.31 g/kg, p = 0.0464), and ~1.6 fold
higher kidney/BW ratio (9.24 + 0.52 vs 6.27 £+ 0.48, p = 0.0019), whereas the lung/BW ratio was
unchanged. The significantly higher heart/BW and kidney/BW coincident with systolic
dysfunction (measured by echo) are suggestive towards the development of cardiac hypertrophy
and kidney dysfunction, consistent with an HF phenotype, and in agreement with, previous reports

using this animal model.”®

Cardiac SNS imaging tracers have demonstrated good application in clinical trials for risk
stratification and providing detailed molecular information that can be used as a parameter for
sympathetic function. The development of an SNS radioligand capable of assessing sympathetic
denervation along with changes in sympathetic tone is thus pivotal to the functional assessment of
cardiovascular diseases. One major limitation in the evaluation of preclinical SNS radioligands is

the absence of a NET-dependent fluorine-18 SNS radiotracer in small animals (rats, mice),
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consequently hindering preclinical investigations in more widely available species. In our previous
work, we demonstrated DMI and 6-hydroxydopamine-dependent [*®F]JmFBG uptake in SD rats.
However, the subcellular kinetics and washout mechanism of this tracer were not explored. In this
study, we investigated the behavior of [**FJmFBG following NET transport into the neuron using
a variety of pharmacological inhibitors and demonstrated the application of [**F]mFBG in imaging

HF using DSS rats.

RSP is a commonly used VMAT?2 inhibitor that has been used to explore the dependency
of intravesicular storage using [*'C]JHED and [*ZIJmIBG.?"* Studies with RSP are typically
conducted in higher species, but have been performed in isolated rat hearts with [*'C]epinephrine™
and in vivo using [*?*IlmIBG.% Due to selective non-neuronal uptake of [*®F]FBBG in rodents®,
RSP has only been used in cell-lines and isolated perfused rabbit hearts to provide evidence for
dependency of vesicular storage on tracer retention.3%8 The results from RSP pre-treatment
demonstrated that [*®F]mFBG rapidly enters the neuron after injection, and is washed out of the
neuron until 5 minutes, resulting in a maximal 35% reduction in uptake and Ao. As the contribution
of NET-dependency of [*8F]JmFBG is ~30-35%, these findings are consistent with a complete loss
of radiotracer from the nerve terminal in the absence of storage granules. The resulting depletion
of [*®FImFBG in the neuron within 5 minutes in conjunction with the absent change in Kmono also
further demonstrates the lack of [!F]JmFBG reuptake by NET following release from the
presynaptic terminal, since [!C]HED washout in reserpinized rats occurs for ~30 minutes.?’
Interestingly, [*2¥3]mIBG intravesicular accumulation appears to be a prolonged process,
requiring 4 h to reach maximum vesicular retention.®® [*®FJmFBG thus demonstrates more rapid
entry into the vesicle, perhaps due to enhanced binding and transport via VMAT?2. Attempts to

increase the neuronal/vesicular clearance of [*®FJmFBG were performed by serial chase dosing
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animals with TYR, 10 minutes after administering the tracer. Our results demonstrate an increase
in [*F]mFBG washout, inducing an ~2-fold increase in Kmono at the highest TYR dose (5 mg/kg).
The unique ability of TYR to release catecholamines and presumably radiotracer from vesicles
back into the axoplasm, and occupy MAO, are thought to drive amphetamine-like reverse transport
by NET. Increased tracer washout following preloading of the myocardium with [*®FJmFBG
further demonstrates the dependency of vesicular storage on tracer retention and implicates the
physiological importance of evaluating Kmono as a relevant parameter for [3FJmFBG myocardial
efflux. The distinct target affinities of TYR for other receptors such as the trace amine associated
receptor (TAAR) and post-synaptic receptors must be considered when drawing conclusions for
this study.®®2 However, the results obtained by Chen et al. demonstrating similarly increased

neuronal washout of [*®F]AF78 following chase dosing support our findings.*

Due to the irreversible Kkinetics displayed by currently used SNS radiotracers,
measurements of sympathetic tone are not feasible under baseline conditions. Based on our results,
we hypothesize that [*8F]JmFBG rapidly enters the presynaptic vesicle and is released back into the
synapse over time via vesicular fusion with the presynaptic membrane. Pharmacological methods
to alter the rate of vesicular release and action potential propagation using the presynaptic az2R
agonist DEX and antagonist YH demonstrated a remarkable 76% attenuation and 31% increase in
tracer washout following chase dosing, respectively. The dependency of [*®FJmFBG washout on
peripheral and/or central a2 receptor modulation, and consequently on systemic sympathetic tone
highlights the utility of measuring [*F]mFBG washout as a function sympathetic drive. Alterations
in tracer washout are therefore unlikely to be attributed to diffusion and are rather influenced by
changes in neurohormonal signaling. Moreover, the expected changes in plasma NE spillover

following administration of TYR, DEX, and YH are consistent with the observed attenuation or
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acceleration in Kmono.6248385 Furthermore, Grkovski et al performed the absolute quantification
of myocardial time-activity curves in humans by reversible Logan graphical analyses, and noted
significantly slower [*®F]JmFBG efflux in the myocardium over 4 h (5.1 £2.2t0 3.4 + 1.0 SUV) in
comparison to the relatively rapid washout of [*®FJmFBG observed in mouse and rat imaging
showed in this study.®® [*FJmFBG washout may therefore be altered in diseases that affect
myocardial SNS tone such as in obstructive sleep apnea, obesity, hypertension, HF, and
arrhythmias, necessitating its quantification as a valuable preclinical and clinical metric for

assessing disease severity.%

Cardiac imaging with [*®FJmFBG was conducted in DSS rats to evaluate its preclinical utility in
detecting HF. The results depicted an age-dependent increase in the SUV and Ao in the LV by
~50% in 9-week-old to 21-week-old LS rats, concomitant with ~25% increase in blood activity,
33% increase in peak kidney retention, and a ~30% reduction in Kmono in comparison to 4-week-
old LS rats. Age-related changes in SUV were observed to stabilize in 9-week-old rats and onward.
The associated increase in myocardial extraction may be attributed to increased expression of NET
and/or extraneural transporters, increased myocardial tissue permeability, increased plasma free
fraction of tracer, and lower NE concentrations resulting in reduced competition with substrate
influx by NET. Rats switched to HS diet displayed significant differences in comparison to those
kept on LS diet. Results obtained from non-invasive BP monitoring depicted maximal increases
in systolic, diastolic, and MAP, whereas diastolic dysfunction and reduced cardiac output were
observed by echocardiography in HS-16 rats, concomitant with ~32% reduction in myocardial
activity when compared to LS-16 rats. In addition, reduced renal uptake of [**FImFBG was
observed by PET imaging, consistent with reports of renal tubular damage, inflammation, and

interstitial fibrosis.2”# Cardiac hypertrophy was evident with an observed ~20% increase in
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LV/BW ratio in HS-16 rats, with no evidence of pulmonary edema, consistent with the
development of an early stage HF phenotype in this animal model.” Reduced LV uptake in HS-
16 rats is consistent with the observed reduction in cardiac function and suggests cardiac
sympathetic denervation or downregulated/dysfunctional NET to be the main contributor of this
observation. These results are consistent with other assessments of [?H]NE tissue uptake in hearts®

and []mIBG heart uptake in DSS rats fed HS diet.®

3.5.  Conclusion

In this study, [*®FJmFBG intraneuronal mechanisms were investigated, and DSS rats were
used to evaluate the feasibility of imaging HF using this tracer. VMAT2 inhibition displayed
marked decrease in [*3FJmFBG neuronal uptake, implicating intact storage granules as a necessity
for neuronal retention. TYR chase dosing further supported this finding and caused increased
tracer washout over the duration of the scan. Changes in sympathetic tone were assessed using the
a2 agonist DEX and antagonist YH to significantly reduce or accelerate cardiac neuronal washout.
DSS rat imaging with [*®F]mFBG displayed ~32% reduction in myocardial uptake in rats kept on
HS diet for 16 weeks in comparison to respective controls, concomitant with impaired cardiac
function, elevated systolic, diastolic, and MAP, LV hypertrophy, and impaired [*®F]mFBG renal
uptake. Cardiac PET imaging using [*®F]mFBG therefore demonstrates sensitivity in measuring
changes in sympathetic function in an animal model for HF. This work represents the first
reversible neurohumoral PET tracer showing sensitivity in preclinical disease models, and enables

the use of [*®F]mFBG imaging for large scale animal studies to evaluate SNS function in disease.

197



3.6. Materials and Methods

Automated Radiosynthesis. The radiosynthesis of [*®FJmFBG was performed as previously
described. [‘®F]fluoride (10-11 Gbq) was trapped from a [*30]H-0 target solution onto a Sep-pak
Accel Plus QMA Plus Light cartridge (equilibrated with 10 mL EtOH, 10 mL H20, 10 mL of 0.1
M NaHCOs, and 10 mL H20) and eluted into the reactor. 1 mL of acetronitrile was added to the
reactor and heated to 80 °C for 5 min followed by 120 °C for 3 min under a nitrogen stream to
yield dried [*8F]TEAF. The reactor was cooled to 40 °C using compressed air prior to the addition
of a solution of precursor (12 mg) in DMSO (0.6 mL). Radiofluorination was performed by heating
the reactor to 120 °C for 10 min and subsequently cooled to 50 °C. 12M HCI (0.6 mL) was then
added to the reactor to facilitate Boc-deprotection at 120 °C for 5 min. The reactor was cooled
with compressed air and quenched with a mixture of 30/70 mixture of acetonitrile: water. The
crude reaction was purified by reversed-phase prep-HPLC (Phenomenex Luna 10 um C18(2), 250
x 10 mm column, 15/75 ACN/H20 + 0.1% TFA, flow rate of 5 mL/min). The product was
collected from 12-15 min into a bulk vessel containing 40 mL of sterile water. The solution was
passed through a carboxy-methyl (CM) ion exchange cartridge at a flow rate of 2.0-2.5 mL/min
and rinsed with 10 mL of H20. [®®F]JmFBG was eluted from the cartridge using 4-4.5 mL of
physiological saline and passed through an Sep-Pak Alumina N Plus Light cartridge (equilibrated
with 10 mL of H20) followed by a sterile filter into a crimped vial fitted with a vent needle. RCY
was determined by correcting the quantity of initial activity to the end of synthesis (EoS). Molar
activity was determined using UV absorbance of a known amount of radioactivity under identical

HPLC conditions used to generate a calibration curve for the nonradioactive standard. The ratio of
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radioactivity (GBq) to moles (umol) yielded molar activity (GBg/umol), the value was decay-

corrected to EoS.

Animal care. Male SD rats (80-110 g) and DSS rats (100-110 g) were purchased from Charles
River Laboratories (Senneville, Quebec) and housed in environmentally enriched cages with free
access to water and food. Housing, handling, and experimental procedures were performed in strict
accordance with the guidelines of the Canadian Council on Animal Care and with the approval of
the University of Ottawa Animal Care Committee. SD rats used in this study were 5-6 weeks old.

DSS rats used in this study were 4-21 weeks old.

PET Imaging. SD rats (4-6 weeks old, 100-200 g) were anesthetized with 2% isoflurane and
placed in the PET scanner. Following a ten-minute transmission scan, animals were injected with
[*®FImFBG as a bolus over 30 s via the lateral tail vein and kept on isoflurane for the duration of
the imaging protocol. Dynamic PET imaging was performed for 60 min (4 x 15 s frames; 4 x 1
min frames; 10 x 5 min frames) using a Siemens DPET scanner. DSS rats (4 — 20 weeks old, 110-
450 g) were imaged using a Bruker SI178 PET-CT scanner, and attenuation correction was
performed by CT acquisition prior to initiation of a PET scan. The collected emission data from
the Siemens DPET scanner were corrected for attenuation and scatter and reconstructed using the
3-dimensional ordered subsets expectation maximization/maximum a posteriori (3D-
OSEM/MAP) algorithm. Emission data obtained from the Bruker SI78 PET/CT was reconstructed
using maximum-likelihood expectation-maximization (MLEM) algorithm. For data obtained from
imaging SD rats, volumes of interest (VOI) were drawn for the LV and cardiac blood pool using
Flowquant. Blood pool time-activity curves were generated using mean values of three ROI
samples located in the LV cavity, LV base, and left atrium. Imaging data obtained from the Bruker

SI-78 PET-CT scanner for DSS rats were analyzed using PMOD. LV TACs were generated by
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using the 3D masking tool and masking all liver activity. Several masking iterations are performed
to ensure adequate removal of liver spillover on the LV wall. ROIs of the LV were then generated
by 3D-isocountour. Kidney TACs were generated by 3D-isocountour, and blood-activity was
estimated by drawing a VOI in the LV cavity. Uptake values from the Siemens DPET scanner
were obtained in nCi/cc, whereas data from the Bruker SI178 PET/CT were obtained in kBg/cc.
The data was converted to SUV using the total injected dose and animal bodyweight, as shown in

the time-activity curves

Pharmacological blocking studies. Male SD and DSS rats were anesthetized using 2% isoflurane
and received lateral tail vein injections of 4-18 MBq of [*®FImFBG in 0.1-0.4 mL of sterile saline
(0.9% sodium chloride). VMAT?2 inhibition was performed by administering RSP (4 mg/kg, ip) 4
hours prior to administering [*®FJmFBG and initiating a PET scan. Extraneuronal blockade was
performed by pretreating animals with CTC (20 mg/kg, ip) 45-minutes prior to initiating a scan or
10 minutes (iv, 5 mg/kg) prior to initiating PET. Chase dosing with TYR (5 mg/kg, 5x) was
administered 10 minutes after initiating [*®F]mFBG imaging and re-administered every 10 minutes
up to 50 minutes (5 total injections). Chase dosing with o2R ligands YH (1 mg/kg) and DEX (2.5
ug/kg) was performed 10 minutes after initiating a [*®FJmFBG scan. Baseline and blockade studies
performed in C57/BL6 mice were performed by either pre-treating animals with saline, DMI (1
mg/kg), or PBZ (25 mg/kg) 10 minutes prior to initiating a scan. Formulations for each
pharmaceutical are as follows: RSP (10% acetic acid in sterile H20, pH adjusted to 5.5-6 with
Na2C0s), TYR (10% DMSO in saline), DEX (0.9% saline), YH (sterile H20), CTC (40% PEGA400,

15% DMSO, 35% sterile H20), DMI (0.9% saline), PBZ (0.9% saline).

Echocardiography. Echocardiographic images were acquired using the Vevo 3100 high-

frequency small animal ultrasound system (FUJIFILM VisualSonics, Toronto, Canada), using the
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MX250 linear array transducer. Rats were anesthetized with 1.0-1.5% isoflurane with 1.5 I/min
100% oxygen and images of the LV were taken before administration of HS diet, and 4, 9, and 16
weeks after initiating HS diet ] using parasternal long axis (PLAX) view in B-mode. PLAX B-
mode images were analyzed in a dedicated quantification software (Vevo LAB version 5.6.1),
where tracings of the endocardium at end-diastole and end-systole were manually completed using

Vevo LAB’s operator defined LV trace function.

Non-invasive blood pressure. Animals were anesthetized with 2% isoflurane and placed in a
prone position on a heated plate. Blood pressure was acquired using a non-invasive IITC Life
Science MRBP rat blood pressure tail cuff. Three independent measurements were taken for one
animal and averaged to obtain a mean value. Mean values for each animal were then combined to

obtain average + standard deviation for each cohort.

Tissue collection. Animals were anesthetized with 2% isoflurane and placed supine on a heated
plate. The heart, lung, and kidney were excised and weighed. Hearts were perfused with 10 mM
PBS and immediately flash frozen and stored at -80 °C for further analysis. The organ weight for
each animal was corrected for animal bodyweight by taking the ratio of g (tissue weight)/kg

(animal weight).

Statistical analysis. Statistical analysis was performed using GraphPad Prism 9.0.0. Significance
was set at 0.05. The data are presented as mean + standard deviation. Differences between two
groups were determined using a two-tailed unpaired Student’s t-test. Differences between three or

more groups were tested using one-way ANOVA.
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4.1. Statement of the manuscript

The manuscript “Evaluation of [*®F]JFEOBV for imaging the cardiac non-neuronal
cholinergic system” details mechanistic work aimed at determining whether myocardial uptake
of [!8F]JFEOBYV is a saturable process. This manuscript is currently being drafted and awaiting
edits prior to journal submission. All experiments have been completed by me and Ariel Buchler.
Both of us declare equal contribution in performing the experiments mentioned in this chapter.
Data interpretation was a collaborative effort of myself, Dr. Rotstein, and Ariel Buchler. The

manuscript was written by me and edited by Dr. Benjamin Rotstein and Ariel Buchler.

4.2.  Significance

To date, there are no PNS radiotracers available for cardiac imaging. Imaging the cardiac
NNCS enables researchers and clinicians to visualize and quantify changes occurring in the
myocardium at the onset of PNS dysfunction in cardiac disease. This can further our understanding

of molecular changes that occur in disease states and serve as a useful tool for patient management.

4.3. Abstract

Dysfunction of the parasympathetic nervous system (PNS) has been implicated in the
worsening of conditions such as heart failure and diabetes mellitus. Acetylcholine (ACh) signaling
in the myocardium predominantly occurs in the atria, where dense PNS nerve fibers synapse with
cardiac tissue. While the ventricles are diffusely innervated by cholinergic neurons,
cardiomyocytes have been shown to possess intrinsic acetylcholine transmission machinery that
also contributes to overall myocardial health that is subject to dysfunction at the onset of disease.
Therefore, molecular imaging of the non-neuronal cholinergic system (NNCS) can be vital in

assessing the function of cardiomyocyte derived ACh signaling mechanisms in cardiovascular
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disease. In this study, we used the vesicular acetylcholine transporter (VACHT) radioligand
[*®F]FEOBYV in CD-1 mice to validate its use in imaging the NNCS. We performed ex vivo
biodistribution at 30 minutes under baseline and blocking conditions using vesamicol and non-
radioactive FEOBV to demonstrate target dependence and determined the role of isoflurane in
tracer retention. We discovered no changes in the uptake of [*®F]JFEOBV in the ventricles,
indicative of a lack of specific binding. Metabolism was determined in plasma and myocardial
samples, revealing 20% and 57% of intact parent, respectively. PET imaging was performed in
C57BL/6 mice and demonstrates rapid uptake in the LV that peaked within 2 min followed by a
rapid 10-minute washout phase. PET imaging in mice containing myocardial specific VAChT
knockouts (VAChTMyhé-Cre-floxifloxy ang ypregulated VAChT (VAChT™P) showed no differences in
LV or blood uptake of [**FJFEOBV in comparison to their respective controls. In summary,
[*®F]FEOBYV does not display any target dependence in the ventricles and therefore does not appear

to accurately report on the NNCS in mice.

44. Introduction

The cardiac autonomic nervous system (ANS) is composed of sympathetic and
parasympathetic nervous systems (SNS, PNS) primarily regulated by two neurotransmitters with
opposing functions, namely, norepinephrine (NE) and acetylcholine (ACh), respectively.! Basal
cardiac function is thus dependent on a net balance of these opposing interactions to maintain
homeostasis. The myocardium is observed to be densely innervated by SNS efferents in both
ventricles, whereas parasympathetic nerve fibres are primarily localized in the atria and sparsely
innervate the ventricles.2* While dysfunction or loss of myocardial sympathetic neurons has been

implicated in the development of a multitude of conditions such as myocardial infarction (Ml),
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heart failure (HF) and arrhythmias, accumulating evidence has shown disruptions in ACh
signalling to also heavily contribute to the declining myocardial health observed in these disease

states.*’

With the rapid development of catecholamine and benzylguanidine based positron
emission tomography (PET) radiotracers targeting the norepinephrine transporter (NET) for SNS
imaging, significant advances have been made in non-invasively determining cardiac sympathetic
function, consequently aiding in the risk stratification and treatment management of patients with
cardiovascular diseases.®® In contrast, cardiac imaging of the PNS has proven to be more difficult
due to the low density of parasympathetic nerve fibres in the ventricles in addition to challenges
associated with quantifying the anatomically smaller and thinner atrial wall densely innervated by
the PNS. To date, the most promising radioligand for imaging the cardiac PNS is [1!C]donepezil 1>
12 This radioligand is a reversible inhibitor for acetylcholinesterases (AChE), an enzyme primarily
located in the synaptic cleft of cholinergic synapses, and responsible for the metabolic degradation
of ACh to terminate cholinergic transmission.®® [*!C]Donepezil has demonstrated considerable
specific binding in the myocardium, but displays comparable binding affinity towards sigma-1
receptors (S1R) abundantly expressed in the heart.!*'? Given the low density of AChE in the LV,
it is hypothesized that myocardial uptake is likely due to the nonneuronal cardiomyocyte derived
cholinergic system (NNCS), however the relative contribution of [*'C]donepezil uptake in the

myocardium to S1R and AChE is unknown.

Mouse and rat cardiomyocytes independently express ACh transmission machinery such
as choline acetyltransferase (ChAT), choline transporter (CHT1), VACht, and AChE.*#
Accumulating evidence suggests NNCS-mediated cardiac ACh transmission is crucial for cardiac

cell survival, angiogenesis, metabolism, and diabetes-associated cardiovascular complications.3
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Studies in cardiac-specific VAChT knockouts have also shown significantly reduced heart rate
(HR) recovery following exercise and exacerbated cardiac hypertrophy and LV remodelling.®
Given the emerging role of aberrant NNCS signaling in the development or progressive worsening
of cardiac diseases, molecular imaging of the NNCS can reveal unique biochemical changes

occurring at the onset of disease and provide a quantifiable metric for NNCS function.

The radioligand exhibiting high selectivity (low S1R affinity) for imaging presynaptic
cholinergic nerve terminals is (-)-5-[*®F]fluoroethoxybenzovesamical ([*®F]FEOBV).Y
[*®F]FEOBYV is a substrate for the vesicular acetylcholine transporter (VAChT), responsible for
the transport of ACh into secretory vesicles.'® Molecular imaging of VAChT with [**F]FEOBV
has demonstrated immense application in visualizing changes in cholinergic innervation in
neurodegenerative diseases such as in Alzheimer’s and Parkinson’s disease.’®? Recent work
aimed at quantifying the myocardial uptake of [*®FJFEOBV in healthy participants demonstrated
peak uptake within 5 minutes followed by slow monophasic washout.?! However, due to the
toxicity of vesamicol and its derivatives (FEOBV) blocking studies were not performed. In a
separate study, 15 healthy subjects were subjected to [®F]JFEOBV PET. In analyzing the
myocardial uptake, the authors noted ~4x higher distribution volume (Vp) in comparison to a
previous study by Saint-Georges et al. (using similar methods of quantification), suggesting a

dramatic age influence as the mean age of the study was 72 years instead of 37 years.?

