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Abstract

Introduction—Altered lipid metabolism and subsequent changes in cellular lipid composition
have been observed in prostate cancer cells, are associated with poor clinical outcome, and are
promising targets for metabolic therapies. This study reports for the first time on the synthesis of a
phospholipid radiotracer based on the phospholipid 1,2-didocosahexaenoyl-sn-glycero-3-
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phosphocholine (PC44:12) to allow tracking of polyunsaturated lipid tumor uptake via PET
imaging. This tracer may aid in the development of strategies to modulate response to therapies
targeting lipid metabolism in prostate cancer.

Methods—L.ipidomics analysis of prostate tumor explants and LNCaP tumor cells were used to
identify PC44:12 as a potential phospholipid candidate for radiotracer development. Synthesis of
phosphocholine precursor and non-radioactive standard were optimised using click chemistry. The
biodistribution of a fluorine-18 labeled analogue, N-{[4-(2-[*8F]fluoroethyl)-2,3,4-triazol-1-
yl]methyl}-1,2-didocosahexaenoyl-sr-glycero-3-phosphocholine ([18F]2) was determined in
LNCaP prostate tumor-bearing NOD SCID gamma mice by ex vivo biodistribution and PET
imaging studies and compared to biodistribution of [8F]fluoromethylcholine.

Results—[18F]2 was produced with a decay-corrected yield of 17.8 + 3.7 % and an average
radiochemical purity of 97.00 £ 0.89% (= 6). Molar activity was 85.1 + 3.45 GBg/umol (2300 +
93 mCi/umol) and the total synthesis time was 2 hours. £x vivo biodistribution data demonstrated
high liver uptake (41.1 £ 9.2 %ID/g) and high splenic uptake (10.9 + 9.1 %ID/g) 50 minutes post-
injection. Ex vivo biodistribution showed low absolute tumor uptake of [18F]2 (0.8 + 0.3 %ID/g).
However, dynamic PET imaging demonstrated an increase over time of the relative tumor-to-
muscle ratio with a peak of 2.8 £ 0.5 reached 1 hour post-injection. In contrast, dynamic PET of
[18F]fluoromethylcholine demonstrated no increase in tumor-to-muscle ratios due to an increase in
both tumor and muscle over time. Absolute uptake of [18F]fluoromethylcholine was higher and
peaked at 60 minutes post injection (2.25 + 0.29 %ID/g) compared to [18F]2 (1.44 + 0.06 %ID/g)
during the 1 hour dynamic scan period.

Conclusions and advances in knowledge—This study demonstrates the ability to
radiolabel phospholipids and indicates the potential to monitor the /7 vivo distribution of
phospholipids using fluorine-18 based PET.
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Introduction

Currently, prostate cancer is the second most diagnosed cancer and the 5t leading cause of
cancer-related mortality in men worldwide [1]. Prostate cancer is mainly driven by a growth
response to androgens mediated by the androgen receptor (AR). Patients with metastatic
disease receive androgen deprivation therapy, and although initially effective, relapse is
expected to occur within 18-24 months for the majority of patients [2]. Castration-resistant
prostate cancer patients demonstrate a variable response to the more effective FDA-approved
agents targeting AR such as enzalutamide and abiraterone acetate [3]. Due to the variability
in responses and duration of responses seen in patients, sensitive and selective imaging tools
are needed in order to enable tumor localization and predicting response to therapy.
Currently FDA approved positron emission tomography (PET) imaging agents for prostate
cancer include metabolic imaging agents [11C]-choline and [*8F]fluorocholine for PET [4].
Imaging agents targeting prostate-specific membrane antigen (PSMA) have gained
importance in the diagnosis and treatment of prostate cancer [4-7].
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Altered lipid metabolism is a hallmark feature of most cancers including prostate cancer [8].
These alterations are geared towards the support of membrane and bioactive liquid synthesis
required for growth and proliferation. They support energy supply, and altered cellular lipid
profiles facilitate signaling and survival, and protect cells from stress and insults. Prostate
cancer cells tend to be highly lipogenic, but can also take up lipids from the
microenvironment [9-11]. The relative contribution between fatty acid synthesis and uptake
changes the balance between polyunsaturated fatty acids (PUFA) and mono-unsaturated
fatty acids (MUFA). In addition, PUFAs have shown to improve response to therapy as well
as determine tumor progression, apoptosis and differentiation [11-13]. PUFA can be taken
up as free fatty acid from diet but also as intact phospholipids [11]. Active research is
currently being done on ways to increase PUFA content through enzyme and pathway
modulation as well as via dietary intake [10-12, 14-16].

A range of approaches have been used to study altered lipid profiles in prostate cancer [8,
13]. Monitoring changes in the lipid metabolism based on de rnovo synthesis has been
investigated via [*1C]-choline and [*8F]fluorocholine, [11C]-acetate and other fatty acids
labeled with carbon-11 and fluorine-18 [17]. However, these metabolic imaging agents often
are incorporated in different metabolic pathways and cannot track changes in specific
phospholipid species within the bilayer cellular membrane in response to androgen
regulation. In this study, we show that PC44:12 is a highly androgen regulated
polyunsaturated phospholipid in prostate cancer. Radiolabeling of PC44:12 phospholipid
with a positron emitting radionuclide will allow us to follow the uptake of polyunsaturated
lipids and may aid in the development of strategies to monitor and modulate response to
androgen receptor targeted therapies.