In order to provide evidence for target-dependent uptake of [*F]JFEOBV in the
myocardium, we performed ex vivo biodistribution under baseline and blocking conditions in the
presence and absence of isoflurane, supplemented with plasma and myocardial metabolism in

healthy CD-1 mice. In vivo PET imaging was performed in C57BL/6 mice to obtain LV and blood
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time-activity curves (TAC), and mutant mice containing both downregulated and upregulated

VAChKT were assessed to demonstrate this tracer’s application in imaging the NNCS.

4.5. Results and discussion
Synthesis. [\®FJFEOBV was synthesized in high yield and molar activity using an automated
procedure as previously described.?® Ex vivo biodistribution and metabolism was performed in

CD-1 mice.

18
['®Ffluoride, K,CO3, K- e oRY
Ko .3, 222 1 dc.RCY:38+6%
DMSO, 10 min. RCP: >99%

' A 56 + 4 GBg/umol !
! Tsyntn: 9110 min !
['®FIFEOBV R e '

45.1. Scheme 1. Automated radiosynthesis of [*F]FEOBV.

Metabolism. Significant metabolism was noted in plasma and myocardium samples at 30 minutes
with 17-24% and ~56% intact parent, respectively (table 1). No differences were observed in
[‘®F]FEOBYV metabolism in anesthetized and conscious mice, and one major polar metabolite was
observed but not identified. Tracer instability in the myocardium is usually a significant concern
when quantifying LV activity. However, given the rapid kinetic profile (0-2.5 min uptake, 10-15
min washout) of [*F]JFEOBV in the myocardium of humans, quantitative parameters can be
established for early timepoints which likely reduces the contribution of metabolite dependent

myocardial activity.?
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45.2. Table 1. Plasma and myocardial metabolism of [*®F]JFEOBV in CD-1 mice at 30
minutes.?
Isoflurane Conscious
Fraction Plasma Myocardium Plasma Myocardium
Baseline Vesamicol | Baseline Vesamicol | Baseline Vesamicol Baseline Vesamicol
Block Block Block Block
Parent
Radiotracer (%) 17 57 61 24 - 56
Polar
Metabolites (%) 82 46 39 74 - 41
Nonpolar
Metabolites (%) 1 2 1 1 - 2
Extraction
Efficiency (%) 91 93 83 95 92 - 90

& Percent parent compound obtained for pooled samples following tracer administration (n =

3/group)

Ex vivo biodistribution was performed in male CD-1 mice 30 minutes after injecting

[*®F]FEOBYV in the lateral tail vein. Baseline uptake studies revealed retention of [*F]JFEOBV in

the ventricles (2.38 + 0.54 %ID/g), pancreas (6.52 + 0.42 %ID/g), lung (5.54 + 2.41 %ID/g) and

whole brain (7.11 = 1.52 %ID/g). Renal retention (7.56 + 2.25 %ID/g) predominated over hepatic

retention (2.76 £ 0.28 %ID/g) and minimal in vivo defluorination (0.83 + 0.19 %ID/g) of the tracer

was observed after 30 minutes. Pretreatment with the well-characterized non-competitive and

reversible VAChT inhibitor vesamicol did not alter the uptake of [*®F]JFEOBYV in the ventricles
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(2.38 £ 0.46 %ID/g). However, reduced uptake following vesamicol blockade was noted in select

organs such as the pancreas (6.52 +0.42 vs 4.91 £ 1.19 %ID/g, p = 0.092), intestine (3.11 £ 0.31

vs 2.41 + 0.44 %ID/g, p = 0.087), lung (5.54 £ 2.41vs 3.75 + 0.37 %ID/g), and brain (7.11
+ 1.52 vs 5.55 + 1.44 %ID/g), but not found to be statistically significant due to limited sample
size and moderate blocking magnitudes. Regardless, specific binding is likely observed in these
organs as they are densely innervated by the PNS, and likely representative of VAChT specific
uptake.??2* Brain uptake of [*®F]JFEOBV is well characterized and found to have high specific
uptake in selective regions such as the striatum.8%> As such, collecting whole brain and whole
organ samples in our experiment reduced the sensitivity of specific radiotracer retention following
VAChKT blockade. In addition, administering enough cold mass of VAChHT inhibitors to occupy all
sites in the body is a well known confound for these studies due to peripheral toxicity at low

doses.18
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4.5.3. Table 2. Ex vivo Biodistribution of CD-1 mice at 30 min.
%ID/g

Organ Isoflurane Isoflurane Isoflurane Conscious Conscious
Vehicle Vesamicol FEOBV Vehicle Vesamicol
Blood 2.18+0.32 1.74+0.41 2.50+0.66 1.99+0.47 2.43 £0.36
Ventricle 2.38+0.54 2.38+0.46 2.77 £0.20 2.05+0.35 2.19+0.35
Pancreas 6.52+0.42 491+1.19 7.39+0.17 5.39+0.90 491+1.11
Intestine 3.11+0.31 2.41+0.44 6.52 +3.07 2.89+0.72 3.48+0.78
Stomach 1.91+0.83 1.44+1.13 2.42 +1.58 3.27+0.55 2.38+1.21
Liver 2.76 £ 0.28° 2.83+0.31 4.80 £ 0.61° 2.29+0.44 3.29+0.54
Kidney 7.56 +2.25° 8.38+2.82 6.12+2.11 4,27 +1.63° 5.11+0.28
Lung 5.54+2.41 3.75+0.37 4.61+1.05 3.92+0091 2.93 +0.06
Bone 0.83+0.19 0 1.35+1.16 1.29+0.34 1.27 £0.34
Brain 7.11 +1.52° 5.55+1.44 5.77 £1.70 3.77 £ 1.45° 3.64 £ 0.47

3Statistical significance (p < 0.05) reached using an unpaired t-test. Isoflurane vehicle (n = 3),
Isoflurane Vesamicol (150 ug/kg, n = 3), Isoflurane FEOBV (10 pg/kg, n =3), Conscious Vehicle (n =
5-6), Conscious Vesamicol (150 pg/kg, n = 3-5)

Next, animals were pretreated with nonradioactive FEOBV to determine whether
myocardial uptake was influenced selectively by this vesamicol derivative. However, retention of
the tracer in the ventricles remained unaltered (2.77 £ 0.20 %ID/g). Accelerated clearance of the
tracer was evident in this cohort due the increasing trend of intestinal (3.11 £ 0.31 vs 6.52 + 3.07)
and hepatic (2.76 + 0.28 vs 4.80 +£0.61 %ID/g, p = 0.0062) retention compared to vehicle treated
controls. Brain uptake was found to be reduced to a similar extent (3.77 = 1.45 %ID/g) as

vesamicol pre-treated mice.

Since the uptake of [!8F]FEOBYV in the ventricles remained unchanged after pretreatment
with both pharmaceuticals, we hypothesized isoflurane-induced reductions in specific binding may
contribute to the apparent lack of myocardial selectivity observed in anesthetized mice. Thus,
animals were then administered [*3F]JFEOBV while conscious to determine any significant
isoflurane induced effects under baseline and vesamicol blocking conditions. Baseline uptake of
[*®F]FEOBYV in conscious mice displayed similar uptake in the ventricles (2.05 + 0.35 %ID/g) in
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comparison to baseline anesthetized mice. Radiotracer clearance was evident in this cohort due to
accelerated renal clearance (7.56 + 2.2 vs 4.27 + 1.6 %ID/g, p = 0.049). Surprisingly, whole brain
uptake of [\®F]JFEOBYV was observed to be ~47% lower in conscious CD-1 mice (7.11 + 1.52 vs
3.77 £ 1.45, p = 0.021) than those that were anesthetized. Conscious animals pretreated with
vesamicol displayed minor decreases in pancreatic and lung uptake, and moderately higher liver
and kidney retention. Brain uptake was found to be unaltered in conscious mice pretreated with
vesamicol in comparison to conscious vehicle-treated controls (3.64 = 0.47 vs 3.77 £ 1.45). Low
uptake and lack of specific binding in the brain of conscious mice may be due to increased
clearance of specifically bound [*®F]JFEOBYV, however further studies would be needed to
determine whether specific binding in the brain is dependent on isoflurane anesthesia. In general,
isoflurane anesthesia and other common anesthetics used to immobilize animals are considered as
confounding variables as they interact with dopaminergic, cholinergic, and serotonergic
neurotransmitter systems.?® In addition, pharmacological effects such as altered cerebral blood
flow and body temperature have been observed.?® Indeed, the use of restrainers to immobilize
animals has also been shown to induce neurological changes such as a stress-induced reduction of

brain AChE activity.?®2’

Collectively, the biodistribution data suggest that uptake of [\F]JFEOBYV in the LV is not
target dependent. Rather, the evidence indicates that cardiac uptake of this tracer is driven by tissue
perfusion, limiting the utility of [*®FJFEOBYV imaging in mice to cholinergic nerves in the brain
and periphery. While it is plausible that species-dependent accumulation of [*®F]JFEOBV in the
myocardium can occur, further studies in higher species would be required to validate this

hypothesis.
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PET imaging was performed in healthy C57BL/6 mice to obtain LV time-activity curves.
Quantification of LV activity was performed using Flowquant. Blood activity was estimated from
cardiac blood pool. [*F]JFEOBYV imaging in mice displayed more rapid peak uptake (1-2 min) and

washout (2-10 min) in comparison to human imaging.

- LV
= Blood
1 ' I 1
20 40 60

time (min)
45.4. Figure 1. [*®F]FEOBYV full body coronal PET image and LV time-activity curve. n =2

As part of a collaboration with researchers at Western University (Ontario, Canada), PET images
of transgenic mouse models containing myocardium-specific VAChT knockouts (VAChTMyne-Cre-
flox/floxy and upregulated myocardial VAChT (VAChT™P) were provided to our group to determine
differences in LV activity. Upon analysis of LV and blood TACSs, no significant differences were

noted in these animals in comparison to their respective controls (data not shown).

4.6. Conclusion

In conclusion, we performed ex vivo biodistribution with [*®F]JFEOBV in CD-1 mice to
determine whether any specific binding occurs in the myocardium. Heterologous blockade with
vesamicol, and homologous blockade with nonraactive FEOBV revealed no differences in the
retention of [*®F]JFEOBV in the ventricles. Baseline and vesamicol pretreatment were also
performed in the absence of anesthesia but did not reveal any differences in myocardial uptake.
Plasma metabolism revealed only 20% of the parent tracer intact in after 30 minutes, and 57%
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intact parent in the myocardium. PET imaging under baseline conditions revealed rapid uptake
and washout kinetics in the LV and blood that reached dynamic equilibrium by 15 minutes. PET
imaging in myocardial VAChT knockout mice did not display reduced uptake in the LV. Similarly,
mice containing upregulated myocardial VAChAT displayed similar uptake to genetic control mice.
Based on the data obtained in our study, [*3F]FEOBV does not serve as a useful probe for imaging
the myocardial cholinergic system in mice, limiting its utility for imaging parasympathetic nerves

in the brain and other peripheral organs.

4.7.  Materials and methods

Automated Radiosynthesis. The radiosynthesis of [®F]JFEOBV was performed as previously
described.? [*®F]fluoride (9 - 10 GBq) was captured onto a Sep-pak Accel Plus QMA Plus Light
cartridge from a [*30]H-0 target solution and eluted into the reactor using K2CO3 (3.5 mg in 0.5
mL H20). 1 mL of ACN containing 15 mg of Kryptofix 2.2.2 (Kz222) was added to the reactor and
heated for 4 minutes at 80 °C, followed by an additional 4 minutes at 60 °C, followed by cooling
to 40 °C prior to the addition of the tosylated precursor (TEOBV, 0.5 mg in 0.5 mL DMSQO). The
radiofluorination was performed at 120 °C for 10 min then cooled to 50 °C prior to the addition of
3.5 mL of a 45% ACN:H20 solution. The diluted reaction mixture was passed through a Sep-Pak
Light Alumina-N cartridge and loaded onto a semi-preparative HPLC column (Synergi Hydro-RP
80, 250 x 10.00 mm 10 pm; mobile phase: 45% ACN: 55% aqueous 50 mM ammonium acetate,
flow rate = 4 mL/min). The peak corresponding to [*8F]JFEOBV eluted between 30-45 minutes.
The product fraction was collected into a bulk vessel prefilled with 40 mL of sterile water and
passed through a C-18 Sep-Pak cartridge. The cartridge was washed with 10 mL of sterile water,
and the product was eluted with 1 mL of ethanol and diluted with 9 mL of saline. The final product

was run through a 0.22 um sterile filter and dispensed into a septum sealed vial fitted with a vent
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needle. QC was performed using a Waters 2695 Alliance HPLC equipped with a Phenomenex
Luna 10 pm C18(2) (100 A, 250 mm x 4.6 mm) column, a 996-photodiode array detector
(Waters) and a Carroll & Ramsey Associates 105-S high-sensitivity radiation detector.
Gradient: 50/50 50 mM ammonium acetate:water, 20 min, flow rate = 1 mL/min). Molar
activity was determined using UV absorbance of a known amount of radioactivity under
identical analytical HPLC conditions to generate a calibration curve for the nonradioactive
standard. The ratio if radioactivity (GBq) to moles (umol) yielded molar activity (GBg/pmol),

the value was decay-corrected to EoS. Radiochemical yield was also decay corrected to EoS.

Animal care. Male CD-1 mice (35-45 g) and C56BL/6 (25-35 g) were purchased from Charles
River Laboratories (Senneville, Quebec) and housed in environmentally enriched cages with free
access to water and food. Housing, handling, and experimental procedures were performed in strict
accordance with the guidelines of the Canadian Council on Animal Care and with the approval of
the University of Ottawa Animal Care Committee. CD-1 mice used in this study were 6-8 weeks

old.

Ex vivo biodistribution and blocking studies. Male CD-1 mice were anesthetized using 2%
isoflurane and received lateral tail vein injections of 3-15 MBq of [\®F]FEOBV in 0.1 mL of 10%
ethanol in saline. Conscious animals were placed in a restrainer and similarly injected with tracer.
For animals requiring pharmacological challenge, vesamicol (150 pg/kg) or FEOBV (10 pg/kg)
were injected via the lateral tail vein 10 minutes prior to radiotracer injection. Animals were
sacrificed by COz asphyxiation followed by cervical dislocation. All organs were harvested (blood
collected by cardiac puncture, atria removed from myocardium), weighted, and counted for
radiation in a gamma counter (Hidex Automatic Gamma Counter, Energy window: 480 — 558

keV). Counts per minute (CPM) were converted to nanocurie (nCi) using calibrated standards with
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known activities. Percent injected dose (%ID) was calculated by dividing the decay corrected
organ activity by the injected dose, and further normalized by sample mass to obtain the percentage

injected dose per gram tissue (%ID/q).

Parent fraction in plasma and myocardium. Male CD-1 mice were injected with [*F][FEOBV
under baseline and blocking conditions. Blood samples were obtained via cardiac puncture at the
30-minute timepoint and placed in 1 mL heparinized tubes. Blood samples were centrifuged at 4
°C for 7 min at 4000 rpm to obtain plasma. Protein-free plasma (PFP) was then obtained by the
addition of an equal volume of ice-cold ACN, followed by centrifugation at 4 °C for 5 min at 4000
rpm. PFP samples from each animal cohort were pooled together. Myocardium samples were
perfused with 15 mL of 1X PBS and pooled into a tube containing a 50/50 mixture of ACN/H:0.
The tube was placed in an ice bath and homogenized using a Fisher Scientific PowerGen 125 (125
W, 11V, 50/60 Hz) adapted with a sawtooth, 7 x 95 mm generator. Once myocardium tissue
appeared sufficiently homogenized, an aliquot of 1 mL of ACN was added to the tube and samples
were homogenized for an additional 5 minutes. The samples were then centrifuged at 4 °C for 5
min at 4000 rpm. For both plasma and myocardium preparations, additional extractions were
performed to reach an extraction efficiency > 70%, as measured on the gamma counter. The
supernatants were filtered through a 0.22 um filter, and spiked with nonradioactive standard (10
pL, 1 mg/mL), and injected onto the analytical radioHPLC. Fractions were collected every minute

for 20 minutes and placed on the gamma counter to determine the total activity in each fraction.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism. Significance was
set at the 0.05 level. The data are presented as mean + standard deviation. Differences between

two groups were tested using a two-tailed unpaired Student’s t-test.
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5. Chapter V: Interrupted aza-Wittig reaction using iminophosphoranes to
synthesize C-carbonyls
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5.1. Statement of Manuscript

The manuscript “Interrupted aza-Wittig reactions using iminophosphoranes to synthesize
11C-carbonyls” was accepted into Chemical Communications on April 26" 2021. In this chapter,
I developed the optimization of reaction conditions, cold substrate scope, and performed
radiochemistry. Maxime Munch assisted in optimizing the protocol to isolate aryl
iminophosphoranes, Maxime Munch and Braeden Mair aided in the completion of *'C-labeled
substrates. The synthesis of all radiopharmaceuticals, their isolation, and optimized reaction
conditions was performed by me. Maxime Munch, Braeden Mair, and | assembled the
supplementary info and analyzed NMR spectra as a joint effort. | wrote the manuscript with Dr.

Benjamin Rotstein and all authors edited and approved the final version.
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5.2.  Abstract

A direct CO2-fixation methodology couples structurally diverse iminophosphoranes with
various nucleophiles to synthesize ureas, carbamates, thiocarbamates, and amides, and is amenable
for 11C radiolabeling. This methodology is practical, as demonstrated by the synthesis of >35
products and isolation of the molecular imaging radiopharmaceuticals [*!CJURB694 and

[**C]glibenclamide.

5.3. Introduction

Positron emission tomography (PET) is a non-invasive molecular imaging modality
used to evaluate biological processes in vivo with short-lived radionuclides. PET
radiopharmaceuticals are used to diagnose metastatic and cardiovascular diseases, to detect
biomarkers of neurodegeneration, and to probe molecular and functional mechanisms in
living systems. Carbon-11 (*!C, ty2 = 20.4 min) is prized for isotopic labeling of
biomolecules, and is routinely incorporated into PET imaging agents for both research and
clinical applications.! Currently, a lack of diverse methods for directly incorporating
[*1C]CO:2 into complex molecules has limited its use.? Consequently, [**C]CO2 is most
often converted into reactive secondary precursors such as [!C]CHal or [*'C]CH3OTHf,
which are accompanied by elongated processing times and significant reductions in
radiochemical yield due to sub-quantitative conversions.®

Isocyanates are valuable synthetic intermediates that can be readily converted into
pharmaceutically-relevant functional groups such as carbamates, ureas, and amides.”®
Current approaches to synthesizing *C-isocyanates rely on stepwise trapping of [11C]CO2

with amines, followed by dehydration using POCIz or Mitsunobu-type conditions.20
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Importantly, the former strategy displays poor tolerance towards anilines and the highly
acidic conditions pose challenges for maintaining efficient trapping of [*!C]CO: in solution.
The latter technique has displayed improved utility for synthesizing asymmetrical ureas*®
and also amides using either Grignard reagents! or organozinc coupling reactions,? though
high mass loading of azo reagents and phosphines may complicate radiotracer purification.
Each strategy requires careful control of temperature and reagent concentrations during
sequential reaction steps in order to prevent formation of complex mixtures of symmetrical
byproducts and heterocycles.®** Iminophosphoranes have been shown to undergo the aza-
Wittig reaction directly with CO2 to produce isocyanates in high yields.** In the context of
11C, the commercially available precursor N-(triphenylphosphoranylidene)aniline (1a) was
previously reported to prepare acyclic *C-ureas from [*1C]CO2 in moderate radiochemical
yields (RCYs).?® Del Vecchio et al. deployed o-azidoanilines and azido alcohols with
dimethylphenylphosphine to synthesize cyclic ureas and carbamates in useful yields
through a proposed intramolecular Staudinger aza-Wittig sequence (SAW, Scheme 1a)
upon heating to 70 °C.1%1" An intermolecular variant of this reaction produced a linear
carbamate in low RCY at much higher temperature.

We aimed to develop conditions that are high yielding and selective for C-O, C—N,
C-C, and C-S bond formation and would be amenable for one-pot [*'C]CO2-fixation to
prepare radiopharmaceuticals and novel tracer candidates. Through the synthesis of
functionalized iminophosphorane precursors, this approach would obviate the need for
highly acidic POCls, Mitsunobu reagents, explosive azide precursors, and toxic phosphines used
in current methodologies, enhancing the substrate versatility and practicality of this method for

good manufacturing practices (GMP) environments (Scheme 1b).

237



Intramolecular SAW

“ H
/\,‘ N3 [110]002 /\. NCO /\,I N\%
%'IMX PRs \»wa %"IMX
n n n
X =NH,, OH
Requires explosive azide precursors and toxic phosphines.

o

— Interrupted aza-Wittig for extended functionality —

o] @]
R Ar r
[''CICO, H H

o N=PPhs + Ny —————= Jo]\ i
R. 2 R R,
N” N N
H H H

R
c
H;

This work: Broad substrate scope, stable precursors, high yielding.

5.3.1. Scheme 1. Synthetic approaches to iminophosphorane [**C]CO2-fixation.

Herein, we describe a versatile and efficient approach to carbonyl ligation using
iminophosphorane-COz-fixation coupled with intermolecular nucleophilic addition. This
method is effective for synthesizing acyclic products with stable isotopes under mild

conditions and is suitable for automated synthesis and C radiolabeling.

5.4. Results and Discussion
At the outset, we focused on developing a nucleophilic coupling strategy to
iminophosphorane-CO:z fixation conditions using stable isotopes, since no such straightforward

high yielding procedure for this coupling has been reported.**
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54.1. Table 1. Optimization of reaction conditions.

e Ph
; CO,, additive /

_N:R—Ph + ph/“‘-OH e VR .N:C:N + Ph -»N)J\ T
Ph’ Ph solvent Ph’ H

1a 2 3 4

Entry Solvent [2] (mM) 3 Yield (%) 4 Yield (%)

1ab toluene 100 77 6
2ap toluene 150 77 6
3ac toluene 100 42 36
4ac toluene 250 0 84
54 toluene 250 0 70
6" 1,4- 250 0 72
dioxane
79 DMF 250 0 75
8¢ ACN 250 0 78
gae ACN 250 0 84
109f ACN 250 0 70

3 UPLC/MS vyields; reactions in toluene at 110 °C. ® Nucleophile added after
iminophosphorane consumption. ¢ Nucleophile added at t = 0. ¢ Conditions: 2
(0.652 mmol), solvent (2.5 mL), 85 °C; then 1 (100 mM, 2.5 mL) added over 1
h. Reaction time: 2h. isolated yields. ¢ DBU (2.6 equiv). "BEMP (2.6 equiv).

First, CO2 was bubbled into a heated toluene solution containing (1a) until complete
consumption of the iminophosphorane, followed by the addition of benzyl alcohol (2). Low yield
of the desired product 4 (6%) was observed using stepwise addition (Table 1, entry 1). The
observed major product was the symmetrical N,N’-diphenylcarbodiimide (3), likely formed by a
second aza-Wittig coupling reaction to the isocyanate intermediate. The ratio of 4:3 increased to
0.9:1 when the nucleophile was present from the beginning of the reaction (entry 3). Increasing
the concentration of 2 led to exclusive formation of 4 in 84% yield (entry 4). This suggests that
short-lived free isocyanates are formed in the presence of iminophosphoranes, subject to two
competing reaction pathways: aza-Wittig carbodiimide formation and carbamate formation. Thus,

at high concentrations of an intercepting nucleophile, it is possible to selectively divert the reaction
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towards intermolecular ligation. Carbamate 4 could be prepared and isolated in good yields from
hydrocarbon, ethereal, and polar solvents using similar conditions (entries 5-8). With our primary
focus on establishing easily translatable conditions to 'C radiochemistry, we were delighted to
find that two common COz2 trapping bases, amidine DBU and phosphazene BEMP (2.6 equiv.),
significantly increased the rate of formation of 4, concomitant with moderate impacts in yield
(entries 9-10, table S1). These effects are likely due to the increased availability of soluble

activated CO2 complexes. 1819

We assessed the compatibility of the iminophosphorane-CO2-fixation method with a
diverse scope of nucleophiles (Scheme 2a). Under our developed conditions, carbamates derived
from benzyl, isopropyl, 4-methoxyphenethyl, and tert-butyl alcohol were isolated in 83-94%
yields (4-7). In contrast, phenyl carbamates and thiocarbamates (8-10) required higher nucleophile
concentrations to achieve yields >70%, likely due to their propensity for elimination. Benzyl
mercaptan also proved to be a compatible nucleophile, forming the corresponding thiocarbamate
11 in 86% yield. Sterically hindered nucleophiles gave carbamate 7 (83%) and urea 12 (78%). We
were gratified to find that amides such as 13 (82%) could be accessed directly by carbon-carbon
bond formation using diethyl malonate. Despite this success, some nucleophiles were found to be
incompatible with the interrupted aza-Wittig conditions, including Grignard reagents, and
phenylacetylene. However, several of our synthesized products (7-10, 12) stand in as blocked
isocyanates, and facilitate indirect nucleophilic substitution (Scheme 2b).%° In situ formed O-
phenylcarbamate 8 was transformed to amides 14-16 in moderate-to-good yields based on
iminophosphorane 1a. Both direct and indirect nucleophilic substitutions are robust, and further

open the door to selective C-C bond formation using iminophosphoranes.
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We next investigated the scope of functionalized aryl iminophosphoranes
synthesized by the Kirsanov reaction and isolated by our modified general procedure
(Scheme 2c, see ESI for details). First, CBz-protected products (17-21) were isolated to
determine sensitivity to electronic and steric features of iminophosphoranes under the
optimized conditions. Electron-rich arenes, aryl bromides, and ortho-substitution (17-18,
21) were all well-tolerated in comparison with electron-deficient arenes (19-20). Alkyl
iminophophosphoranes afforded products such as carbamate 22 (82%) and blocked
isocyanates 23-24 in good yields. The utility of this method for biopharmaceuticals was
assessed by targeting the fatty acid amide hydrolase inhibitor URB694 (25), melatonin (26),
and the oral multi-kinase inhibitor regorafenib (29). Hydroquinone carbamate 25 was
isolated as a mixture of regioisomers in 60% vyield.® Indirect substitution using phenol-
blocked isocyanates yielded melatonin 26 (72%), phenylalanine derivative 27 (84%), and
electron-deficient amide 28 (73%). Finally, the urea regorafenib 29 was synthesized first
by direct nucleophilic coupling, though indirect substitution using an N-tert-
butylmethylamine blocked isocyanate intermediate better facilitated purification of 29 in

71% overall yield.?*
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54.2. Scheme 2. Interrupted aza-Wittig for extended functionality — Reaction scope. @

Conditions: 1 (0.25 mmol), R-XH (2.5 equiv.), DBU (2.6 equiv.), ACN (2.5 mL),
reflux; isolated yields. ® PhOH (10 equiv.), R3-MgX (20 equiv.) or R3-SH (2.5 equiv.)
or PhCCH (12 equiv.), THF. ¢ R2-XH (10 equiv.), LHMDS (0.99 equiv.), THF. See

ESI for detailed procedure.

Satisfied with the iminophosphorane-CO:2 nucleophilic coupling methodology using
stable isotopes, we were determined to apply this method to '!C radiochemistry. Since
[11C]CO: is the limiting reagent in these processes (typically <1 pumol), reconsideration of
reaction conditions to produce [*!C]4 was required (Table 2). First, we focused on the
influence of the concentration of 1a on product yield using high concentrations of DBU
and benzyl alcohol in ACN (entry 1). We noted a low 13% RCY with these initial

conditions, mainly due to a large excess of unreacted [''C]CO2. Increasing the
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concentration of 1la (entries2—3) led to maximum 32% RCY and reducing the concentration
of DBU to 100 mM enhanced the selectivity toward [1'C]4 (entry 4-5). Increasing the
reaction temperature in DMF to 100 °C resulted in 65% RCY (entries 6-7). Finally,
increasing the concentration of nucleophile 2 further improved the selectivity of [*!C]4,
leading to a 91% RCY (entries 7-9). Trapping efficiencies (TE) of [*!C]CO: during the

optimization of [**C]4 were all greater than 90%.

5.4.3. Table 2. Radiochemical optimization
__N=PPhy _ on faco, [ g
L g DBU,ACN N O@
~ T, 10 min
1a 2 ["cl4
Entry T [1a] [2] [DBU] RCY?
¢  MmM)  (mM) (mM) (%)
1 65 7 200 200 13
2 65 70 200 200 32
3 65 100 200 200 29
4 65 70 200 150 39
5 65 70 200 100 56
6° 65 70 200 100 62
7° 100 70 200 100 65
8° 100 70 600 100 78
9° 100 70 1200 100 91

@ Radiochemical yield calculated by relative integration of
radioHPLC chromatograms, see ESI for details; average of n >
2 except entry 9 which is n = 6; trapping efficiency > 90%. °
Reaction performed in DMF

Structurally diverse iminophosphoranes were also used to radiolabel compounds using this
procedure (Scheme 3). Aniline derived products of 1a include labeled urea [*'C]30 in 88% RCY,
and blocked isocyanate [*'C]12 in 32% RCY. Using benzyl iminophosphorane, O-benzyl
carbamate [*!C]31 was formed in 64% yield. By substituting DABCO for DBU, O-aryl carbamate

[1*C]32 (26%), 5-methoxytryptamine carbamate [*!C]33 (84%), and thiocarbamate [*!C]34 (93%)
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could be radiolabeled, with TE ranging from 53-83%. We suspect that mildly basic conditions and

higher nucleophile concentrations improve the yields of 32-34 due to their sensitivity towards low

temperature elimination.?? From tert-butyl iminophosphorane, N-hydroxysuccinimide-derived

[1*C]23 (99%) was also efficiently radiolabeled.

_ i"'cicos, Nu i
_N=PPh3 T R-. ;,H\
R N MNu
DBU, DMF H
1 100 °C, 10 min ‘1C-produ0t
D Odk Cld oo
N/ o “‘l—’h Ny ».N_.r . = N "N-" S Sy
N N | H H ‘“ J
(Mci4 (2 ("cizo

RCY: 91% £ 2% RCY: 32% % 5%

TE: 99%, n=6 TE: 70% + 4%, n = 4
Jc: o ,.»;*-\,[___,. OlMe
P . ll Py
| H o Ph - H - o -
'c131 [Mci3z2

RCY: 64% * 3% RCY: 26% * 2%?

TE: 98%,n=2 TE: 83% +2%% n=2
0
.
e N7 ST Ten Sl N
N\ rl) ﬁ '.I
11 11 o
['cj34 ['c23

RCY: 93% + 2%®
TE: 53% £ 6%, n=2

RCY: 99% + 3%
TE: 52% +6%%, n=2

_ _OH

o O o

H: ~o” F pn H H
["'ci2s (["'clURB6S4)

RCY: 96% + 2% (mixture of isomers,
1.8:1 major shown) TE: 64% = 11%
Isolated: 13% + 2%, n=2
69 GBg/pmol + 37 GBg/umaol

PWR%

RCY: 88% £2%
TE:83% £2%,n=2

hy
HN *-(
MeO. — OPh
~
H
[Mcy3s
RCY: 84% = 8%?
TE: 58%% n=2
0
ol M” M Fh
H
["'cj3s

RCY: 99% * 1%, TE: 99%4
Isolated: 33% £ 11%,n=2

o "H \I,:::-.;, U, -

[''c136 ([''Clglibenclamide) Moo
RCY: 75% * 14%° TE: 99%
Isolated: 62% + 16%,n=2

59 GBg/umol + 0.06 GBqg/pmol

2 DBU replaced with DABCO. " DBU replaced with LHMDS. ©
KO®Bu ¢ ['C]CO; trapped at -60 °C. See ESI for detailed
procedures. * indicates position of 1*C. TE = trapping efficiency;
isolated RCY decay-corrected to end-of-synthesis

54.4. Scheme 3. Carbon-11 substrate scope.
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To further demonstrate the practicality of this technique, [**C]35, an experimental
antiarrnythmic compound containing the p-glucocerebrosidase activating moiety N-
methyl-N-(2-phenoxyethyl)amine, was isolated using a fully automated method (see
ESI).224 [11C]35 was labeled with 99% RCY starting from 15.7 GBq of [*'C]CO2, and
obtained in an isolated yield of 33% + 10.6% (2.7 + 0.4 GBq) within 22 min of [*!C]CO:2
delivery. The fatty acid amide hydrolase inhibitor [*'1CJURB694 ([*!C]25, ['!C]CURB),
used in clinical research to investigate psychiatric illnesses and alcohol use disorder, was
prepared from cyclohexyliminophosphorane in 96% + 2% RCY (2:3 regioselectivity).?%2°
From 25.9 GBq of [*!C]CO2, 1.9 + 0.7 GBq of ['C]CURB was obtained as the major
isomer in 99% radiochemical purity, with an isolated yield of 13% + 2%, and molar activity
of 69 + 37 GBg-pumol?t within 17 min from [!C]CO: delivery. Lastly, the clinically
approved sulfonylurea glibenclamide, currently used in the treatment of diabetes mellitus
type 2 and shown to reduce tissue damage in preclinical models of CNS injuries, was
synthesized with 75% + 14% RCY.?" [*C]Glibenclamide ([*'C]36) is a substrate for
organic anion-transporting polypeptide (OATP) transporter and can be used to study the
integrity of the blood-brain barrier by non-invasive PET imaging.?® This
radiopharmaceutical, which has been synthesized in two-steps using [*!C]CH3OTf,?° was
efficiently labeled using an iminophosphorane precursor directly from [**C]CO2. Following
purification, 7.4 + 1.9 GBq of [*!C]glibenclamide was obtained with an isolated yield of
62% + 16% from 25.9 GBq of [!1C]COz, and a molar activity of 59 + 0.06 GBq-umol™*

within 21 minutes from the beginning of synthesis.
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5.5. Conclusions

In conclusion, we have developed a methodology to synthesize several stable and
radiolabeled functional groups using the interrupted aza-Wittig approach. The advantages
of this method include direct [11C]CO2-fixation using stable iminophosphorane precursors
prepared from available amines, diverse functional group selectivity, and applicability to
PET imaging agents. Radiopharmaceuticals are synthesized under mild reaction conditions
with rapid synthesis times and using automated procedures. We anticipate this method
contributing to the accessibility of in-demand radiopharmaceuticals such as ['C]CURB
and [*1C]glibenclamide, among others.
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5.9. Supplementary information

5.9.1. Section 1: General Information

All chemicals and solvents used were purchased and were not further purified unless
indicated otherwise. All CO2 fixation reactions were carried out by bubbling CO2 (balloon)
through the solution. CO2 was passed through a tube filled with Drierite to obtain anhydrous CO:x.
All other reactions were routinely carried out under inert (argon or nitrogen) atmosphere. All
solvents used were anhydrous. Anhydrous 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was
obtained by reflux over KOH pellets, and distillation under reduced pressure. Reaction products
were confirmed using 'H-NMR, *C-NMR, and mass spectrometry. Purification of reaction
products was carried out by flash column chromatography using silica gel unless stated otherwise.
Analytical thin layer chromatography (TLC) was performed on aluminum or glass backing. *H-
NMR spectra were obtained using a Bruker AVANCE 300 or a Bruker AVANCE 400. Spectral
data are reported in ppm using solvent as the reference (for *H NMR CHCls at 7.26 ppm and
DMSO at 2.50 ppm). *H NMR data was reported as: multiplicity (ap = apparent, br = broad, s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet), integration, and coupling constant(s) in
Hz. Low resolution mass spectrometry was performed using Waters Xevo TQD with an Acquity
UPLC H-Class Plus system. High resolution mass spectrometry was performed using a Kratos
Concept — Magnetic Sector Electron Impact Mass Spectrometer. Radiochemical chromatograms
were acquired using a Waters 2695 Alliance HPLC equipped with a Phenomenex Luna 10 pm
C18(2) 100 A column (250 x 4.6 mm, 10 pm), a Waters 996 photodiode array detector, and a

Carroll & Ramsey Associates 105-S high-sensitivity radiation detector equipped with a 1 cm?®
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CsI(TI) scintillating crystal. Radiolabeled products were synthesized using Synthra Melplus

Research module. Known products generated were characterized in accordance with the literature.

Sigma-Aldrich: N-(triphenylphosphoranylidene)aniline; triphenylphosphine dibromide; benzyl
alcohol;  2-tert-butylimino-2-diethylamino-1.3-dimethylperhydro-1,3,2-diazaphosphorine;  2-
propanol; thiophenol; phenol; diethyl malonate; 4-bromoaniline; 4-fluoroaniline; furfurylamine;
methylmagnesium bromide solution (3.0 M in diethyl ether); phenylmagnesium bromide solution
(3.0 M in diethyl ether); benzylamine; N-methyl-2-phenoxyethanamine; phenylacetylene; 2-
phenyl hydroquinone; phenylisocyanate; 5-chloro-2-methoxy-N-[2-(4-

sulfamoylphenyl)ethyl]benzamide; N-butyllithium solution (1.6 M) in hexanes

Oakwood Chemical: 1,8-diazabicyclo[5.4.0Jundec-7-ene; 2-(4-methoxyphenyl)ethanol; 4-

nitroaniline; cyclohexylamine; tert-butylamine; triethylamine; 3-methoxybenzylamine; 1,2,4-

triazole-3-thiol

Alfa Aesar: benzyl mercaptan; tert-butyl alcohol; N-tert-butylmethylamine; p-anisidine; o-

toluidine; 4-fluorobenzylamine; 3-chloro-4-(trifluoromethyl)aniline; 4-(4-amine-3-

fluorophenoxy)-N-methylpicolinamide; N-hydroxypthalamide

Acros Organics: 5-methoxytryptamine; L-phenylalanine methyl ester hydrochloride;

N,N-diethylethylenediamine; 2-naphthalenethiol

Tokyo Chemical Company: glibenclamide
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5.9.2. Section 2: Synthetic Procedures

5.9.2.1. Synthesis of iminophosphoranes

A flame dried flask was equipped with a magnetic stir bar and charged with
triphenylphosphine dibromide (0.6 mmol) dissolved in DCM (2.0 mL) under inert atmosphere.
The flask was placed in an ice bath, and a solution containing the corresponding amine (0.6 mmol)
and triethylamine (0.6 mmol) in DCM (2 mL) was added to the reactor in a dropwise manner over
10 minutes. The reaction was stirred at room temperature for 4 hours. The solvent was removed
under reduced pressure, and anhydrous THF (10 mL) was added to the residue. The solution was
filtered through a Celite plug, and the concentrated under reduced pressure. A sufficient volume
of chloroform was added to solubilize the residue, and hexane was added to precipitate the product.
The product was re-precipitated five or more times to remove unwanted triphenylphosphine oxide

(TPPO).

Note: Amine hydrochlorides (0.6 mmol) were first dissolved in DCM (2.0 mL) and 1.1 equiv. of
triethylamine was added. After stirring the reaction medium at room temperature for 30 min,
ammonium salts were removed by adding Et2O followed by filtration over a celite pad. Solvents
were removed by rotary evaporation under reduced pressure and the afforded free amines were

used without further purification.

5.9.2.2. Synthesis of carbamate and thiocarbamate products.

A flame dried flask was charged with the corresponding nucleophile (0.25 mmol), DBU
(0.65 mmol), and ACN (2.5 mL). The mixture was brought to reflux, and CO2 was bubbled through
the solution for 10 minutes, prior to the addition of iminophosphorane (IMP). A solution
containing IMP (0.25 mmol) in ACN (2 mL) was added dropwise over one hour to the reaction

mixture. CO2 was bubbled continuously throughout the reaction until completion. The contents of
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the flask were concentrated under reduced pressure and re-suspended in 5 mL of DCM. The
solution was extracted with saturated aqueous NH4Cl (3 x 10 mL) and dried over magnesium
sulfate. The solvent was removed under reduced pressure and purified by flash column

chromatography using a 0-25% hexane/ethyl acetate gradient.

Note: Blocked isocyanate products (7-9, 11-12) and products of alkyl iminophosphoranes (22—
23, 25) use 2.5 mmol of nucleophile (10 equiv.) and are not subjected to solvent-solvent extraction
unless mentioned otherwise. The concentrated residue is immediately purified by flash column

chromatography using a 0-25% hexane/ethyl acetate gradient.

5.9.2.3. Synthesis of urea products

A flame dried flask was charged with an amine nucleophile (0.50 mmol), DBU (0.25 mmol), and
ACN (2.5 mL). CO2 was bubbled through this solution for 10 minutes, followed by the addition
of a solution containing iminophosphorane (0.25 mmol) in ACN (2 mL), added dropwise over 20
minutes at room temperature. The contents of the flask were concentrated under reduced pressure

and purified by flash chromatography using a 0-25% hexane/ethyl acetate gradient.

5.9.2.4. Synthesis of amides using Grignard reagents via blocked isocyanate
intermediates.

A flame dried round bottom flask was charged with the corresponding blocking nucleophile (2.5
mmol), DBU (0.65 mmol), and THF (2.5 mL). The mixture was brought to reflux, and CO2 was
bubbled through the solution for 10 minutes. A solution containing IMP (0.25 mmol) in THF (2
mL) was added dropwise over one hour to the reaction mixture. CO2 was bubbled continuously
throughout the reaction until completion. The reaction solution was sparged with argon for five
minutes and added dropwise to a cooled flask containing Grignard (5 mmol) dissolved in THF (2

mL). The reaction was left to stir overnight and quenched with methanol (15 mL). The contents of
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the flask were concentrated under reduced pressure, re-suspended in DCM, and extracted with
saturated aqueous NH4ClI (3 x 20 mL), water (3 x 15 mL) and brine (3 x 15 mL) and dried over
magnesium sulfate. The solvent was removed under reduced pressure and purified by flash column

chromatography using a 0-25% hexane/ethyl acetate gradient.

5.9.25. Synthesis of amides using phenylacetylene

A flame dried round bottom flask was charged with phenylacetylene (2.5 mmol) dissolved in THF
(5 mL) and cooled to -78 °C. n-Butyllithium (2.45 mmol) was added dropwise to the solution. The
solution was left to stir for 2 hrs. The reaction was brought to room temperature, and the contents
of this flask were added dropwise to a separate flask containing the prepared blocked isocyanate
using procedure 4. The reaction was left to stir at room temperature for 2 hours. The contents of
the flask were concentrated under reduced pressure, resuspended in DCM (5 mL), and extracted
with saturated aqueous ammonium chloride (3 x 15mL), water (3 x 15 mL), brine (1 x 15 mL) and
dried over magnesium sulfate. The product was purified by flash chromatography using a

hexane/ethyl acetate gradient.

5.9.2.6. Synthesis of amides using diethyl malonate

A flame dried round bottom flask was charged with diethylmalonate (10 mmol) and dissolved in
THF (5 mL). The flask was cooled to -78 °C, and LHMDS (2.45 mmol) was added dropwise. The
reaction was left to stir for 2 h. The solution was brought to room temperature, and 1.25 mL of the
solution was added to a separate flask that was charged with DBU (0.65 mmol) and THF (1.25
mL). The reaction was heated to reflux, and COz was bubbled into the reaction for 5 minutes. A
solution of IMP (0.25 mmol) in THF (2 mL) was added dropwise to the reaction mixture over 1

hr. CO2 was bubbled continuously into the reaction until completion. The contents of the flask

254



were concentrated under reduced pressure and purified by flash column chromatography using a

0-25% hexane/ethyl acetate gradient.

5.9.2.7. Deprotonation of alkyl iminophosphorane salts

The iminophosphorane salt (0.25 mmol) was added to a 5-mL flame dried round bottom flask and
dissolved in THF (2.5 mL). The flask was cooled to 0 °C using an ice-water bath, and KHMDS
was added to the solution (0.245 mmol). The reaction was left to stir for 5 minutes and brought to
room temperature for use.

5.9.2.8. Synthesis of carbon-11 radiolabeled products

Using the Synthra Melplus Research module (Figure S1), 400 uL of a DMF solution containing
iminophosphorane (28.29 umol), DBU (40 umol), and nucleophile (483 umol) were loaded into
reactor 1. DMF or ACN (1 mL) was loaded into vial Al. Carbon-11 (CO2) ([*!C]CO2), generated
by the bombardment of a gas target filled with pressurized N2/O2 mixture using a Siemens 11 MeV
cyclotron, at 55 pA for 2 minutes, and was directed to a steel coil cooled at -180 °C. The coil was
briefly flushed with He(g) prior to heating to 25 °C. [*1C]CO2 was bubbled into the reactor (at room
temperature unless otherwise stated) at 5 mL/min. The reactor was then heated to 100 °C for 10
minutes, and solvent from vial Al was added to the reactor to dilute the mixture. The solution was
transferred to a glass vial and analyzed by radioHPLC. Integration of radiation detector
chromatograms on analytical HPLC informed radiochemical yields, and products were identified
by co-injection of nonradioactive standards. Isolated yields were determined by decay correcting
the activity to the end of synthesis (EoS). Analytical HPLC conditions for radiolabeled products
(unless otherwise stated): flowrate of 1 mL/min; 50% ACN / 50% 0.1 M AMF for 2 minutes, then

gradient to 95% ACN / 5% 0.1 M AMF until 10 minutes, 95% ACN / 5% 0.1 M AMF until 12
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minutes, return to 50% ACN / 50% 0.1 M AMF until 13 minutes, then 2 minutes at 50% ACN /

50% 0.1 M AMF.