This publication reports on the synthesis of a phospholipid radiotracer based on the
phospholipid 1,2-didocosahexaenoyl-smglycero-3-phosphocholine (PC44:12) (1) (Fig. 1):
[18F]2. Due to our extensive experience with 2-[18F]fluoroethyl azide click chemistry as
well as the compatibility of this strategy with a large number of functional groups, we chose
a click chemistry approach to radiolabel the PC44:12 phospholipid at the N-methyl position
[18, 19]. To demonstrate its possible use as a radiotracer for prostate cancer, initial
biodistribution and tumor uptake in LNCaP tumor-bearing mice was evaluated and
compared to [18F]fluoromethylcholine via dynamic PET imaging.

2. Materials and methods

2.1. General

Solvents and reagents were purchased from Sigma-Aldrich. 2-Azidoethyl 4-toluenesulfonate
and 2-fluoroethyl 4-toluenesulfonate were synthesised using published procedures [20, 21].
Purification by silica gel chromatography was performed using a Biotage Isolera automated
flash chromatography instrument and Reveleris cartridges (4 g, 12 g). NMR spectra were
recorded on either a Varian INOVA 400 or 600 instrument, with operating frequencies of
400 MHz for 'H NMR and 100 MHz for 13C NMR. High resolution electrospray ionisation
(ESI) mass spectrometry (MS) was conducted using a Thermo Scientific Exactive Plus
Orbitrap mass spectrometer. Liquid chromatography (LC)-MS was conducted with an
Agilent 6200 Series Accurate-Mass Time-Of-Flight instrument and Agilent Eclipse XDB-
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C18 5 pm 4.6 x 150 mm column. Radiotracer and radioactive metabolite analysis were run
on a Shimadzu Prominence LC-20AT system with a SPD-20A UV/Vis detector and
radioactivity detector using a Phenomenex Luna 5 pm 150 x 4.6 mm C18 column.

Collision induced dissociation mass spectrometry was conducted on a Thermo Finnigan
LTQ ESI mass spectrometer. Samples were prepared in 100 uM methanol and injected into
the ESI source at a 5 uL min~1 flow rate. The instrument was tuned to optimise the signal of
the desired parent ion peak. The ESI source conditions were maintained at the following
parameters: 2.5-4.7 kV needle potential, 250°C capillary temperature, 0.0-34.0 V capillary
voltage, and 0.0-55.0 V tube lens voltage. An ion gauge pressure of 0.69 x 107° torr was
maintained using helium. lons of interest for MS" experiments were isolated with a 1-4 m/z
window and 25 — 30 eV collision energy was applied for dissociation.

[18F]fluoride was produced using an IBA Cyclone 10/5 cyclotron at the Centre of Positron
Emission Tomography, Austin Hospital. Irradiation of [280]H,0 using a 10 MeV proton
beam in a titanium target induces a 180(p,n)18F reaction and a beam current of 22 uA over
30 minutes generated 11.1-18.5 GBq (300-500 mCi) of [*8F]fluoride.

Synthesis of the phospholipid radiotracer was performed using the automated FlexLab
module by iPhase Technologies.

[18F]fluoromethylcholine was obtained from the Department of Molecular Imaging and
Therapy (Austin Hospital) and was synthesised on a GE Tracerlab MX module using
reagents and methods commercially available from ABX, Radeberg, Germany.

ESI-MS/MS-based lipidomics of androgen and/or anti-androgen treated LNCaP cells

and patient-derived prostate tumor explants (PDES)

Cell line: Human prostate cancer cell line LNCaP was obtained from American Type
Culture collection and grown in RPMI 1640 medium (Life technologies) supplemented with
10% fetal bovine serum (FBS) and 2 mM L-Glutamine (Life technologies). For androgen
treatment, cells were seeded in 100 mm dishes in culture medium supplemented with 5%
dextran charcoal coated FBS for 24 hours prior to addition of 1 nM mibolerone. For anti-
androgen treatment, cells were seeded 100 mm dishes in culture medium supplemented with
10% FBS for 24 hours prior to treatment with 1 uM enzalutamide (ENZ). Cells were
cultured for 72 hours, until they reached 70-90% confluency, were washed with PBS and
collected in 800 pL PBS by scraping. Lipids were extracted from cells and subjected to
lipidomics as described below.