5.9.2.9. Radiosynthesis of [*1C]35

A solution of iminophosphorane 10 (2.19 umol in 200 pL of DMF) was prepared, and DBU (2.18
pmol) was added ten minutes prior to end-of-bombardment. The solution of iminophosphorane
and a solution of N-methyl-2-phenoxyethanamine (0.12 mmol in 200 umL of DMF) were loaded
into the reaction vessel and tightly sealed two minutes prior to end-of-bombardment. [*!C]CO:
was trapped at -180 °C. The trap was heated to 25 °C, and [*'C]CO2 was released under a stream
of helium at 3 mL/min to bubble into the reaction vessel until peak activity. The reactor was heated
to 100 °C for 1 min and quenched with 800 pL of H20. The solution was injected onto an HPLC
column for purification. HPLC conditions: Nucleodur C18 Pyramid 7 um, 250 x 10 mm eluted
with 30% ACN/70% 0.1 M AMF at 5 mL/min. The product was collected, and the identity was

established by co-injection with the non-radioactive standard using an analytical HPLC.

5.9.2.10. Radiosynthesis of [1!C]25b ([*1C]JURB694)

DMF was degassed using five freeze-thaw cycles prior to use. 2-Phenyl-1,4-dihydroquinone was
purified by flash column chromatography (0-25% hexanes/ethyl acetate) on the day of use. A
solution of iminophosphorane 1g (2.27 pmol in 100 pL of DMF, 0.01 mg/uL) was prepared, and
DBU (2.27 umol) was added two minutes prior to end-of-bombardment. The solution was mixed
under argon for one minute, and 25 pL of this solution was added to a vial containing 2-phenyl-
1,4-dihydroquinone (80.5 pmol) in 125 pL of DMF. This precursor solution was loaded into the
reaction vessel and tightly sealed. A stream of helium was swept through the reaction vessel after

loading. [**C]CO2 was trapped at -180 °C. The trap was heated to 25 °C, and [*!C]CO was released

256



under a stream of helium at 3 mL/min to bubble into the reaction vessel until peak activity. The
reactor was heated to 100 °C for 2 min and quenched with 800 pL of mobile phase. The solution
was injected onto an HPLC column for purification. HPLC conditions: Nucleodur C18 Pyramid 7
pm, 250 x 10 mm eluted with 70% MeOH/30% H20 containing 1% formic acid at 7 mL/min. The
product was collected, and the identity was established by co-injection with the cold standard using

an analytical HPLC.

5.9.2.11. Radiosynthesis pf [*1C]36 ([*C]Glibenclamide)

DMF was degassed using five freeze-thaw cycles prior to use. A solution of iminophosphorane 1g
(2.27 pmol in 100 pL of DMF) was prepared, and 27.5 pL of DABCO (1.22 pmol, 0.02 mg/ul
solution in DMF) was added two minutes prior to the end-of-bombardment. The solution was
stirred for 30 seconds, and 25 pL of this solution was added to the reactor. 5-Chloro-2-methoxy-
N-[2-(4-sulfamoylphenyl)ethyl]benzamide (40.66 pmol) was dissolved in 125 pL of DMF and
added to a Teflon sealed vial under inert atmosphere containing potassium tert-butoxide (40 pmol),
also mixed 2 minutes prior to the end-of-bombardment. The solution was loaded into the reaction
vessel and tightly sealed. A stream of helium was swept through the reaction vessel after loading.
[1!C]CO2 was trapped at -180 °C. The trap was heated to 25 °C, and [*'C]CO2 was released under
a stream of helium at 3 mL/min to bubble into the reaction vessel until peak activity. The reactor
was heated to 100 °C for 2 min and quenched with 800 puL of mobile phase. The solution was
injected onto an HPLC column for purification. HPLC conditions: Nucleodur C18 Pyramid 7 um,
250 x 10 mm eluted with 55% ACN/45% H20 containing 0.1% TFA at 5 mL/min for 10 minutes,
then switched to 75% ACN/25% H20 + 0.1% TFA for 3 minutes. The product was collected, and

the identity was established by co-injection with the cold standard using an analytical HPLC.
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5.9.3. Section 3: Experimental Data

5.9.3.1. 1b. 4-methoxy-N-(triphenylphosphanylidene)anilinium bromide
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5.9.3.2. 1c. 4-bromo-N-(triphenylphosphanylidene)anilinium bromide

Followed the general procedure (1), product obtained as a white solid (209 mg, yield 68%). *H-NMR (400
MHz, CDCl3): 6 10.65 (d, J = 8.5 Hz, 1H), 7.86—7.75 (m, 9H), 7.66—7.61 (m, 6 H), 7.20 (d, J = 8 Hz, 2H), 7.06
(d, J =8 Hz, 2H). 3C-NMR (100 MHz, CDCls): 137.3, 135.3 (d, / = 3 Hz), 134.1 (d, J = 11 Hz), 132.2, 130.1 (d,
J=14Hz),124.8(d,J =7 Hz), 120.5 (d, J = 103 Hz), 117.7. 3'P-NMR (162 MHz, CDCls):  32.99 (s, 1P), 29.24
(s, 1P, TPPO). MS (ESI+): Calculated C4H20NBrP as 432.0517, [M+H] found as 432.0504.
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5.9.3.3. 1d. 4-fluoro-N-(triphenylphoshanylidene)anilinium bromide

Followed the general procedure (1), product obtained as an off-white solid (44 mg, yield 17%). *H-NMR
(400 MHz, CDCl3): & 7.79 (m, 6H), 7.69 (m, 3H), 7.57 (m, 6H), 6.97 (m, 2H), 6.75 (m, 2H). 3C-NMR (100
MHz, CDCls): 159.0 (d, J =242 Hz), 134.3 (d, J =3 Hz), 133.7 (d, J = 11 Hz), 132.2 (d, /= 10 Hz), 129.7 (d, J =
13 Hz), 125.5 (dd, J = 9, 8 Hz), 123.6 (d, J = 101 Hz), 115.7 (d, J = 22 Hz). 3P-NMR (162 MHz, CDCls): § 34.32
(s, 1P). **F-NMR (376 MHz, CDCl3): -113.46 (s, 1F, amine), -117.38 (s, 1F). MS (ESI+): Calculated CasH20NFP
as 372.1317, [M+H] found as 372.1307.
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5.9.34. le. 4-nitro-N-(triphenylphosphanylidene)anilinium bromide

Followed the general procedure (1), product obtained as a yellow solid (230 mg, yield 80%). *H-NMR (400
MHz, CDCls): 6 7.95 (d, J = 12 Hz, 2H), 7.85-7.74 (m, 9H), 7.63 (m, 6H), 7.23 (s, 2H). *C-NMR (100 MHz,
CDCl3): 135.0, 133.6 (d, /= 11 Hz), 132.2 (d, /= 10 Hz), 132.1 (d, J = 3 Hz), 130.1 (d, J = 13 Hz), 128.6 (d, J =
12 Hz), 125.1, 121.4 (d, J = 10 Hz). 3'P-NMR (162 MHz, CDCls): & 30.38 (s, 1P), 29.21 (s, 1P, TPPO). MS
(ESI+): Calculated Ca4H20N,0,P as 399.1262, [M+H] found as 399.1248.
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5.9.35. 1f. 2-methyl-N-(triphenylphosphanylidene)anilinium bromide

Followed the general procedure (1), product obtained as a white solid (76 mg, yield 28%). *H-NMR (400
MHz, CDCls): & 10.11 (s, 1H), 7.80—7.58 (m, 9H), 7.59-7.54 (m, 6H), 7.04—6.98 (m, 2H), 6.89 (d, J = 1.5 Hz,
1H), 6.88 (d, J = 1.5 Hz, 1H), 2.18 (s, 3H). *C-NMR (100 MHz, CDCls): 137.4 (d, J = 6 Hz), 134.8 (d, J = 3 Hz),
134.1 (d, J =11 Hz), 131.3, 129.7 (d, J = 13 Hz), 127.7 (d, J = 138 Hz), 126.5, 122.1 (d, J = 104 Hz), 19.2. 3'P-
NMR (162 MHz, CDCl3): 6 34.87 (s, 1P), 29.24 (s, 1P, TPPO). MS (ESI+): Calculated CzsH,3NP as 368.1568,
[M+H] found as 368.1555.
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5.9.3.6. 1g. N-(triphenylphosphanylidene)cyclohexanaminium bromide

Followed the general procedure (1), product obtained as a white solid (147 mg, yield 56%). *H-NMR (400
MHz, CDCls): & 7.88-7.82 (m, 6H), 7.75-7.70 (m, 3H), 7.64-7.59 (m, 6H), 2.69 (m, 1H), 2.12—2.03 (m, 2H),
1.67 (d, J = 10.9 Hz, 4H), 1.42 (m, 1H), 1.18 (m, 1H), 0.92 (m, 2H). 3C-NMR (100 MHz, CDCl5): 134.6 (d, J =
3 Hz), 133.8 (d, J = 11 Hz), 129.8 (d, J = 13 Hz), 122.5 (d, J = 103 Hz), 54.5, 35.2 (d, J = 4 Hz), 25.9, 24.7. 3p-
NMR (162 MHz, CDCls): 6 35.60 (s, 1P). MS (ESI+): Calculated Cy4H,7NP as 360.1881, [M+H] found as
360.1879.
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5.9.3.7. 1h. tert-butyl(triphenylphosphanylidene)azanium bromide

Followed the general procedure (1), product obtained as a white solid (47 mg, yield 19%). *H-NMR (400
MHz, CDCl5): 6 7.94-7.89 (m, 6H), 7.71-7.67 (m, 3H), 7.62—7.58 (m, 6H), 7.17 (d, J = 6.9 Hz, 1H), 1.29 (s,
9H). 3C-NMR (100 MHz, CDCls): 134.5 (d, J = 3 Hz), 134.0 (d, J = 11 Hz), 129.7 (d, J = 13 Hz), 123.1 (d, J =
102 Hz), 56.6, 32.3. *'P-NMR (162 MHz, CDCls): 6 31.44 (s, 1P). MS (ESI+): Calculated C2;H2sNP as 334.1725,
[M+H] found as 334.1703.

129
I

T T T T T T T T T T T T T T T T T T
.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.0 25 2.0 15 1.0 0.5 0.0 -0.5

4.0
f1 (ppm)

272



6C°CE— =

6595 — -

T
80
f1 (ppm)

90

T
100

brIE—

S9TTTI~ -
'ETT"
29621

€621 —_—
T6°EET
66°€ET
05°bET
ESVET

30

273

-10 -20 -30 -40 -50 -60 -70 -80 -90 -10

f1 (ppm)




5.9.3.8. 1i. [(furan-2-yl)methyl](triphenylphosphanylidene)azanium bromide

Followed the general procedure (1), product obtained as a white solid (142 mg, yield 54%). *H-NMR (400
MHz, CDCl3): 6 8.61 (m, 1H), 7.82—7.76 (m, 6H), 7.74-7.69 (m, 3H), 7.61-7.57 (m, 6H), 7.00 (dd, J= 1.9, 0.8
Hz, 1H), 6.36 (dd, J = 3.3, 0.8 Hz, 1H), 6.17 (dd, J = 3.3, 1.8 Hz, 1H), 4.24 (dd, J = 16.2, 6.8 Hz, 2H). 3C-NMR
(100 MHgz, CDCl5): 151.5, 141.6, 134.7 (d, J = 3 Hz), 133.8 (d, / = 11 Hz), 129.8 (d, J = 13 Hz), 121.6 (d, J =
103 Hz), 111.0, 109.7, 38.3. 3'P-NMR (162 MHz, CDCls): & 38.42 (s, 1P). MS (ESI+): Calculated Cy3H,1NPO
as 358.1361, [M+H] found as 358.1364.
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5.9.3.9. 1j. [2-(5-methoxy-1H-indol-3-yl)ethyl](triphenylphosphanylidene)azanium
bromide

Followed the general procedure (1), product obtained as a white solid (143 mg, yield 45%). *H-NMR (400
MHz, CDCl5): 6 8.98 (d, J = 2.5 Hz, 1H), 7.70 (m, 1H), 7.63-7.53 (m, 9H), 7.46-7.41 (m, 6H), 7.27 (m, 1H),
7.00 (dd, J = 2.4 Hz, 1H), 6.74 (s, 1H), 3.74 (s, 3H), 3.27 (m, 2H), 3.13 (t, J = 6.5 Hz, 2H). *C-NMR (100 MHz,
CDCls): 153.8, 134.6 (d, J =3 Hz), 133.5(d, /=11 Hz), 131.5, 129.7 (d, /= 13 Hz), 127.8, 124.4,121.5(d, J =
103 Hz), 112.4, 111.7, 111.5, 100.5, 56.2, 43.3, 27.1 (d, J = 7 Hz). 3!P-NMR (162 MHz, CDCls): 6 37.61 (s,
1P). MS (ESI+): Calculated Cy9H,sN>PO as 451.1939, [M+H] found as 451.1922.
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5.9.3.10. 1K. (1-methoxy-1-ox0-3-phenylpropan-2-
yl)(triphenylphosphanylidene)azanium bromide

Followed the general procedure (1), product obtained as a white solid (78 mg, yield 25%). *H-NMR (400
MHz, CDCls): 6 8.61 (s, 1H), 7.66 (m, 3H), 7.51 (m, 12H), 7.31 (m, 2H), 7.22 (m, 3H), 3.75 (m, 1H), 3.55 (s,
3H), 3.46 (m, 1H), 3.24 (m, 1H). 3C-NMR (100 MHz, CDCl3): 171.8, 137.9, 134.7 (d, /=3 Hz), 134.1 (d, J =
11 Hz), 130.2, 129.6 (d, /= 13 Hz), 128.6, 126.9, 121.2 (d, J = 104 Hz), 58.8 (d, /=3 Hz), 52.6,37.8 (d, /=8
Hz). 3'P-NMR (162 MHz, CDCls): & 39.06 (s, 1P), 22.21 (s, 1P, TPPO). MS (ESI+): Calculated CysH2;NPO, as
440.1779, [M+H] found as 440.1785.
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5.9.3.11. 11. [(4-fluorophenyl)methyl](triphenylphosphanylidene)azanium bromide

Followed the general procedure (1), product obtained as a white solid (100 mg, yield 36%). *H-NMR (400
MHz, CDCls): & 8.79 (m, 1H), 7.79-7.70 (m, 9H), 7.60-7.56 (m, 6H), 7.18-7.13 (m, 2H), 6.84—6.78 (m, 2H),
4.25 (dd, J = 15.8, 7.3 Hz, 2H). 3C-NMR (100 MHz, CDCl3): 162.1 (d, J = 246 Hz), 134.8 (d, J = 3 Hz), 134.4
(dd,J=3,3),133.7(d, /= 11 Hz), 130.1, 129.9 (d, J = 13 Hz), 121.6 (d, J = 102 Hz), 115.2 (d, J = 21 Hz), 45.0.
31P-NMR (162 MHz, CDCls): 6 38.40 (s, 1P). **F-NMR (376 MHz, CDCls): -115.02 (s, 1F). MS (ESI+): Calculated
C2sH22NPF as 386.1474 [M+H] found as 386.1492.
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5.9.3.12. 1m. 4-chloro-3-(trifluoromethyl)-N-(triphenylphosphanylidene)anilinium
bromide

Followed the general procedure (1), product obtained as a white solid (171 mg, yield 53%). *H-NMR (400
MHz, CDCls): 6 10.86 (d, / = 7.8 Hz, 1H), 7.83—-7.74 (m, 9H), 7.64—7.59 (m, 6H), 7.54 (dd, / = 8.7, 2.6 Hz, 1H),
7.22(d, J=8.5Hz, 1H), 7.12 (d, J = 2.4 Hz, 1H). 3C-NMR (100 MHz, CDCl3): 137.0 (d, J = 2 Hz), 135.5 (d, J =
3 Hz), 133.9 (d, /= 11 Hz), 132.2, 130.2 (d, J = 13 Hz), 128.4 (m), 127.9 (d, J = 7 Hz), 127.7 (d, J = 6 Hz), 122.1
(q,J=274Hz), 121.7 (quin, J = 6 Hz), 119.8 (d, J = 102 Hz). 3'P-NMR (162 MHz, CDCls): 6 34.35 (s, 1P), 30.59
(s, 1P, TPPO). °F-NMR (376 MHz, CDCls): -63.11 (s, 3F). MS (ESI+): Calculated CasH1oNFsPCl as 456.0896,
[M+H] found as 456.0886.
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5.9.3.13. 1n. benzyl(triphenylphosphanylidene)azanium bromide

Followed the general procedure (1), product obtained as a white solid (199 mg, yield 74%). *H-NMR (400
MHz, CDCls): § 8.72 (m, 1H), 7.74 (m, 9H), 7.57 (m, 6H), 7.18 (m, 2H), 7.13 (m, 3H), 4.28 (dd, J = 15.9, 7.3
Hz, 2H). 1*C-NMR (100 MHz, CDCls): 138.5 (d, J = 3 Hz), 134.7 (d, J = 3 Hz), 133.8 (d, /= 11 Hz), 129.9 (d, J =
13 Hz), 128.4, 128.3, 127.4, 121.7 (d, J = 103 Hz), 45.7. 3'P-NMR (162 MHz, CDCls): 6 38.56 (s, 1P), 29.15
(s, 1P, TPPO). MS (ESI+): Calculated CsH23NP as 368.1568, [M+H] found as 368.1574.
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5.9.3.14. lo. [2-(diethylamino)ethyl](triphenylphosphanylidene)azanium bromide

Followed the general procedure (1), product obtained as a sticky yellow solid (113 mg, yield 41%). *H-NMR
(400 MHz, CDCls): 6 7.83-7.71 (m, 9H), 7.65-7.60 (m, 6H), 3.29 (q, / = 8.0, 7.1 Hz, 2H), 2.91 (t, /= 7.1 Hz,
2H), 2.60 (q, J = 7.4 Hz, 4H), 0.99 (t, J = 7.2 Hz, 6H). 3C-NMR (100 MHz, CDCl3): 134.9 (d, J = 3 Hz), 133.6
(d, J =11 Hz), 130.0 (d, J = 13 Hz), 121.3 (d, J = 103 Hz), 53.1, 47.4, 39.8, 10.8. 3'P-NMR (162 MHz, CDCls):
638.27 (s, 1P), 29.14 (s, 1P, TPPO). MS (ESI+): Calculated CaaH30N,P as 377.2147, [M+H] found as 377.2166.
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5.9.3.15. 4. benzyl N-phenylcarbamate

Followed the general procedure (2), product obtained as a white powder (23 mg, yield 84%). *H-NMR (400

MHz, CDCls): & 7.43-7.29 (m, 9H), 7.07 (m, 1H), 6.66 (s, 1H), 5.21 (s, 2H). MS (ESI+): Calculated C14H13NO,
as 227.09, [M+H] found as 228.02. Characterized in accordance with the literature.®
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5.9.3.16. 5. propan-2-yl N-phenylcarbamate

Followed the general procedure (2), product obtained as a white powder (41 mg, yield 91%). *H-NMR (400
MHz, CDCls): 6 7.36 (d, 2H), 7.28 (m, 2H), 7.03 (m, 1H), 6.51 (s, 1H), 5.00 (sept, J = 6.4 Hz, 1H), 1.28 (d, J =
6.3 Hz, 6H). MS (ESI+): Calculated CioH13NO, as 179.09, [M+H] found as 180.08. Characterized in

accordance with the literature.?
CLR L
NJLO
H

NNNNNNNNNNNNNNNNNNNNNNNNNNNN

129
<127

3

—e —J ,__/‘.“
o T T )
28 3 5 ] 5
3] 2 3 2 3
T T T T T T T T T T T T T T T T T T T ]
0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 00 05 -1
f1 (ppm)

291



5.9.3.17. 6. 2-(4-methoxyphenyl)ethyl N-phenylcarbamate

Followed the general procedure (2), product obtained as a white powder (64 mg, yield 94%). *H-NMR (400
MHz, CDCls): & 7.36 (d, 2H), 7.30 (m, 2H), 7.17 (m, 2H), 7.06 (m, 1H), 6.86 (m, 2H), 6.59 (s, 1H), 3.36 (dd,
2H), 3.80 (s, 3H), 2.94 (dd, 2H). 3C-NMR (100 MHz, CDCls): 158.5, 137.9, 130.0, 129.9, 129.2, 123.6, 118.8,
114.1, 66.0, 55.4, 34.7. MS (ESI+): Calculated C16H17NO3Na as 294.1106, [M+H] found as 294.1088.
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5.9.3.18. 7. tert-butyl N-phenylcarbamate

Followed the general procedure (2), using 10 equiv. of tert-butyl alcohol. Product obtained as a white
powder (40 mg, yield 83%). *H-NMR (400 MHz, CDCl5): & 7.36 (m, 2H), 7.29 (m, 2H), 7.03 (dt, J = 7.5, 1.2

Hz, 1H), 6.45 (s, 1H), 1.52 (s, 9H). MS (ESI+): Calculated C11H1sNO; as 193.11, [M+H] found as 194.14.
Characterized in accordance with the literature.?
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5.9.3.19. 8. phenyl N-phenylcarbamate

Followed the general procedure (2), using 10 equiv. of phenol. Product obtained as a white powder (40
mg, yield 75%). *H-NMR (400 MHz, CDCls): & 7.45 (d, J = 7.8 Hz, 2H), 7.41 (m, 2H), 7.35 (m, 2H), 7.25 (m,
1H), 7.21 (m, 1H), 7.20 (m, 1H), 7.12 (dt, J = 7.2, 1.3 Hz, 1H), 6.96 (s, 1H). MS (ESI+): Calculated C13H11NO;
as 213.08, [M+H] found as 214.26. Characterized in accordance with the literature.*
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5.9.3.20. 9. N-phenyl-1-(phenylsulfanyl)formamide

Followed the general procedure (2), using 10 eqv. of thiophenol. Product obtained as a white powder
(43.5 mg, yield 76%). 'H-NMR (400 MHz, CDCls): § 7.62 (m, 2H), 7.46 (m, 3H), 7.37 (dd, J = 8.7, 1.3 Hz, 2H),
7.30 (dd, J=8.7,7.2 Hz, 2H), 7.11 (m, 1H), 7.05 (s, 1H). MS (ESI+): Calculated C13H1:NOS as 229.06, [M+H]
found as 230.11. Characterized in accordance with the literature.®
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5.9.3.21. 10. 1-(naphthalen-2-ylsulfanyl)-N-phenylformamide

Followed the general procedure (2), using 10 equiv. of 2-napthalenethiol product obtained as a white
powder (49 mg, yield 70%). *H-NMR (400 MHz, DMSO): & 10.63 (s, 1H), 8.19 (dd, J = 13.6, 1.9 Hz, 1H), 8.02
(m, 3H), 7.63 (m, 3H), 7.56 (m, 2H), 7.36 (m, 2H), 7.11 (m, 1H). **C-NMR (100 MHz, DMSO0): 162.9, 138.8,
134.7, 133.0, 132.7, 132.0, 128.9, 128.3, 127.8, 127.6, 127.2, 126.7, 125.6, 123.6, 119.1. MS (ESI+):
Calculated C17H13NOS as 279.07, [M+H] found as 280.26. Characterized in accordance with the literature.®
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5.9.3.22. 11. N-phenyl(benzylsulfanyl)formamide

Followed the general procedure (2), product obtained as a white powder (66.5 mg, yield 86%). *H-NMR
(400 MHz, CDCl3): & 7.40 (m, 3H), 7.35 (m, 2H), 7.31 (m, 3H), 7.26 (m, 1H), 7.12 (m, 1H), 7.06 (s, 1H), 4.23
(s, 2H). *C-NMR (100 MHz, CDCl5): 165.5, 138.1, 137.8, 129.3, 129.0, 128.8, 127.5, 124.7, 120.0, 34.6. MS
(ESI+): Calculated Ci4H13NOS as 243.07, [M+H] found as 244.13. Characterized in accordance with the
literature.®
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5.9.3.23. 12. 3-tert-butyl-3-methyl-1-phenylurea

Followed the general procedure (3), product obtained as a white powder (40 mg, yield 78%). *H-NMR (400
MHz, CDCls): & 7.29 (m, 4H), 7.00 (m, 1H), 6.19 (s, 1H), 2.97 (s, 3H), 1.45 (s, 9H). MS (ESI+): Calculated
C12H1sN,0 as 206.14, [M+H] found as 207.14. Characterized in accordance with the literature.®
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5.9.3.24.

13. 1,3-diethyl 2-(phenylcarbamoyl)propanedioate

Followed the general procedure (6), product obtained as a white powder (57 mg, yield 82%). *H-NMR (400
MHz, CDCls): 6 9.31 (s, 1H), 7.57 (dd, J = 8.7, 1.7 Hz, 2H), 7.34 (m, 2H), 7.14 (m, 1H), 4.45 (s, 1H), 4.31 (dq,
J=7.1,1.3 Hz, 4H), 1.32 (t, J = 7.1 Hz, 6H). 3C-NMR (100 MHz, CDCl5): 166.12, 160.17, 137.51, 129.36,
125.20, 120.50, 63.31, 59.95, 14.29. MS (ESI+): Calculated Ci4H17NOsNa as 302.1004, [M+H] found as

302.0982. Characterized in accordance with the literature.”
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5.9.3.25. 14. N-phenylbenzamide

Followed the general procedure (4), product obtained as a white powder (31 mg, yield 63%). *H-NMR (400
MHz, CDCls): & 7.87 (m, 3H), 7.65 (m, 2H), 7.55 (m, 1H), 7.48 (m, 2H), 7.38 (m, 2H), 7.16 (dt, J = 7.1, 1.2 Hz,

1H). MS (ESI+): Calculated Cy3H1:NO as 197.08, [M+H] found as 198.16. Characterized in accordance with
the literature.®
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5.9.3.26. 15. N-phenylacetamide

Followed the general procedure (4), product obtained as a white solid (32 mg, yield 65%). *H-NMR (400
MHz, CDCl3): 6 8.61 (s, 1H), 7.41 (dd, J = 8.6, 1.2 Hz, 2H), 7.24 (dd, J = 8.6, 7.3 Hz, 2H), 6.93 (dt, J= 7.3, 1.2
Hz, 1H), 3.31 (s, 3H). MS (ESI+): Calculated CgH9sNO as 135.07, [M+H] found as 136.14. Characterized in
accordance with the literature.’
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5.9.3.27.

16. N,3-diphenylprop-2-ynamide

Followed the general procedure (5), product obtained as a brown solid (41.5 mg, yield 75%). *H-NMR (400
MHz, CDCl3): & 7.58 (m, 4H), 7.45 (m, 1H), 7.38 (m, 4H), 7.15 (t, J = 7.4 Hz, 1H). MS (ESI+): Calculated
C1sH11NO as 221.08, [M+H] found as 222.09. Characterized in accordance with the literature.®
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5.9.3.28. 17. benzyl N-(4-methoxyphenyl)carbamate

Followed the general procedure (2), product obtained as a white powder (53 mg, yield 82%). *H-NMR (400
MHz, CDCls): & 7.40-7.32 (m, 5H), 7.30=7.26 (m, 2H), 6.83 (m, 2H), 6.51 (s, 1H), 5.17 (s, 2H), 3.76 (s, 3H).
MS (ESI+): Calculated Ci5H1sNOs as 257.11, [M+H] found as 258.20. Characterized in accordance with the
literature.!
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5.9.3.20.

18. benzyl N-(4-bromophenyl)carbamate

Followed the general procedure (2), product obtained as a white powder (64 mg, yield 83%). *H-NMR (400
MHz, CDCls): 6 7.42 (m, 1H), 7.39 (m, 5H), 7.35 (m, 1H), 7.28 (d, J = 8.5 Hz, 2H), 6.65 (s, 1H), 5.20 (s, 2H).
MS (ESI+): Calculated C14H12BrNO; as 305.01, [M+H] found as 306.19. Characterized in accordance with

the literature.?
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5.9.3.30. 19. benzyl N-(4-fluorophenyl)carbamate

Followed the general procedure (2), product obtained as a white powder (35 mg, yield 57%). *H-NMR (400
MHz, CDCls): & 7.41-7.32 (m, 7H), 7.00 (m, 2H), 6.70 (s, 1H), 5.20 (s, 2H). °F-NMR (376 MHz, CDCls): -
119.42 (s, 1F). MS (ESI+): Calculated Ci4H1,FNO; as 245.09, [M+H] found as 246.06. Characterized in
accordance with the literature.!
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5.9.3.31. 21. benzyl N-(2-methylphenyl)carbamate

Followed the general procedure (2), product obtained as a white powder (51 mg, yield 84%). *H-NMR (400
MHz, CDCl3): & 7.83 (s, 1H), 7.44-7.34 (m, 5H), 7.22 (m, 1H), 7.16 (d, J = 7.5 Hz, 1H), 7.03 (dt, J = 7.4, 1.3
Hz, 1H), 6.46 (s, 1H), 5.22 (s, 2H), 2.24 (s, 3H). *C-NMR (100 MHz, CDCl5): 153.8, 136.2, 135.9, 130.5, 128.8,
128.5,128.5,127.1,124.3, 121.1, 67.3, 17.8. MS (ESI+): Calculated CisH1sNO, as 241.11, [M+H] found as
242.17. Characterized in accordance with the literature.?

2.24

00
5.48
115+,
111
111
1.00
230=

339

T T T T T T T T T
0 85 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0
f1 (ppm)

311



wia—

STL9—

vrTe
NS
S0zt
15621\
vS'8e1
mgd\
bS0ET
68'SET~
woer”

6LEST—

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

170

312



5.9.3.32. 22. [(1,1'-biphenyl)-4-ylJmethyl N-cyclohexylcarbamate

Followed the general procedure 7, then procedure 2, using 10 equiv. of 4-biphenylmethanol. The reaction
was performed at reflux temperature in THF (2.5 mL). DBU was not used. Product obtained as a white
powder (64 mg, yield 82%). *H-NMR (400 MHz, CDCl3): & 7.59 (d, J = 8.4 Hz, 4H), 7.44 (m, 4H), 7.35 (m,
1H), 5.13 (s, 2H), 4.66 (s, 1H), 3.52 (s, 1H), 1.95 (m, 2H), 1.71 (dt, J = 13.5, 3.9 Hz, 2H), 1.61 (m, 2H), 1.36
(m, 2H), 1.15 (m, 2H). *C-NMR (100 MHz, CDCls): 155.7, 141.2, 140.9, 135.9, 128.9, 128.8, 127.5, 127.4,
127.3, 66.4, 50.1, 33.6, 25.6, 24.9. MS (ESI+): Calculated Cy0H,3NO;Na as 332.1626, [M+H] found as
332.1635.
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5.9.3.33. 23. 1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl N-tert-butylcarbamate

Followed the general procedure 7, then procedure 2 using 10 equiv. of N-hydroxypthalimide (NHP). NHP
was dissolved in THF (2.5) mL, and 10 equiv. of NEt; was added. The reaction was performed at reflux
temperature in THF (2.5 mL). DBU was not used. The solvent was removed under reduced pressure, and
the residue was dissolved in 10 mL of DCM. Solvent extraction was performed, and the organic layer was
extracting using saturated aqueous NH4Cl (3 x 5 mL), 10% Na;CO; (2 x 5 mL), and water (2 x 5 mL). The
solvent was removed under reduced pressure, and the product was purified by flash chromatography
using silica gel (0-25% hexane/ethyl acetate). Product obtained as a white powder (54 mg, yield 81%). *H-
NMR (400 MHz, CDCls): 6 7.88 (dd, J = 5.4, 3.1 Hz, 2H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 5.22 (s, 1H), 1.39 (s,
9H). 3C-NMR (100 MHz, CDCl3): 162.9, 150.1, 134.8, 129.1, 124.0, 52.4, 28.7. MS (ESI+): Calculated
Ci3H14N204 as 262.10, [M+H] found as 263.11.
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5.9.3.34. 24. 3-tert-butyl-1-[(furan-2-yl)methyl]-3-methylurea

Followed the general procedure (3), product obtained as a white powder (37.5 mg, yield 71%). *H-NMR
(400 MHz, CDCl5): 6 7.35 (dd, J=1.9, 0.9 Hz, 1H), 6.31 (dd, J = 3.2, 1.9 Hz, 1H), 6.21 (dd, /=3.2, 0.8 Hz, 1H),
4.56 (s, 1H), 4.37 (dd, J=5.3, 0.7 Hz, 2H), 2.82 (s, 3H), 1.40 (s, 9H). **C-NMR (100 MHz, CDCl5): 158.9, 153.1,
142.0, 110.5, 106.9, 55.9, 38.0, 31.9, 29.1. MS (ESI+): Calculated C;;H1sN>0O>Na as 233.1266, [M+H] found
as 233.1261.
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5.9.3.35. 25. 5-hydroxy-(1,1'-biphenyl)-2-yl N-cyclohexylcarbamate

Followed the general procedure 7, then procedure 2 using 10 equiv. of 2-phenyl-1,4-dihydroquinone. The
reaction was performed at reflux temperature in THF (2.5 mL). DBU was not used. The obtained product
was hydrolyzed in accordance with the literature, and a mixture of isomers was obtained (186 mg, yield
60%). Isomers were separated by prep-HPLC using a Phenomenex C18, 10 uM, 250 x 10 column with 70:30
MeOH/H,O + 1% formic acid at 10 mL/min. Obtained isomer 1 (N-5-hydroxy-[1,1'-biphenyl]-2-yl
cyclohexylcarbamate) as a white powder (160 mg, 85%), obtained isomer 2 (N-6-hydroxy-[1,1'-biphenyl]-
3-yl cyclohexylcarbamate; URB694) as a white powder (26.5 mg, 14%). Isomer 1 *H-NMR (400 MHz, CDCls):
& 7.36 (m, 4H), 7.31 (m, 1H), 6.93 (d, J = 8.7 Hz, 1H), 6.71 (d, J = 3.0 Hz, 1H), 6.60 (dd, J = 8.7, 3.0 Hz, 1H),
6.19 (s, 1H), 4.78 (d, J = 8.4 Hz, 1H), 3.44 (m, 1H), 1.83 (dd, / = 12.6, 4.1 Hz, 2H), 1.68-1.56 (m, 4H), 1.31
(m, 2H), 1.10 (m, 2H). MS (ESI+): Calculated CisH2:NO; as 311.15, [M+H] found as 312.20. Isomer 2 'H-
NMR (400 MHz, CDCls): & 7.45 (d, J = 4.3 Hz, 4H), 7.37 (m, 1H), 6.98 (m, 2H), 6.89 (d, J = 8.5 Hz, 1H), 4.87
(d,J=8.2 Hz, 1H), 3.53 (m, 1H), 1.99 (d, J = 12.3 Hz, 2H), 1.72 (m, 2H), 1.69 (m, 2H), 1.35 (m, 2H), 1.20 (m,
2H). MS (ESI+): Calculated Ci9H21NO3 as 311.15, [M+H] found as 312.18. Characterized in accordance with
the literature.?
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5.9.3.36. 26. N-[2-(5-methoxy-1H-indol-3-yl)ethyl]acetamide

Followed the general procedure 7, then procedure 4. Flash column chromatography at 0-80%
hexanes/ethyl acetate. Product obtained as a brown oil (42 mg, yield 72%). *H-NMR (400 MHz, CDCls): &
8.32 (s, 1H), 7.23 (d, J = 8.8 Hz, 1H), 6.99 (dd, J = 17.0, 2.4 Hz, 2H), 6.85 (dd, J = 8.8, 2.5 Hz, 1H), 5.67 (s,
1H), 3.83 (s, 3H), 3.56 (dt, J = 6.5 Hz, 2H), 2.91 (t, J = 6.8 Hz, 2H), 1.90 (s, 3H). MS (ESI+): Calculated
Ci13H16N20; as 232.12, [M+H] found as 233.15. Characterized in accordance with the literature.?
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5.9.3.37. 27. methyl 2-acetamido-3-phenylpropanoate

Followed the general procedure 7, then procedure 4. Product obtained as a white powder (46.5 mg, yield
84%). 'H-NMR (400 MHz, CDCls): & 7.32—7.23 (m, 3H), 7.09 (m, 2H), 5.89 (d, J = 7.8 Hz, 1H), 4.90 (dt, J =
7.8, 5.7 Hz, 1H), 3.73 (s, 3H), 3.13 (m, 2H), 1.99 (s, 3H). MS (ESI+): Calculated C1,H1sNOs as 221.11, [M+H]
found as 222.09. Characterized in accordance with the literature.™
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5.9.3.38. 28. N-[(4-fluorophenyl)methyl]acetamide

Followed the general procedure 7, then procedure 4. Product obtained as a white powder (30.5 mg, yield
73%). 'H-NMR (400 MHz, CDCls): & 7.25 (m, 2H), 7.02 (m, 2H), 5.75 (s, 1H), 4.40 (d, J = 5.8 Hz, 2H), 2.03 (s,
3H). 3C-NMR (100 MHz, CDCls): 170.0, 162.3 (d, J = 246 Hz), 134.2 (d, J = 3 Hz), 129.6 (d, J = 8 Hz), 115.7
(d, J = 21 Hz), 43.1, 23.4. F-NMR (376 MHz, CDCls): -115.00 (s, 1F). MS (ESI+): Calculated CoH1oFNO as
167.07, [M+H] found as 167.94. Characterized in accordance with the literature.!*
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5.9.3.39. 29. 4-[4-({[4-chloro-3-(trifluoromethyl)phenyl]carbamoyl}amino)-3-
fluorophenoxy]-N-methylpyridine-2-carboxamide

Followed the general procedure (3) to obtain the urea derived from N-tert-butylmethylamine. The
intermediate was dissolved in toluene (0.25 M), and 1.5 equiv. of 4-(4-amine-3-fluorophenoxy)-N-
methylpicolinamide was added. The reaction was heated to reflux until completion. Flash column
chromatography performed using a gradient of 0-10% DCM/MeOH. The product was obtained as a white
powder (85 mg, yield 71%). *H-NMR (400 MHz, CDCl3): & 9.54 (s, 1H), 8.80 (m, 1H), 8.76 (s, 1H), 8.53 (dd,
1H), 8.16 (m, 2H), 7.63 (m, 2H), 7.42 (dd, J = 2.7, 0.5 Hz, 1H), 7.35 (dd, J = 11.6, 2.7 Hz, 1H), 7.19 (dd, J =
5.6, 2.6 Hz, 1H), 7.08 (ddd, J = 8.9, 2.7, 1.3 Hz, 1H), 2.79 (d, J = 4.8 Hz, 3H). *F-NMR (376 MHz, CDCls): -
61.50 (s, 3F), -124.38 (s, 1F). MS (ESI+): Calculated C,;H;1sCIF4N4O3 as 482.08, [M+H] found as 483.14.
Characterized in accordance with the literature.?®
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5.9.3.40. 30. 1-[(3-methoxyphenyl)methyl]-3-phenylurea

Followed the procedure described by Murray et a

[M+H] found as 279.1128.

product obtained as a white powder (56 mg, yield
88%). 'H-NMR (400 MHz, CDCl3): § 7.29 (m, 4H), 7.22 (t, J = 7.8 Hz, 1H), 7.07 (m, 1H), 6.82 (m, 3H), 6.66 (s,
1H), 5.31 (s, 1H), 4.37 (s, 2H), 3.76 (s, 3H). 3C-NMR (100 MHz, CDCl5): 159.9, 156.8, 140.8, 138.9, 129.7,
129.1, 123.2, 120.4, 119.4, 112.7, 112.7, 55.2, 43.9. MS (ESI+): Calculated CisH16N202Na as 279.1109,
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5.9.3.41.

31. benzyl N-benzylcarbamate

Followed the general procedure (2), product obtained as a white powder (43 mg, yield 72%). *H-NMR (400
MHz, CDCls): & 7.33 (m, 10H), 5.14 (s, 2H), 5.09 (s, 1H), 4.40 (d, J = 6.0 Hz, 2H). MS (ESI+): Calculated
C1sH1sNO; as 241.11, [M+H] found as 242.17. Characterized in accordance with the literature.?
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5.9.3.42. 32. 4-methoxyphenyl N-benzylcarbamate

Followed the procedure described by Kratky M. et al.,*” product obtained as a white powder (81 mg, yield
92%). 'H-NMR (400 MHz, CDCl3): 6 7.34 (m, 5H), 7.06 (m, 2H), 6.87 (m, 2H), 5.29 (s, 1H), 4.46 (d, J = 6.0
Hz, 2H), 3.79 (s, 3H). MS (ESI+): Calculated CisH1sNOs as 257.11, [M+H] found as 258.16. Characterized in

accordance with the literature.*®
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5.9.3.43. 33. phenyl N-[2-(5-methoxy-1H-indol-3-yl)ethyl]carbamate

Followed the procedure described by Zhou Y. et al.,'° product obtained as a light yellow solid (60 mg, yield
74%). *H-NMR (400 MHz, CDCl5): 6 7.98 (s, 1H), 7.35 (dd, J = 8.5, 7.3 Hz, 2H), 7.26 (d, J = 9.0 Hz, 1H), 7.19
(m, 1H), 7.09 (m, 4H), 6.89 (dd, J = 8.8, 2.4 Hz, 1H), 5.12 (s, 1H), 3.87 (s, 3H), 3.62 (dt, J = 6.5 Hz, 2H), 3.03
(m, 2H). 3C-NMR (100 MHz, CDCls): 154.8, 154.3, 151.2, 131.7, 129.4, 127.8, 125.4, 123.0, 121.7, 112.7,
112.6, 112.2, 100.6, 56.1, 41.5, 25.7. MS (ESI+): Calculated CigH1sN2OsNa as 333.1215, [M+H] found as
333.1205.
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5.9.3.44. 34. N-[(furan-2-yl)methyl](benzylsulfanyll)formamide

Followed the procedure described by Zhou et al.,*® product obtained as a white powder (63 mg, yield
25%). 'H-NMR (400 MHz, CDCl5): § 7.32 (m, 5H), 7.24 (m, 1H), 6.32 (dd, J = 3.2, 1.9 Hz, 1H), 6.24 (m, 1H),
5.62 (s, 1H), 4.48 (d, J = 5.6 Hz, 2H), 4.18 (s, 2H). *C-NMR (100 MHz, CDCls): 150.7, 142.6, 138.3, 129.0,

128.7, 127.4, 110.6, 108.0, 38.3, 34.4. MS (ESI+): Calculated C13H13NO>SNa as 270.0565, [M+H] found as
270.0571.
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5.9.3.45. 35. 3-[2-(diethylamino)ethyl]-1-methyl-1-(2-phenoxyethyl)urea

Followed the procedure described by Zhou et al.,'® product obtained as an oil (42 mg, yield 27%). *H-NMR
(400 MHz, CDCl3): 6 7.27 (m, 2H), 6.92 (m, 3H), 5.40 (s, 1H), 4.10 (t, J = 5.3 Hz, 2H), 3.67 (t, J = 5.3 Hz, 2H),
3.27 (m, 2H), 2.99 (s, 3H), 2.56 (m, 2H), 2.52 (m, 4H), 1.00 (t, J = 7.1 Hz, 6H). MS (ESI+): Calculated
Ci6H27N30; as 293.21, [M+H] found as 294.24. Characterized in accordance with the literature.?®
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5.9.4. Section 4: Radiochemistry

The peaks indicated by solid arrows are present in the chromatograms following co-injection of products
with additional nonradioactive standard. The differences in elution times are due to UV-Vis and radiation
detectors placed in series, and in all cases were consistent with delays observed at the time of acquisition.
Due to modifications of the radioHPLC system, these delays have varied over the course of this project.

Example calculations:

S
N~ N~ 0o
H H
cl
N

MeO

RCY: 75 + 14%, TE: 99%
n=2

Radiochemical Yield (RCY) determined based on integration of the peaks by radioHPLC.

F—t—ttr — =ttt Y
0123 456 7 8 91011121314 1516 17 18 19 20
Time (min)
Retention Time Area (uV*sec) % Area d.c. Area d.c. % Area
(min)
4.614 5,426,465 15.60% 6,350,537 12%
10.275 905,203 2.60% 1,284,783 2%
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13.927

28,444,819

81.79%

45,723,732

86%

Trapping Efficiency (TE) determined based on the activity readings collected at the reactor and the CO;

trap.

TE

trap

d.c Aeact
= &€ Areactor 1009 =

640 mCi at 18:01

690 mCi at 17:59

x100% =

685 mCi at 17:59

690 mCi at 17:59

x100% = 99%
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Molar Activity (Au) determined according to the activity concentration at end of synthesis.

Areayy = 48,108
n = Areayy / 298165700.87 umol*
= 48108 / 298165700.87 umol?

=0.0001613 pmol

Activity concentration:
Injection volume:
Activity injected:

Decay-corrected activity injected:

Am = activity injected / n
=0.26 x 103 Ci/ 1.61 x 10" umol
=1.61 Ci-umol*

=59.57 GBg-umol™ at end of synthesis

(according to calib. curve of glibencamide, see Section 5)

19.14 mCi/mL @

10 pL
0.19 mCi

0.26 mCi/mL

@
@

18:36

18:36

18:27
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0
5.9.4.1. [*1C]4 (benzyl N-phenylcarbamate) ©\N1’12\0/\©
H

Compound was synthesized according to the general procedure (8).

RCY: 91 = 2%, TE: 99%
n=6

v
rad

A
: [\_,._ ——cCrude

co-injection

o 1 2 3 4 5 6 7 8 9 10 M

Time (min)

H H

(0]
5.9.4.2. [*1C]30 (1-[(3-methoxyphenyl)methyl]-3-phenylurea) ©\N1JQ\N 0
Compound was synthesized according to the general procedure (8). /\©/

RCY: 88 + 2%, TE: 83 £ 2%
n=2

rad

——cCrude

co-injection
01 2 3 45 6 7 8 9 10 11 12 13 14 15

Time (min)
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5.9.4.3. [*1C]12 (3-tert-butyl-3-methyl-1-phenylurea) ©\ 0 J<
NvC‘N

Compound was synthesized according to the general procedure (8) H |
¢ RCY: 32 + 5%, TE: 70 + 4%
n=2
; ——crude
co-injection

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (min)
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5.9.4.4. [*1C]31 (benzyl N-benzylcarbamate) o

I
ce
Compound was synthesized according to the general procedure (8). ©/\H 0/\©

Exceptional conditions: Iminophosphorane 10 (7.83 umol).

RCY: 64 + 3%, TE: 98 + 3%

n=2
A/\j\ rad
; - \ et ; ! ; ] crude
standard
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (min)
0 RN
5.9.4.5. [1*C]32 (4-methoxyphenyl N-benzylcarbamate) 1l
N" S0
Compound was synthesized according to the general procedure (8). ©/\H
Exceptional conditions: Iminophosphorane 10 (7.83 umol), phenol (560 pumol), RCY: 26 + 2%, TE: 83 + 2%
DABCO (160 pumol), no DBU. CO, trapped at -60 °C. n=2
rad
L P bd YA N
- ——crude
co-injection

01 2 3 45 6 7 8 9 10 11 12 13 14 15
Time (min)
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5.9.4.6. [*1C]33 (phenyl-N-[2-(5-methoxy-1H-indol-3-yl)ethyl]carbamate) o /@
0

Compound was synthesized according to the general procedure (8). HN”

Exceptional conditions: Iminophosphorane 1j (7.53 umol), phenol (1300
pmol), DABCO (16.04 umol), no DBU. Reaction run for 2 min. CO, trapped XN
at-60 °C. 0

Analytical HPLC Conditions: 0-2 mins at 20% ACN / 80% 0.1 M AMF. 2-10

mins gradient to 80% ACN / 20% 0.1 M AMF. 10-12 mins at 80% ACN / 20% RCY: 84 £ 8%, TE: 58%

0.1 M AMF. 12-13 mins return to initial conditions. n=2
rad
\ e ——crude
co-injection
01 2 3 45 6 7 8 9 10 11 12 13 14 15
Time (min)
11 i
5.94.7. [**C]34 (N-[(furan-2-yl)methyl](benzylsufanyl)formamide) 0
11
Compound was synthesized according to the general procedure (8). \\ H'C\S/\©
(0]
Exceptional conditions: Iminophosphorane 1j (9.13 umol), benzyl
mercaptan (510 umol), DABCO (16.04 umol), no DBU. CO; trapped at -60 RCY: 93 + 2%, TE: 53 + 6%
°C. n=2

Mw‘n‘*\ﬁn— o

——crude

co-injection
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (min)
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5.9.4.8. [*1C]23 (1,3-diox0-2,3-dihydro-1H-isoindol-2-yl N-tert-butylcarbamate) o

(o)
]
Compound was synthesized according to the general procedure (8). j\NUC\O,N

H
Exceptional conditions: Iminophosphorane 1h (11.9 umol), LHMDS (11.7 o

pumol), N-hydroxypthalamide (510 pmol), NEt; (510 umol), no DBU). CO,
trapped at -60 °C.

RCY: 99 + 3%, TE: 52 + 6%
n=2

rad
; A — crude
standard
012 3 456 7 8 9101112 13 14 15 16 17
Time (min)
5.9.4.9. [*1C]35 (3-[2-(diethylamino)ethyl]-1-methyl-1-(2-phenoxyethyl)urea)
Compound was synthesized using procedure 9. \ ﬁ

\/N\/\NUC\N/\/O
Exceptional conditions: Iminophosphorane 1p (8.75 umol), N-methyl-2- H | \©

phenoxyethanamine (87.5 pumol), DBU (8.71 umol). CO, trapped at -60 °C.

RCY: 99 £ 1%, TE: 99%

Analytical HPLC Conditions: 0-2 mins at 20% ACN / 80% 0.1 M AMF. 2-10 n=2

min gradient to 65% ACN / 35% 0.1 M AMF. 10-12 min 65% ACN / 35% 0.1
M AMF. 12-13 min return to initial conditions.

¢j\ rad
e — i ____crude

co-injection

01 2 3 45 6 7 8 9 10 11 12 13 14 15
Time (min)

Isolated RCY: 33 +11%
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01 2 3 45 6 7 8 9 10 11 12 13 14 15 16
Time (min)
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5.9.4.10. [11C]25 (5-hydroxy-(1,1°-biphenyl)-2-yl-N-cyclohexylcarbamate) Ph
i OH

(o]
Compound was synthesized using procedure 10. O\ 118
H/ \o

RCY: 96 + 1%, TE: 64 £ 11%
(as a mixture of isomers)
n=2

rad

——cCrude

co-injection
o 1 2 3 4 5 6 7 8 9 10 11 12 13

Time (min)

Isomer 1 — 36% area ([**C]N-5-hydroxy-[1,1"-biphenyl]-2-yl cyclohexylcarbamate)

Isomer 2 = 64% area ([*'C]N-6-hydroxy-[1,1‘-biphenyl]-3-yl cyclohexylcarbamate; [*C]URB694)

["'C]JURB694:

OH
Isolated RCY: 13 + 2%, Molar Activity: 69 + 37 GBg/umol (n = 2) O\ JOJ\ O
N (0]
H

&

(isomer 2, URB694)

—254 nm
o 1 2 3 4 5 6 7 8 9 10 11 12 13

Time (min)
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5.9.4.11. [*1C]36 (5-chloro-N-[2-4-
{[(cyclohexylcarbamoyl)amino]sulfonyl}phenyl)ethyl]-2-methoxybenzamide)

Compound was synthesized using procedure 11.

)
Analytical HPLC Conditions: 0-2 mins at 20% ACN / 80% 0.1 M AMF. O\ Py °\\s//°
N

2-10 min gradient to 65% ACN / 35% 0.1 M AMF. 10-12 min 65% ACN H/

(o}
H
/35% 0.1 M AMF. 12-13 min return to initial conditions. \©\/\ Cl

N

H

MeO
RCY: 75 + 14%, TE: 99%

¢ n=2

A\/\ =
e e S | __crude

co-injection
01 2 3 456 7 8 9 1011121314 1516 17
Time (min)
[*!C]Glibenclamide:
Isolated RCY: 62 + 16%, Molar Activity: 59 + 0.06 GBg/umol (n = 2)
Y
— 254 nm

012345678 9101112131415161718 1920

Time (min)
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5.9.5. Section 5. Standard Curves

Ph

O\ ﬂol\o OH

N
H

450000
= 400000 K
€ 350000
300000 L y=407,035,721.38x
250000 R? = 1.00
200000 o
150000 e
100000 e
50000 o
0 @
0 0.0002  0.0004 0.0006 00008  0.001  0.0012
pmol of URB694

m

Integral Area (254

=
*
Yo
IZ\ //o
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é |
(@)

Iz

Cl

MeO
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Integral Area (254 nm)

AUC (280 nm)
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\ /
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5.9.6. Section 6: Optimization Table

5.9.6.1. Table S1. Solvent and additive screening?
~ ,fhh . COpaddiive gy, j\ -
pn RO T PN TOH et 85 °C N O Ph
1a 2 4
Entry Solvent Additive Rxn time ® Yield
1 Toluene - 2h 70%
2 Dioxane - 2h 72%
3 DMF - 2h 75%
4 DMSO - 2h 64%
5 THF - 2h 72%
6 ACN - 2h 78%
7 ACN DBU 1h 84%
8 ACN BEMP 1h 70%
9 ACN DMAP 2h 65%
10 ACN Pyridine 2h 72%
11 ACN K2COs 2h 75%

?Reaction conditions: 1 (0.25mmol), 2 (1.25mmol), additives
(0.55mmol), dry solvent (2.5mL). Isolated yield.
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6. Chapter VI: Synthesis and evaluation of ["*C]JMCC950 for imaging
NLRP3-mediated inflammation in atherosclerosis

The manuscript can be accessed at: https://doi.org/10.1021/acs.molpharmaceut.2c00915
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6.1. Statement of the manuscript

The manuscript “Synthesis and evaluation of [*!C]MCC950 for imaging NLRP3-
mediated inflammation in atherosclerosis” was submitted to ACS Molecular Pharmaceutics on
November 021" 2022. In this chapter, | developed the optimization of reaction conditions and
automated the radiosynthesis of [**C]MCC950. Ex vivo and in vivo imaging experiments were
performed in ApoE™ and C57BL/6 mice with the aid of Ariel Buchler, Nicole MacMullin and
Myriam Adi. Metabolism was performed by Faduma Abdirahman. The project was conceived by
myself and Dr. Benjamin Rotstein. All data collected was analyzed by me. The manuscript was

written by me and edited by all authors. All authors approved the final version.
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6.2.  Abstract

Overexpression of the NLRP3 inflammasome has been attributed to the progressive
worsening of a multitude of cardiovascular inflammatory diseases such as myocardial infarction,
pulmonary arterial hypertension, and atherosclerosis. The recently discovered potent and selective
NLRP3 inhibitor MCC950 has shown promise in hindering disease progression but NLRP3-
selective cardiovascular positron emission tomography imaging has not yet been demonstrated.
We synthesized [*'C]MCC950 with no-carrier-added [*!C]CO: fixation chemistry using an
iminophosphorane precursor (RCY 45 + 4 %, >99% RCP, 27 + 2 GBg/umol, 23 = 3 min, n = 6)
and determined its distribution both in vivo and ex vivo in C57BL/6 and atherogenic ApoE”- mice.
Small animal PET imaging was performed in both strains following intravenous administration
via the lateral tail vein and revealed considerable uptake in the liver that stabilized by 20 minutes
(7-8.5 SUV), coincident with secondary renal excretion. Plasma metabolite analysis uncovered
excellent in vivo stability of [**CJMCC950 (94% intact). Ex vivo autoradiography performed on
excised aortas revealed heterogenous uptake in atherosclerotic plaques of ApoE” mice in
comparison to C57BL/6 controls (48 + 17 %ID/m? vs 18 + 8 %ID/m?, p = 0.002, n = 4-5).
Treatment of ApoE” mice with nonradioactive MCC950 (5 mg/kg, iv) 10 minutes prior to
radiotracer administration increased uptake in intestines (5.3 + 1.8 %ID/g vs 11.0 £ 3.7 %ID/g, p
=0.04, n = 4-6) and in aortic lesions (48 + 17 %ID/m? vs 104 + 15 %ID/m?, p = 0.0002, n = 5) by
108% and 117%, respectively, without significantly increasing plasma free fraction (fp, 1.3 £ 0.4%
vs 1.7 + 0.8%, n = 2). These results suggest that [**CJMCC950 uptake demonstrates specific

binding and may prove useful for in vivo NLRP3 imaging in atherosclerosis.
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Keywords: NOD-like receptor pyrin domain-containing protein 3 (NLRP3); atherosclerosis;
molecular imaging; autoradiography; positron emission tomography; MCC950; carbon-11; CO2-

fixation

6.3.  Introduction

Atherosclerosis is a chronic inflammatory disease that is characterized by the thickening
and hardening of arterial walls due to the deposition of lipids, infiltration of leukocytes, and
proliferation of vascular smooth muscle cells.!? The resulting lesions are generally asymptomatic
in early stages, but continual growth and inflammation result in the formation of unstable plaques
that are prone to ruptures and consequent angina, myocardial infarction, and sudden cardiac
death.® Increasing evidence suggests that the progression of atherosclerosis is driven by the

aberrant activation of the innate immune system and upregulation of inflammasomes.*-®

Inflammasomes are cytoplasmic multi-protein complexes found in macrophages and
microglia. They comprise oligomers of NOD-like receptor (NLR) protein, apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC), and caspase-1, a cysteine
protease that processes proinflammatory cytokines. Specifically, cytokines such as IL-1p and IL-
18 are matured by caspase-1 and are markedly upregulated in atherosclerosis due to increased
expression of the NLRP3 inflammasome.*® Extracellular danger-associated molecular patterns
(DAMPs), such as free fatty acids, activate toll-like receptor 4 (TLR4) on the surface of
macrophages and induce NF-xB-dependent transcription of pro-IL-1B and monomeric NLRP3.*7
Additionally, receptor-mediated phagocytosis of cholesterol crystals or oxidized low-density
lipoprotein (LDL) destabilizes phagolysosomes, releasing cathepsin B and amplifying NLRP3

inflammasome assembly.*®7 Chronic stimulation of this pathway promotes sterile inflammation
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and the development of atheromas. However, NLRP3 inflammasome inhibitors have shown

considerable promise in attenuating disease progression.®14

The diaryl sulfonylurea MCC950 is a first-in-class potent and selective NLRP3 inhibitor
(ICso = 8 nM) shown to have excellent anti-inflammatory activity in vivo.® MCC950 has
demonstrated the considerable potential of NLRP3 inhibition against a multitude of inflammatory
disease models including neurodegenerative disorders, autoimmune conditions, and
cardiovascular diseases, among others.® While current literature suggests that MCC950 accesses
the central nervous system (CNS) at therapeutic doses,*® its recent in vivo evaluation as a positron
emission tomography (PET) radiotracer revealed poor blood brain barrier (BBB) penetration at

microdoses, limiting its use for brain imaging.’

Carbon-11 is revered for isotopic labeling of biologically relevant molecules but its use is
limited by the synthetic methods available for incorporating it into diverse functional groups.'81°
Radiolabeled sulfonylureas can be synthesized by rhodium-mediated [*!C]CO carbonylation of a
sulfonyl azide and an amine (Scheme 1).2>-22 However, the availability of [**C]CO is constrained
to a small number of PET research facilities as it requires specialized infrastructure and equipment
to produce. These drawbacks are indicative of the growing need for inexpensive and efficient
strategies to label sulfonylureas directly from [*!C]CO.. Cyclotron-produced [*'C]CO2 can be
converted into more reactive intermediates following stepwise trapping and dehydration using
phosphorous oxychloride (POCIs) or Mitsunobu reagents to yield !C-isocyanates.*®?32* Indeed,
Mitsunobu conditions were used to prepare [!C]MCC950 from carrier-added [*!C]CO: in low
radiochemical yield (RCY) and low molar activity.!” The challenge lies in the condensation of the
sterically hindered aromatic 4-amino-1,2,3,5,6,7-hexahydro-s-indacene (1) with [**C]CO2 and

addition of the weakly nucleophilic furyl sulfonamide (2) to the 'C-isocyanate intermediate.
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Radiolabeled sulfonylureas

From carbon monoxide

o)

0 ("cico XAk
PN + /NHz —_— Ar/ \N N’
Ar” 7 N3 R [RhCI(COD)],, PPhy H H

Multistep synthesis to acquire unstable azide precursor, limited accessibility of ['' CJCO

Previous work using carbon dioxide
NH, Q.0 B 0.0 (o}
. ~ S\NHZ ["'C]CO, + CO, ~ S\NJLN
HO>_<\/\0( DBU, DBAD, PBu, H0>—<\j)/ H H
1 2 ["cimccoso

Requires carrier-added [77C]C02, low molar activity and low yielding

This work using carbon dioxide

PhPh
_PL
N* "Ph 00
8 00 9
~r " NH, ["'cico, - S\NJLN
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One step synthesis to acquire stable precursor, no-carrier-added [77C]COZ, high yielding

6.3.1. Scheme 1. Radiosynthetic methods to label *C-sulfonylureas

Our goal was to develop a high-yielding reliable synthesis of [**C]MCC950 using our
previously developed iminophosphorane [*'C]CO:-fixation methods,? and to evaluate this probe
for detecting atheromas in ApoE” mice. Our in vivo and ex vivo evaluation includes small animal
PET imaging and biodistribution to determine tracer kinetics, metabolite analysis to assess tracer
stability, and autoradiography under baseline and homologous blockade conditions to detect probe

specificity towards NLRP3-mediated inflammation in atheromas.
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6.4. Materials and methods

Male C57BL/6J (strain #000664) and ApoE™" (strain #002052) mice were purchased from
Jackson Laboratory and acclimated upon arrival for 1 week. Animals were housed in groups of
four and monitored periodically until 12-14 weeks of age. C57BL/6 mice were kept on normal
chow diet whereas ApoE™ mice were fed western atherogenic diet (TD.88137, Envigo) from 6
weeks of age. Both animal strains were provided with free access to food and water and housed in
environmentally enriched cages. Animal handling, housing, and experimental procedures were
conducted in strict accordance with the guidelines of Canadian Council on Animal Care and

received approval of the University of Ottawa Animal Care Committee.
Synthesis of N-(triphenylphosphoranylidene)-1,2,3,5,6,7-hexahydro-s-indacen-4-amine (3)

A flame dried flask was equipped with a magnetic stir bar and charged with
triphenylphosphine dibromide (0.60 mmol) under inert atmosphere and dissolved in DCM (5.0
mL). The flask was placed in an ice bath, and a solution containing 4-amino-1,2,3,5,6,7-
hexahydro-s-indacene (1, 0.57 mmol) and triethylamine (1.73 mmol) in DCM (5 mL) was added
to the reactor in a dropwise manner over 10 minutes. The flask was placed under reflux for 4 hours.
The solvent was removed under reduced pressure, and the product was purified by flash column
chromatography on silica gel using a 0-25% hexane/ethyl acetate gradient to give 3 as an off-white
solid (247 mg, 61%). *H-NMR (400 MHz CDCls): & 7.68-7.62 (m, 6H), 7.52-7.47 (m, 3H), 7.43-
7.39 (m, 6H), 6.60 (s, 1H), 2.79-2.76 (t, 4H), 2.51-2.47 (t, 4H), 1.85-1.78 (m, 4H) ppm. 3C-NMR
(100 MHz, CDCls): & 142.8 (d, J =2 Hz), 136.4 (d, J = 8 Hz), 134.2, ,133.2, 132.5 (d, ] = 10 Hz),
131.2 (d,J =3 Hz), 128.2 (d, J = 12 Hz), 111.1, 33.5, 32.2, 25.5 ppm. 3'P-NMR (162 MHz, CDCls):
6.09 (s, 1P) ppm. HRMS (ESI) calculated for CsoHz2o0NP [M + H]* 434.2038. Found [M + H]*

434.2043.
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Radiochemistry

DMF and DBU were degassed using five freeze-thaw cycles prior to use. Precursor 3 (3.06
mg, 7.07 pmol) was loaded directly into the reactor. 4-(2-hydroxypropan-2-yl)furan-2-
sulfonamide 2 (5.86 mg, 28.57 umol) and KO'Bu (3.14 mg, 27.9 umol) were weighed in Teflon
sealed vials and kept under inert atmosphere. Two minutes prior to the end-of-bombardment, 2was
dissolved in 100 pL of DMF and added to the vial containing KO'Bu. After mixing for 30 seconds,
the solution was loaded into the reactor, followed by the addition of DBU (7.46 pL of a 10 pL/mL
solution in DMF, 9.97 umol). The reaction vessel was tightly sealed, and a stream of helium was
swept through the reactor after loading. [*!C]CO2 was trapped in a steel coil at -180 °C, which was
subsequently heated to 25 °C under a stream of helium at 3 mL/min to release [*!C]CO: into the
reaction solution until peak activity. The reactor was then heated to 120 °C for 3 min prior to
addition of 800 pL of mobile phase. The crude reaction mixture was purified by HPLC: Nucleodur
C18 Pyramid 7 pum, 250 x 10 mm eluted with 30% ACN/50mM NH4OAc at 5 mL/min (retention
time 6-9 min). The product was collected in a bulk vessel loaded with 25 mL of H20 and passed
through a Sep-Pak C18 Plus Light cartridge. The cartridge was washed with 10 mL of H20 and
eluted with 1.5 mL of EtOH. 13.5 mL of saline was added to the vessel and the contents were
passed through a 0.22 um sterile filter. The identity was established by co-injection with the cold
standard using a Waters 2695 Alliance HPLC equipped with a Phenomenex Luna 10 um C18(2)
(100 A, 250 mm x 4.6 mm) column, a 996-photodiode array detector (Waters), and a Carroll &
Ramsey Associates 105-S high-sensitivity radiation detector. Gradient: 80/20 H2O/ACN for 2 min,
linear gradient to 35/65 over 8 min, 35/65 for 2 min, linear gradient to 80/20 for 1 min, 80/20 for

7 min.
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PET imaging

C57BL/6 and ApoE”" mice (12—14 weeks old, 30-45 g) were anesthetized with isoflurane
(3%) and placed on the bed of a PET scanner. Following a 10-minute transmission scan, animals
were injected with [**C]JMCC950 (13 MBQq) as a bolus via the lateral vein and maintained under
isoflurane during the acquisition. Whole body PET scans were performed for 60 minutes (4 x 15
s frames; 4 x 1 min frames; 10 x 5 min frames) using a Siemens Inveon DPET scanner. The
collected emission data were corrected for scatter and attenuation, and reconstructed using the 3-
dimensional ordered subsets expectation-maximization/maximum a posteriori (3D-OSEM/MAP)
algorithm. Volumes of interest (VOI) were drawn in AMIDE to obtain time-activity curves.
Uptake values were obtained in nCi/cc and converted to SUV using total injected dose and animal

bodyweight.
Ex vivo biodistribution and autoradiography

C57BL/6 and ApoE” mice (12—14 weeks old, 30-45 g) were anesthetized with isoflurane
(3%) and received lateral tail vein injections of 37-44 MBq of [**C]MCC950 in 0.1-0.2 mL
ethanolic saline (10% ethanol in 0.9% sodium chloride). For animals requiring pharmacological
challenge, nonradioactive MCC950 (5 mg/kg, 0.9% sodium chloride) was injected via the lateral
tail vein 10 minutes prior to radiotracer injection. Fifteen minutes after tracer injection, blood was
collected via cardiac puncture and mice were sacrificed by myocardial perfusion. Organs of
interest were excised, rinsed in water, weighed, and counted for radioactivity using a Hidex
Automatic Gamma counter (energy window: 350-650 keV). Counts per minute (cpm) were
converted to activity (nCi) using calibration standards of known activities. Percent injected dose
(%ID) was calculated by dividing organ counts (nCi) by the injected dose and further normalized

by organ weight to obtain percent injected dose per gram tissue %ID/g. In parallel, aortas harvested
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from biodistribution were exposed to a super-resolution Storage Phosphor Screen (BAS-IP SR
2025E) in an electrophoresis Systems Autoradiography Cassette (FBXC 810) for 5 h. The screen
was scanned with a Cyclone Plus Storage Phosphor System and images were analyzed using
OptiQuant software by drawing aortic arch regions of interest (ROI) that were ORO positive.
Digital light units (DLU) were converted to activity (nCi) using calibration standards of known
activity. %ID was determined by dividing lesion activity by the injected dose and further

normalized by area to obtain activity density in units of %I1D/m?.
Plasma metabolite analysis

Blood samples collected from cardiac puncture at 15 minutes after tracer injection were
placed in heparinized tubes and centrifuged at 4 °C for 7 minutes at 4000 rpm to obtain plasma
samples. Protein-free plasma (PFP) was obtained by adding an equal volume of ice-cold ACN,
followed by centrifugation at 4 °C for 5 min at 4000 rpm. The supernatants were collected, pooled
together, and then filtered through a 0.22 pum filter, spiked with nonradioactive standard (10 uL, 1
mg/mL), and injected onto the analytical radioHPLC. Fractions were collected every minute for

20 minutes and the total activity in each fraction was determined by gamma counting.
Plasma free fraction

ApoE” mice (12—-14 weeks old, 30-45 g) were anesthetized with isoflurane (3%) and
received lateral tail vein injections of either cold MCC950 or saline. After 25 minutes, blood was
collected via cardiac puncture and the animals were sacrificed. Blood samples were placed in
heparinized tubes and centrifuged at 4 °C for 7 minutes at 4000 rpm to obtain plasma samples.
Samples were stored at -20 °C prior to use. [1!C]JMCC950 (3.7 MBq) was added to each sample

plus an additional sample containing only PBS and incubated at 37 °C for 10 minutes. The total
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radioactivity of each sample was measured on a gamma counter. Following incubation, samples
were passed through a cellulose centrifugal filter unit with a 30,000 MW cut-off (Centrifree®,
Millipore). The filtrate containing plasma free fraction was collected into a vessel and measured
on a gamma counter. The decay-corrected ratio of activity that passed through the filter was

calculated and converted into a percentage.
Statistical analysis

Statistical analysis was performed using GraphPad Prism. Data are presented as mean +
standard deviation. Differences between multiple groups were tested using 1-way or 2-way

ANOVA with Tukey’s multiple comparison test. Significance was set at the 0.05 level.

6.5. Results

Radiochemistry

Our recent work highlighted the versatility of iminophosphoranes in synthesizing *C-
labeled compounds, including the sulfonylurea [*'C]glyburide in high yield and molar activity,
and prompted us to target [*'C]JMCC950 using this methodology. Indeed, the precursor
iminophosphorane (3) was easily prepared from commercially available 4-amino-1,2,3,5,6,7-
hexahydro-s-indacene (1) and triphenylphosphine dibromide in 63% vyield using the Kirsanov
reaction (see ESI). After combining 3 with furyl sulfonamide 2 and [**C]CO2 under our previously
optimized conditions, we observed an appreciable 42 + 3% radiochemical yield of [*!*C]MCC950
with excellent trapping efficiency (Table 1, entry 1). Increasing the reaction temperature to 120 °C
improved the RCY to 72 + 2% and lowering the concentration of iminophosphorane led to a
reduced yield of 52 + 4% (entries 2-3). Higher temperatures facilitated product formation under

low precursor loading conditions (entry 4). Reducing the concentration of DBU depressed RCY
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to 56 + 2% while retaining the TE. However, the weaker base DABCO diminished the RCY to 9

+ 2% and TE to 52 £ 4% (entry 6), in-line with our previously obtained results using aryl

iminophosphoranes. RCY, but not TE, could be restored in the absence of base (entries 7-9). Due

to both milder reaction conditions and quantitative TE, entry 2 was chosen as the optimal

conditions for radiotracer production.

6.5.1. Table 1. Optimization of reaction conditions

Entry Deviation from original conditions® RCY (%)  TE (%)
1 none 42 +3 99+2
2 120 °C 722 99+1
3 35mM3 524 99+3
4 45 mM 3, 150 °C 633 9910
5 50 mM DBU 562 99+2
6 DABCO 9+2 54+1
7 no base, 120 °C 42+3 52+2
8 no base, 150 °C 562 58+1
9 no base, 88 mM 3, 150 °C 82+3 58+2

20Original conditions: 70 mM 3, 285 mM 2, 100 mM DBU, KO'Bu

280 mM, 100 pL DMF, 100 °C. n = 2 per entry.

The radiosynthesis of [1!C]MCC950 was then performed using a fully automated method

on a Synthra Melplus Research module. From 25.9 GBq of [1!C]CO2, we obtained an isolated

RCY of 45 £ 4% (5.18 + 0.5 GBq) and molar activity (Am) of 27 £ 2 GBg/pmol within 23 min

(Scheme 2), which is suitable for preclinical evaluation. [*!CJMCC950 identity was confirmed by

coelution with a nonradioactive standard on analytical HPLC, and radiochemical purity was

observed to be >99%.
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6.5.2. Scheme 2. Automated radiosynthesis of [1CJMCC950

LogD

Radiotracer lipophilicity was measured by the shake-flask method?® to uncover the
physicochemical properties of the tracer. At physiological pH, [**C]MCC950 bears an anionic
charge, and was thus observed to have low lipophilicity (LogD7.4 = 0.24 £ 0.002), despite its

hydrophobic hexahydro-s-indacene and furan ring systems.

PET imaging and biodistribution

Dynamic PET scans were performed to assess the distribution of [*!C]JMCC950 in
C57BL/6 controls fed normal chow diet, and ApoE” mice fed Western diet from 6 weeks of age
(Figure 1). Blood radioactivity was estimated by VOI placed over the left ventricular cavity. In
both strains of mice, blood activity rapidly declined and stabilized at 0.3-0.4 SUV by 10 min. In
addition, [*!C]MCC950 rapidly accumulated in the liver and stabilized by 20 min (7-8.5 SUV).
No significant differences in tracer kinetics were observed between C57BL/6 and ApoE™" mice.
As previously observed, [1!C]JMCC950 exhibits no uptake in the brain, and this finding appears to
be independent of molar activity.!” Indeed, other radiotracers containing sulfonylureas have also
been shown to have low BBB penetration in animals and humans, likely due to their unfavorable

physicochemical properties.?’?
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6.5.3. Figure 1. Dynamic PET imaging of [*!*C]MCC950 in mice. Summed PET images and

time-activity curves for (A) C57BL/6 and (B) ApoE’ mice (n = 2 per group).

To determine tracer uptake and the extent of specific binding in lesions, we performed ex
vivo biodistribution 15 minutes after radiotracer iv tail vein injection, followed by autoradiography
of aortas under baseline and blocking conditions. At baseline, C57BL/6 and ApoE”’ mice
predominantly exhibited hepatic (52.7 + 16.6 %ID/g vs 24.9 + 10.3 %ID/g, p < 0.05), renal (4.0 +
0.3 %ID/g vs 8.2 = 4.3 %ID/g), and intestinal (3.7 = 0.6 %ID/g vs 5.3 £ 1.8 %ID/g) clearance
(Figure 2). Blood radioactivity concentration was similar in C57BL/6 (5.5 + 3.9 %ID/g) and ApoE"
" mice (4.2 + 1.3 %ID/g). Consistent with our in vivo findings, limited uptake of the tracer (<2

%ID/g) was observed in the myocardium, brain, and remaining organs.
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6.5.4. Figure 2. Ex vivo biodistribution of [*!CJMCC950 15 minutes after radiotracer

injection. Two-way ANOVA: *P = 0.04, n = 4-5 per group

Homologous blockade was performed in ApoE’ mice using nonradioactive MCC950 (5
mg/kg, iv) 10 minutes prior to administering the radiotracer (Figure 2). Intestinal uptake was
increased by two-fold in MCC950 treated mice (11.0 + 3.7, p < 0.05). Otherwise, minimal

differences were observed between organs under blocking conditions.

Autoradiography

Following ex vivo biodistribution, aortic arch uptake of [**C]MCC950 was visualized by
autoradiography and displayed regional uptake in lipid rich Oil red O (ORO) positive
atherosclerotic lesions (Figure 3). [!C]JMCC950 was found to have 2.7-fold higher uptake in
ApoE~’ mice compared to C57BL/6 controls (48 + 17 %ID/m? vs 18 + 8 %ID/m?, p = 0.016 ).
Increased uptake in the lesion aligns with expected findings, as mice kept on Western diet

overexpress NLRP3 and its respective inflammasome components.*®>?° In order to determine if
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tracer uptake within the lesion is specific, homologous blocking was performed as previously

described. Animals pretreated with MCC950 displayed a further 2.2-fold increase in plaque uptake

in comparison to untreated animals (104 + 15 %ID/m? vs 48 + 17 %1D/m?, p = 0.0002).
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Figure 3. Ex vivo aortic autoradiography of [**C]MCC950. (A) Representative ORO
brightfield images and autoradiograms after intravenous injection of 37 MBq
[*'CIMCC950 in ApoE” mice. Homologous blockade was performed with
nonradioactive MCC950 (5 mg/kg, iv) 10 minutes prior to tracer administration. (B)
[*!CIMCC950 aortic lesion uptake in C57BL/6 and ApoE~’ mice. One-way ANOVA:

***pP = (,0002, *P = 0.002, n = 4-5 per group.

Table 2. [F'*C]MCC950 plasma stability?

Fraction C57BL/6  ApoE” baseline  ApoE’ block
Parent radiotracer 92% 94% 93%
Polar metabolites 6% 4% 5%
Non-polar metabolites 2% 2% 2%
Extraction efficiency 92% 91% 92%
Plasma free fraction® n.d. 1.3+£0.4% 1.7+0.8%

2Percent parent compound of total radioactivity obtained for pooled samples
following intravenous tracer administration (n = 5 per group).
Determined in vitro (n = 2 per group).
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Plasma metabolite Analysis

Whole-blood samples collected from ex vivo biodistribution at 15 minutes post-injection
were pooled for plasma metabolite analysis using fractional radio-HPLC followed by gamma
counting. In C57BL/6 and ApoE”"mice, 92-94% of the plasma radioactivity corresponded to intact
[1*CIMCC950, and blocking conditions were observed to have no effect on the metabolic stability
of the parent tracer (Table 2). The major metabolite under all conditions was observed to be polar,
consistent with previously reported stereospecific ring hydroxylation on the hexahydro-s-indacene
moiety.3® Plasma free fraction (fp) was then measured for ApoE” mice under baseline and blocking
conditions (Table 2). Under baseline conditions, 1.3 + 0.4% of the tracer was unbound, and
blockade with cold MCC950 (5 mg/kg, iv) led to a moderate but not statistically significant

increase of fp to 1.7 + 0.8%.

6.6.  Discussion

MCC950 is a first-in-class NLRP3 inhibitor which has demonstrated considerable promise
in resolving inflammation in conditions as diverse as neurodegenerative disorders, myocarditis,
and atherosclerosis.*>21%31-3 Tq evaluate the brain uptake of this inhibitor and to develop a tool
for measuring target engagement, Hill et al. radiolabeled [**CIMCC950 at low molar activity for
PET imaging in several species and found poor brain uptake.!’” Xu et al. labeled NLRP3 inhibitors
lacking the sulfonylurea moiety, which were observed to have moderate brain uptake (<1.5
SUV).%® Despite its lack of CNS penetration, [**CIMCC950 and its derivatives could have

profound applications in imaging NLRP3 mediated-inflammation in the periphery.
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In atherosclerosis, MCC950 has displayed remarkable use as a therapeutic in significantly
reducing plaque area, diminishing the concentration of pro-inflammatory cytokines and
macrophages, and improving the lipid profile in ApoE™- mice.*?% Previous reports have identified
cholesterol crystals in early stages of lesion development to trigger NLRP3-mediated inflammation
that is sustained and worsens with greater plaque progression.® Furthermore, NLRP3 expression
is observed to be significantly higher in unstable plaques in comparison to stable lesions and has
been significantly correlated with atherosclerosis severity scores in humans.®® As an imaging
probe, MCC950 may prove useful in discriminating stages of lesion development and determining

plaque stability.

In this work, we prepared high molar activity [**C]JMCC950 using an operationally simple
iminophosphorane precursor for [1C]CO2-fixation and evaluated it in a widely used mouse model
of atherosclerosis. [*'C]MCC950 shows predominant distribution to the liver in both
atherosclerotic and control animals, with no accumulation within the brain and fast clearance from
other organs. It is highly stable in circulation and is taken up into lipid-rich inflammatory lesions
in the aorta. Pretreatment with nonradioactive MCC950 has minimal effect on tissue distribution

but augments atherosclerotic lesion uptake by more than two-fold.

Increased uptake in target organs following receptor blockade has been described in the
development of CNS radiotracers. This phenomenon may occur due to an increase in radiotracer
fo as a result of plasma protein occupancy by the homologous blocking agent.*® Consequently,
organ activity must be normalized by metabolite-corrected plasma radiotracer levels for accurate
estimation of target binding parameters. For example, homologous blockade of the ao-
adrenoceptor antagonist [**C]yohimbine in the rat brain with 0.3 mg/kg of the reference standard

decreases binding potentials by 50-60%, but the effect on activity uptake is masked by increased
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fo due to saturation of plasma protein binding sites.** In addition to plasma normalization,
biochemical mechanisms may also explain increased uptake following blockade. Treatment of
non-human primates with 4-aminopyridines prior to imaging with the K* channel blocker
[8F]3F4AP increases volumes of distribution in the brain.*?> An increase in neuronal firing and
open, bindable channels is proposed to account for the unanticipated observation. Self-blockade
of certain radiolabeled mGIuR2 positive allosteric modulators decreases activity uptake across
brain regions yet increases volumes of distribution in these same regions. Yuan et al. suggest
receptor potentiation towards binding, nonspecific binding, and ligand cooperativity as possible
explanations.**#* Indeed, similar mechanisms may be at play when observing increased tracer

uptake following blockade with MCC950.

We surmised that increased plaque uptake of [*C]JMCC950 following homologous
blockade may be due to drug-induced inflammasome deactivation. The active NLRP3
inflammasome has been reported to undergo disaggregation upon incubation with MCC950,
theoretically increasing the number of NLRP3 monomers available for radiotracer binding.*> Non-
specific binding of the tracer is unlikely to contribute to the higher signal observed following
blockade based on a moderate 1.3-fold increase in fp at this dose, compared to 2.2-fold higher
tracer uptake in lesions. Accordingly, the more probable hypothesis to explain the observed

increased uptake following pretreatment remains an increase in specific binding in plaques.
Conclusions

In this study, a high-yielding radiosynthesis for the lead sulfonylurea NLRP3 inhibitor
[F*CIMCC950 was developed, enabling preclinical evaluation of this compound for imaging
atherosclerotic plaques. Radiotracer kinetics were determined by in vivo dynamic PET imaging

and revealed rapid uptake in the liver and prominent renal excretion. Ex vivo biodistribution was
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also performed at 15 minutes and corroborated these findings. [*!C]JMCC950 stability studies
displayed >90% of the parent tracer intact in plasma, with no differences observed between animal
strains. Measurements of fp demonstrated 1.3 £ 0.4% of the parent unbound to plasma proteins,
and a minor increase to 1.7 + 0.8% unbound following homologous blockade. Last, ex vivo
autoradiography displayed heterogeneity of lesions within the aortae of ApoE™" mice, and blockade
with cold MCC950 increased plaque uptake by 2.2-fold. Increased retention of the tracer within
the lesion following attempted homologous blockade is likely due to a biochemical disaggregation
of NLRP3 oligomers, consequently increasing the available monomeric binding sites for
[F*CIMCC950. This tracer successfully visualized aortic atherosclerotic lesions ex vivo and
represents the first *'C-labelled sulfonylurea to be evaluated for cardiovascular plaque imaging.
Further studies are warranted to explore these findings. The availability of a readily accessible
method to synthesize labeled sulfonylureas directly from [**C]CO2 could enable in vivo assessment
of novel NLRP3 inhibitors and assist in the development of inflammasome-targeted therapies for

inflammatory diseases.
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6.11. Supporting information

6.11.1. General information

All reagents and solvents purchased were not further purified unless stated otherwise. All
reactions were carried out under inert (argon) atmosphere. All solvents used were anhydrous.
Anhydrous 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was obtained by refluxing over CaH2
followed by distillation under reduced pressured. Reaction products were confirmed using *H-
NMR, BC-NMR, and mass spectrometry. *H-NMR spectra were obtained using a Bruker
AVANCE 400 spectrometer. Spectral data are reported in ppm using solvent as a reference (*H
NMR CHClzat 7.26 ppm). *H NMR data was reported as: multiplicity (ap = apparent, br = broad,
s =singlet, d = doublet, t = triplet, g = quartet, m = multiplet), integration, and coupling constant(s)
in Hz. Low resolution mass spectrometry was performed using a Waters Xevo TQD with an
Acquity UPLC-H-Class Plus system. High resolution mass spectrometry was performed using a
Kratos Concept — Magnetic Sector Electron Impact Mass Spectrometer. Radiochemical
chromatograms were obtained using a Waters 2695 Alliance HPLC equipped with a Phenomenex
Luna 10 pm C18(2) 100 A column (250 x 4.6, 10 umm), a Waters 996 photodiode array detector,
and a Carroll & Ramsey Associates 105-S high-sensitivity radiation detector equipped with a 1
cm?® Csl(TI) scintillating crystal. Radiolabeled products were synthesized using a Synthra Melplus

Research module.
Sigma-Aldrich: triphenylphosphine dibromide

AstaTech: 2-Furansulfonamide, 4-(1-hydroxy-1-methylethyl)-, 1,2,3,5,6,7-Hexahydro-S-5-

indacen-4yl-amine, MCC950 (sodium salt).
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6.11.2.  Synthetic procedures

Ph
p-Ph
NH, N* “Ph
Ph
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Ph/ Br reflux, 4 hr
1 3,61%
6.11.2.1. Scheme S1. Synthesis of iminophosphorane precursor

A flame dried flask was equipped with a magnetic stir bar and charged with triphenylphosphine
dibromide (0.60 mmol) under inert atmosphere and dissolved in DCM (5.0 mL). The flask was
placed in an ice bath, and a solution containing 4-amino-1,2,3,5,6,7-hexahydro-s-indacene (1, 0.57
mmol) and triethylamine (1.73 mmol) in DCM (5 mL) was added to the reactor in a dropwise
manner over 10 minutes. The flask was placed under reflux for 4 hours. The solvent was removed
under reduced pressure, and the product was purified by flash column chromatography on silica
gel using a 0-25% hexane/ethyl acetate gradient to give 3 as an off-white solid (247 mg, 61%). *H-
NMR (400 MHz CDCls): § 7.68-7.62 (m, 6H), 7.52-7.47 (m, 3H), 7.43-7.39 (m, 6H), 6.60 (s, 1H),
2.79-2.76 (t, 4H), 2.51-2.47 (t, 4H), 1.85-1.78 (m, 4H) ppm. 3C-NMR (100 MHz, CDCl3): § 142.8
(d, J = 2 Hz), 136.4 (d, J = 8 Hz), 134.2, ,133.2, 132.5 (d, J = 10 Hz), 131.2 (d, J = 3 Hz), 128.2
(d, J = 12 Hz), 111.1, 33.5, 32.2, 25.5 ppm. 31P-NMR (162 MHz, CDCls): 6.09 (s, 1P), 29.04 (s,
1P, TPPO) ppm. HRMS (ESI) calculated for CsoH20NP [M + H]* 434.2038. Found [M + H]*

434.2043.
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6.11.3.

6.11.3.1.

'H NMR:

Experimental Data

3. N-(triphenylphosphoranylidene)-1,2,3,5,6,7-hexahydro-s-indacen-4-amine

mmmmmmmmmmmmmmmmmmmmmmmmmmmm
G S eI NN ARTTRERRIVIIIIERAS

Ph

N* “Ph
,,,,,,,,,,,
2RE5392F 383

4,34

10.5

0.0 95 90 85 80 5 60 55 50 45 40
f1 (ppm)

384



13C NMR:
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6.11.4.1. Figure S1. Syntha Melplus Research Apparatus scheme.
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Automated radiosynthesis of [11C]MCC950
HPLC mobile phase (0.8 mL, 30% ACN/50 mM NHsOAc) was loaded into V2. DMF and

DBU were degassed using five freeze-thaw cycles prior to use. Precursor 3 (3.06 mg, 7.07 umol)
was loaded directly into the reactor. 4-(2-hydroxypropan-2-yl)furan-2-sulfonamide 2 (5.86 mg,
28.57 umol) and KO'Bu (3.14 mg, 27.9 umol) were weighed in Teflon sealed vials and kept under
inert atmosphere. Two minutes prior to the end-of-bombardment, 2 was dissolved in 100 pL of
DMF and added to the vial containing KO'Bu. After mixing for 30 seconds, the solution was loaded
into the reactor, followed by the addition of DBU (7.46 pL of a 10 pL/mL solution in DMF, 9.97
pmol). The reaction vessel was tightly sealed, and a stream of helium was swept through the
reactor after loading. Carbon-11 ([*!C]CO2) was generated by the bombardment of a gas target
filled with a pressurized N2/O2 mixture using a Siemens 11 MeV cyclotron, at 55 pA for 20
minutes, and was directed to a steel coil cooled at -180 °C. The coil was briefly flushed with He(g)
prior to heating to 25 °C under a stream of helium at 3 mL/min to release [*1C]COz into the reaction
solution until peak activity. The reactor was then heated to 120 °C for 3 min prior to addition of
800 pL of mobile phase. The crude reaction mixture was purified by HPLC: Nucleodur C18
Pyramid 7 pum, 250 x 10 mm eluted with 30% ACN/50mM NH4OAc at 5 mL/min (retention time
6-9 min). The product was collected in a bulk vessel loaded with 25 mL of H20 and passed through
a Sep-Pak C18 Plus Light cartridge. The cartridge was washed with 10 mL of H20 and eluted with
1.5 mL of EtOH. 13.5 mL of saline was added to the vessel and the contents were passed through
a 0.22 um sterile filter. The identity was established by co-injection with the cold standard using
a Waters 2695 Alliance HPLC equipped with a Phenomenex Luna 10 um C18(2) (100 A, 250 mm
x 4.6 mm) column, a 996-photodiode array detector (Waters), and a Carroll & Ramsey Associates
105-S high-sensitivity radiation detector. Gradient: 80/20 H2O/ACN for 2 min, linear gradient to
35/65 over 8 min, 35/65 for 2 min, linear gradient to 80/20 for 1 min, 80/20 for 7 min.
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6.11.4.2. Radiochemical Identity and Isolation

Peaks indicated by solid arrows in chromatograms following co-injection of products with
nonradioactive standard. The differences in elution times are due to UV-Vis and radiation
detectors placed in series.

["CIMCC950

——254 nm
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)
6.11.4.3. Figure S2. Chromatogram of crude [*!C]JMCC950 reaction mixture. Crude

reaction mixture with (bottom) and without (top) spiked reference standard.

——254 nm
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)
6.11.4.4. Figure S3. Chromatogram of isolated [*!C]JMCC950 spiked with reference

standard.
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6.11.5. Standard Curve
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6.11.5.1. Figure S4: Standard curve of MCC950
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7. Chapter VII: General Discussion and future directions

NET is one of the most important markers in molecular imaging for detecting cardiac
dysfunction in preclinical and clinical research. One of the most important tracers that was never
utilized to its full potential for cardiac imaging is [*®FJmFBG, owing to its challenging synthesis
and complex reformulation, hindering its widescale use until recently. With the development of
spirocyclic iodonium ylide (SCIDY) radiofluorination by Rotstein et al*, [**FImFBG can be
synthesized in high yields and molar activity. In this thesis, we report the optimization of
[*®FImFBG radiofluorination, deprotection, and CM ion exchange reformulation.? Furthermore,
we investigated the mechanisms of uptake and myocardial washout in rats and evaluated the utility
of this tracer in detecting HF in work that spans two chapters. We also evaluated the PNS tracer
[*®F]JFEOBYV for imaging the cardiac NNCS in mice as an extension for ANS imaging. Given the
various etiologies that can lead to the development of HF, and the multitude of accompanying
molecular changes, developing a tracer for upstream cardiovascular diseases that may inform
disease severity was also of importance. Coronary artery disease (CAD) is the most common cause
of HF in developed countries, and remains a primary risk factor for HF development.® Thus,
developing an imaging probe to detect the severity of atherosclerosis can inform patient health and
reduce complications that lead to subsequent MI and development of HF pathophysiology. To
start, our goal was to develop a novel radiotracer that can detect aortic plaques ex vivo, and has the
potential to detect myocardial inflammation in vivo. The candidate radiotracer we selected was the
sulfonylurea containing NLRP3 inhibitor MCC950, however limitations in its radiosynthesis
hindered our ability to evaluate this radioligand in animals. We envisioned an alternative synthetic
pathway; however, it utilized a radiochemical technique that was not extensively explored. As a

result, we performed a comprehensive study on the limitations of the aza-Wittig reaction using
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iminophosphorane precursors for radiochemistry (chapter V). Finally, with the ability to efficiently
label *C-sulfonylureas using this technology, we extended its application to the synthesis of
[**CIMCC950, which we evaluated for imaging atherosclerotic plagues in ApoE™ mice. With the
development and evaluation of the radiotracers mentioned in this body of work, molecular changes
in autonomic function and vascular inflammation can provide prognostic value and aide in risk

stratification of patients, with the eventual goal of reducing the burden of HF.

7.1. Cardiac imaging using [\®F]mFBG in rats

Our ex vivo biodistribution studies with [*®FJmFBG established NET-dependent
myocardial retention via DMI pretreatment and determined the remaining retention to be due to
extraneural transport. In contrast, [121JmIBG and [*®F]FBBG show desipramine insensitivity in
rats.*®> Consequently, developing a NET selective fluorinated probe for SNS imaging in small
animals has proven to be even more challenging than in humans due to differential catecholamine
handling in these species. To date, only two other radiotracers demonstrated DMI sensitivity in
rats, but have yet to be evaluated further to demonstrate their application for PET imaging.®’
Regardless, our studies have also shown myocardial retention to be sensitive to chemical
sympathectomy by 6-OHDA by ex vivo biodistribution, in vivo PET, and autoradiography on mid-
ventricular slices. One of the most interesting features of [F]mFBG is its monoexponential
cardiac washout and insensitivity to desipramine and phenoxybenzamine chase-dosing. While
[1!CJHED is continuously recycled into the neuron via vesicular release and NET reuptake as
evidence by DMI displacement,® [*®FJmFBG displays no reuptake and is thus hypothesized to clear
to plasma upon exit from the presynaptic neuron. Theoretically, biochemical changes in VMAT2
transport or NET dysfunction would be more readily apparent at early timepoints in a tracer that

possesses limited reuptake. The leading fluorinated derivative for SNS imaging, [*®F]FBBG,
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displays DMI pretreatment sensitivity in rabbits, but is retained within the neuron by a different
mechanism than [*!C]JHED. Rather than continuous release and reuptake, [*®F]FBBG appears to
be trapped within the neuronal vesicle and unable to be released.®® In mature neuronal
preparations, several distinct pools of vesicles have been discovered.'®! The readily releasable
pool (RRP) is discharged within seconds following stimulation.'° Following depletion of the RRP,
a secondary releasable pool termed the recycling pool (RP) is then released.® Interestingly, a third
pool known as the resting/reserve pool (R:P) was identified in hippocampal nerve terminals and is
only released following intense stimulus.'® While the exact transport mechanisms are unclear,
irreversible uptake of [*®F]JFBBG and [*®F]JPHEG analogues may be due to retention in R
vesicles, whereas [*'C]HED is transported into RRP vesicles. This may also explain why
[‘®F]FBBG washout is observed to be consistent, whereas [*!CJHED washout is increased in
patients with ischemic cardiomyopathy (ICM), rendering [*!C]JHED to be more sensitive to
changes in tracer “leakage” from the neuron.*?> On the basis of our RSP pretreatment experiment,
it is evident that [*®F]mFBG is also a substrate for VMAT2 and must be stored into vesicles in
order to maintain neuronal retention. Given this finding, basal myocardial washout is likely
composed of a neuronal compartment influenced by active release with endogenous NE in RRP
vesicles, since passive diffusion of charged polar molecules is hypothesized to be a minor

contributor to tracer efflux from both the axoplasm and acidic cytosol within the vesicle.™

Indeed, pretreatment of rats with DMI revealed a significantly faster washout rate from the
myocardium in the absence of neural uptake (0.024 + 0.003 mint vs 0.058 + 0.02 min™?),
suggesting neural washout to be an inherently slower process. However, studies in diseased DSS
HS rats did not significantly affect cardiac washout of the tracer. We hypothesize that the lack of

changes observed in myocardial washout in disease state may be a consequence of not generating
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the expected late-stage HF phenotype. Furthermore, we do not yet have any supporting evidence
to show SNS tone is higher in HS-16 rats and await competitive ELISA results to determine
changes in NE plasma spillover. Regardless, we demonstrated that cardiac washout is a parameter
that can be influenced by pharmaceuticals that excite or depress sympathetic function via o2
antagonism or agonism, respectively. Given this finding, it is unlikely that myocardial washout is
of no physiological importance in disease assessment. In fact, the leading radioligands currently
used including [*Z1ImIBG, [“!C]HED, and [*®F]FBBG all report increased washout in the

myocardium of individuals presenting with some form or dysautonomia.!2417

Imaging experiments in humans with [*®FJmFBG have also demonstrated significant
cardiac washout and reversible kinetics.?® Since contribution of extraneural uptake in higher
species and humans is far less significant®, we believe neural washout to be a significant
contributor to reduced uptake over time. However, the distinct modes of tracer loss from the
neurons are not entirely understood, even with years of molecular imaging data obtained using
[121]mIBG in healthy and diseased populations.!®2* While active exocytotic release is typically
considered to be a major contributor, leakage from the neuron by facilitated diffusion and reverse
NET transport remain plausible. Nevertheless, our studies have determined important

compartments that dictate neuronal retention in rats as shown in figure 1.

In evaluating [*®FJmFBG in DSS rats, we uncovered reduced uptake in the LV coincident
with declining cardiac function and transition to HF. While tissue studies have not yet been
performed to pinpoint the exact cause of reduced uptake, the magnitude of decrease is consistent
with the previously determined contribution of NET-dependent myocardial uptake. Thus, the
current evidence suggests dysfunctional or downregulated NET is likely the culprit, but Western

blotting for NET must be performed to validate this hypothesis. Nevertheless, [**FJmFBG PET
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imaging has demonstrated good application in imaging an animal model of HF and is therefore a

promising radioligand to noninvasively detect SNS dysfunction in small animals.
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Figure 1. Compartmental kinetics of [*®FJmFBG. K is the rate constant that describes
transport of [**FJmFBG from plasma into the interstitium. Rate constant k2 represents
tracer in the interstitium transported back into plasma. Radiotracer in the interstitium
is composed of unbound free tracer and nonspecifically bound tracer. Rate constant ks
is representative of tracer that is specifically transported into the neuron by NET.
Whereas ks represents extravesicular transport of [*®F]JmFBG from the axopasm back
into the interstitium. Rate constant ks is the summation of mechanisms contributing to
loss of tracer from the neuron such as reverse NET transport or facilitated diffusion of
the tracer. Rate constant ks is representative of VMAT2-mediated transport of
[*®FJmFBG into neuronal storage vesicles, and ks describes reverse transport. Lastly, kr
is representative of exocytotic release of tracer back into the interstitium. Constant ks
describing the reverse process is not included as exocytotic release of tracer cannot be

reversed.
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In small animal imaging with SNS radiotracers, rapid delivery of radiotracer from plasma
to the interstitium has been hypothesized to contribute to perfusion-dependent uptake into target
tissue. This has been postulated for radiotracers with high binding affinity to the target such as
[1*C]HED. However, compartmental modeling of [**C]HED in mice demonstrates K1 to be a DMI-
dependent parameter that describes uptake of the tracer from plasma to nerve terminal rather than
plasma to extracellular space or interstitium. Due to the rapid transport of [*!C]HED from plasma
to extracellular space, NET uptake was the rate limiting step as demonstrated by homologous
blocking dose-dependency studies. However, [*!*CJHED myocardial uptake in humans is more
susceptible to perfusion-dependent retention due to significantly slower transport of plasma at 1
ml/min/g (humans) in comparison to 9ml/min/cm?® (mice).?%?” The estimated K1 parameter has
been measured to be 0.6 mL/min/g for [*'C]JHED, and approaches maximal plasma flow,
potentially influencing regionally reduced uptake due to perfusion defects.?® Human imaging of
[*®FImFBG in neuroblastoma patients has determined Ki to be 1.11 ml/min/g.*® Thus, SNS

imaging may also require obtaining MBF data to quantify NET function prior to [*3FJmFBG PET.

Based on our studies in rats, [!*3FJmFBG myocardial kinetics have been uncovered to be
NET dependent (ks) as demonstrated by DMI blockade. Sensitivity to RSP pretreatment provides
evidence of vesicular transport (ks). Washout parameters are influenced by exocytotic release (k7)
evidenced by adrenoreceptor chase, and neuronal leakage via diffusion, facilitated transport, or
reverse NET transport may occur (ks). Lastly, extraneural washout of the tracer is observed in
rodents and should be considered as a major compartment when interpreting [*®FJmFBG imaging

data.

396



7.1.2. Future directions

First, cardiac tissue studies should be performed on the hearts of DSS rats to determine the
origin of reduced uptake. Western blot for NET of HS and LS fed rats should provide evidence for
changes in NET expression. Immunofluorescence can also be performed by utilizing tyrosine
hydroxylase (TH) staining to visualize whether loss of sympathetic nerve density explains the
results obtained by PET and Western blotting. Blood samples have also been collected for several
of these rats and norepinephrine (NE) enzyme-linked immunosorbent assay (ELISA) can be

performed to observe changes in plasma NE spillover over the duration of the study.

Second, coronary artery ligation (CAL) animal models should be used since the multiple
etiologies can contribute to HF. To this end, cardiac function can be monitored by echo, and PET
imaging can be performed at several stages (early to late-stage HF). Flow imaging can be
performed to determine whether changes in perfusion influence regions of reduced cardiac uptake.
At the endpoint, tissue studies can be performed to determine changes in NET expression over the

course of HF.
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7.2.  Cardiac cholinergic system

PNS imaging performed with [*®F]JFEOBV did not enable us to selectively determine
NNCS function due to a lack of specific binding. We attempted to block the uptake in the
myocardium by treating animals with the nonreversible VAChT inhibitor (-)-vesamicol, which
also displays moderate sigma-1 receptor binding affinity.?® While we observed reduced uptake in
organs highly innervated by the PNS such as in the brain and pancreas, myocardial uptake
remained unchanged. Isoflurane was not observed to have any effect on cardiac uptake, and mice
expressing reduced or increased cardiac VACHhT displayed minimal differences in uptake. In this
event, the most probable hypothesis is that cardiac uptake of [*®F]JFEOBV in mice is driven by
perfusion and nonspecific interactions in tissue. It has been previously hypothesized in isolated rat
hearts that due to high lipophilicity [*F]JFEOBV undergoes passive diffusion and is distributed to
lipid rich sites, with washout also being driven by freely diffusible tracer.®® In addition, VAChT
receptor density is hypothesized to be low given the effective blocking doses of 10-150 ug/kg for
VAChHT inhibitors. While it is unlikely that receptor density is too low to be imaged even with
high molar activity [*3F]JFEOBYV, nonspecific myocardial retention may also be a consequence of
imaging small animals such as mice and rats. As recent data has demonstrated some evidence of
age-dependent retention of [*®F]JFEOBV in the human myocardium, advancing studies to higher
species such as rabbits or pigs may provide supporting evidence for specific binding with this

tracer.
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7.2.1. Future directions

Future studies with [*F]JFEOBYV are unlikely to lead to novel findings in small animals.
While larger animals are harder to obtain, PET imaging can be performed in pigs or non-human
primates. The images can be quantified and corrected for plasma metabolism and blocking studies
can be performed at low doses to ensure adequate safety and avoid toxicity. Blocking studies in
higher species will identify if any specific binding occurs. While it is unlikely that [**F]JFEOBV
myocardial retention in humans is dependent on sigma-1 receptors given this ligands improved
selectivity over (-)vesamicol®>®2, pretreatment with sigma-1 receptor antagonists can rule out this
possibility. Cardiovascular diseases such as HF can also be induced in pig models, and
quantification of LV activity can be determined as cardiac function declines.®® Absolute
quantification can be performed to observe whether perfusion-independent changes in LV activity
occur as the disease progresses. Alternatively, other tracers can be evaluated for cardiac NNCS

imaging such as ligands for acetylcholine esterase or choline transporter.

7.3.  Carbon-11 radiochemistry

Iminophosphoranes have served as important synthetic intermediates for several years,
with numerous research groups utilizing the Staudinger reaction in important synthetic pathways.
Typically, iminophosphoranes are formed in situ due to complications in purification. Namely,
these compounds display sensitivity to hydrolysis in water making solvent-solvent extraction
difficult, are moisture sensitive and thus display poor bench top stability, have high polarity
making column chromatography by silica challenging, and yield triphenylphosphine oxide (TPPO)
as a by-product of the Kirsanov reaction complicating high purity isolations.?* Given these
drawbacks, direct isolation of iminophosphosphoranes is typically avoided in synthetic organic

chemistry. Regardless, we were able to develop a simple isolation method for these precursors by
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utilizing their ability to form hydrobromide salts in situ to obtain a stable form of these precursors.
While these compounds display good reactivity with CO2 when reacting them with the natural
isotope of carbon (99% carbon-12), difficulties in separating TPPO from polar products were still
a major challenge that may hinder its use. However, we were still able to generate a multitude of

products with differing polarity, in addition to relevant pharmaceuticals using this chemistry.

Moreover, we successfully synthesized several carbon-11 labelled products in high yield
and trapping efficiency with this technology. Most notably, was the automated synthesis of the
radiopharmaceutical [!C]glibenclamide. This compound contains a sulfonylurea moiety
previously labelled using a two step method with [*!*C]CHsOTf in 5% RCY.® Alternative methods
for labeling sulfonylureas require the use of [*'C]carbon monoxide ([}!C]CO), a secondary
precursor that is not commonly used at many sites. Iminophosphorane chemistry has displayed
good substrate tolerance and represents a unique method to synthesize and obtain in-demand

radiopharmaceuticals in high yield using an automated method.

7.4.  Evaluation of [\{C]MCC950

MCC950 is a unique first in-class NLRP3 inhibitor that has shown application as a
therapeutic for inflammatory conditions. Given its active role in the progression of atherosclerosis
in mice and humans, we performed an ex vivo evaluation to determine whether imaging NLRP3-
mediated inflammation in atherosclerotic plaques with this tracer is plausible. Using an
iminophosphorane precursor, we successfully isolated the radiopharmaceutical in high yield with
an automated method. Plaques were visualized by ex vivo autoradiography and showed
heterogenous uptake within the aortic arch in lipid rich regions, whereas minimal accumulation
was noted in C57BL/6 mice. Under blockade conditions with nonradioactive MCC950, we noted

a ~2-fold increase in the accumulation of tracer within the plaque. We hypothesized that this
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increase in uptake may be nonspecific and likely due to an increase in the plasma free fraction of
the tracer, since administering cold MCC950 10 minutes prior to the radioligand could
significantly occupy plasma proteins. This phenomenon has been observed in CNS imaging, where
higher uptake in the brain may be noted as a result of reduced plasma protein binding and higher
BBB penetration.*® However, when we determined the increase in plasma free fraction, we noted
a moderate ~1.2-fold increase in free fraction of this tracer. In these scenarios, normalization of
radiotracer uptake by blood activity is typically required to provide a more accurate assessment of
changes that occurred in the organ of interest. Given that blood activity concentrations remained
consistent following homologous blockade, the ratio of plague-to-blood uptake will remain high.
Thus, normalized uptake values still provide higher aortic arch uptake. Given this finding, the most
probable hypothesis is that the uptake within the plaque is target dependent. With this in mind, we
suspected that biochemical mechanisms likely explain this phenomena. One study investigating
open and closed NLRP3 conformers performed in vitro studies with MCC950 and showed
inhibitor-dependent disaggregation of NLRP3 oligomers back to NLRP3 monomers.3’ This would
theoretically increase the total number of available binding sites and may explain the increase in

radiotracer accumulation.

In summary, we successfully synthesized [*'*CIMCC950 in high yields suitable for its
preclinical evaluation. From our ex vivo biodistribution and blocking studies, we noted increased
aortic arch uptake following homologous blockade, likely explained by biochemical
disaggregation of NLRP3 oligomers into monomers. Further work dedicated to imaging NLRP3-
mediated inflammation may provide a non-invasive means of detecting atherosclerotic plaques by

PET imaging and determine risk factors in populations with high expression of NLRP3.
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74.1. Future directions

Future studies with this tracer are warranted to further determine the extent of specific
binding within the plaque, such as the use of double knockout ApoE”~ NLRP3” mice, or RNA
silencing techniques to provide more direct evidence that [*!CJMCC950 uptake is driven by
changes in NLRP3 expression. Furthermore, tracer kinetics can be optimized by synthesizing
derivatives that retain high potency and have favorable characteristics for non-invasive in vivo

imaging of atherosclerotic lesions.

7.4.2. Major findings and conclusions

From the sympathetic imaging project in rats, we determined that: 1) Uptake of [**FmFBG
in rats is NET-sensitive, 2) minimal reuptake of the tracer occurs via neural and extra neural
transporters, 3) [*8FJmFBG is metabolically stable in the myocardium but significantly less stable
in plasma, 4) [*®F]mFBG is a VMAT substrate and requires vesicular storage for stable neural
retention, 5) [*8FJmFBG washout is sensitive to alterations in sympathetic tone, 6) tracer uptake is
sensitive in a HS diet induced disease model for HF. In summary, [*®F]mFBG is the first tracer to
display reversible kinetics and sensitivity to NET expression in rodents, with supporting evidence

that indicates tracer washout reflects vesicular efflux/neuronal leakage rates.

Imaging the NNCS with [*®F]JFEOBV provided us with the following conclusions: 1)
Uptake in the myocardium may be driven by perfusion due to insensitivity to pharmacological
blockade, 2) isoflurane anesthesia has minimal impact on the myocardial retention of the tracer, 3)
[*®F]FEOBV has moderate stability in the myocardium and lower stability in plasma after 30
minutes, 4) [*®FJFEOBV imaging in rodents is unlikely to be a sensitive imaging agent for

detecting molecular changes of VAChT in the NNCS.
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The development of iminophosphorane chemistry enabled the: 1) Synthesis and isolation
of stable iminophosphorane precursors, 2) synthesis of in-demand pharmacueticals and
radiopharmaceuticals in high yield and molar activity, 3) enabled the radiosynthesis of

sulfonylureas directly of [*!C]CO..

From the vascular imaging project with [*!C]JMCC950, we concluded that: 1)
[1!CIMCC950 can be synthesized efficiently using iminophosphorane chemistry, 2)
[1!CIMCC950, distributes primarily to the liver and kidney and demonstrates baseline uptake in
aortic plaques of ApoE™"mice, 3) increased plaque uptake following blockade is unlikely to be due
to nonspecific binding due to moderate increases in plasma free fraction, 4) biochemical
mechanisms such as oligomer disaggregation after pretreatment with nonradioactive MCC950 is

a more probable explanation to increased aortic plaque uptake.
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