PDEs: Deidentified fresh prostate cancer tissues were obtained with written informed
consent from men undergoing radical prostatectomy for high volume cancer at the Hospitals
of the University of Texas Southwestern Medical Center (Dallas, TX, USA). Protocols were
approved by the University’s Institutional Review Board and research conducted according
to the standards set by the Declaration of Helsinki. Tissues were dissected into explants and
cultured as described previously [22], in the presence of vehicle (DMSO), 10 uM
bicalutamide, or 10 uM ENZ. PDEs were cultured at 37°C for 48h, then half was formalin-
fixed and paraffin embedded for immunohistochemistry evaluation of the proliferative
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marker Ki67 as described previously [22] and half was snhap frozen and stored at —80°C for
lipidomics. PDEs were prepared for lipidome analysis by homogenizing in 500 pL ice cold
PBS using the Precellys tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France). Samples were transferred to an Eppendorf tube and topped up to 800 uL PBS prior
to lipid extraction and lipidomics as described below.

Lipidomics: PDEs and cells were prepared in 800 uL PBS as described above. An aliquot
of 100 uL was set to quantify DNA for normalization. Lipids were extracted from the
remaining 700 pL using a modified Bligh-Dyer protocol by adding 800 pL CHCIs3, 900 pL
1IN HCI:CH30H 1:8 (v/v) and 500 pg of the anti-oxidant 2,6-di-tert-butyl-4-methylphenol
(Sigma). Following centrifugal phase separation, the lower organic fraction was collected,
evaporated, and the lipid pellet stored under argon gas at —20 °C. Lipid pellets were
reconstituted in diluent (CH30H:CHCI3:NH4OH; 90:10:1.25, v/v/v) according to DNA
quantification (1 uL diluent/ 1 pg DNA). Phospholipid species were analyzed by ESI-
MS/MS on a hybrid quadrupole linear ion trap mass spectrometer (4000 QTRAP system;
Applied Biosystems, Foster City, CA) equipped with a TriVersa robotic nanosource (Advion
Biosciences) as described previously [23].

2.3. Precursor and non-radioactive standard synthesis

N-desmethyl- L-a-glycerophosphorylcholine (3) (Fig. 2): L-a-glycerophosphorylcholine
(GPC) (60 mg, 0.233 mmol) and 1,4-diazabicyclo[2.2.2]octane (DABCO) (158 mg, 1.41
mmol) in dry dimethylformamide (DMF) (1.5 ml) were stirred and heated to 150°C in a dry
sealed tube under nitrogen for 7 h [24]. Solvent was removed via nitrogen stream to give the
crude product as a brown oil which was used in the next step without further purification
(85%).

Calculated m/z 244.0945 m/z[M+2H]*, 242.0872 m/z [M]~
Measured ESI-MS: 244.09 m/z [M+2H]*, 242.0792 m/z [M]~

N-desmethyl-1,2-didocosahexaenoyl-sr-glycero-3-phosphocholine (4): cis-4,7,10,13,16,19-
docosahexaenoic acid (DHA) (190 uL, 180 mg, 0.545 mmol), 2,4,6-trichlorobenzoyl
chloride (124 uL, 194 mg, 0.794 mmol), 4-dimethylaminopyridine (DMAP) (242 mg), and
dry triethylamine (TEA) (207 pL, 151 mg, 1.488 mmol) in dry DMF (1 mL) were mixed
under nitrogen and in darkness. (3) (0.233 mmol) was added and stirred at room temperature
for 20 h. Dry diethyl ether was added and the precipitate was filtered off. Solvent was
removed from the filtrate in-vacuo and via nitrogen stream. Silica column chromatography
was conducted using a 0 — 100% methanol in dichloromethane (DCM) with a 0.1%
triethylamine solvent system. Detection was via a UV detector at 206 nm and manual ESI-
MS with product elution at 10 — 20% methanol in DCM. Fractions were combined with 2
mg butylated hydroxytoluene (BHT) added and solvent removed in-vacuo. Dry THF was
added to the product and cooled to 0°C. The triethylamine hydrochloride salt was filtered
off, and Dowex — X8 Na form ion exchange resin beads were added to the filtrate and
allowed to stand for 1 h. The beads were removed and solvent removed under nitrogen
stream to give product as a yellow oil (166 mg, 0.196 mmol, 83%).
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Calculated m/z 864.5538 m/z [M+2H]*, 862.5392 m/z [M]~
Measured ESI-MS: 864.5543 m/z [M+2H]*, 862.5018 m/z [M]~
Measured CID-MS" (+): MS? 695.3 m/z, MS® 385.3 m/z

14 NMR (400 MHz, CDCI3) & 5.46 — 5.19 (m, 25H), 4.48 — 4.33 (m, 1H), 4.26 (t, /= 9.8
Hz, 2H), 4.17 (dd, J= 12.0, 6.6 Hz, 1H), 4.08 — 3.95 (m, 2H), 3.20 (s, 2H), 2.93 — 2.70 (m,
26H), 2.44 — 2.30 (m, 8H), 2.07 (p, J= 7.3 Hz, 4H), 0.97 (t, J= 7.5 Hz, 6H).

13C NMR (600 MHz, CDCI3): 8.88, 14.40, 22.72, 25.66, 25.72, 25.75, 30.44, 34.03, 34.21,
44.49, 45.76, 58.69, 58.76, 60.83, 60.88, 62.91, 63.74, 63.79, 70.67, 125.62, 127.91, 127.98,
128.14, 128.18, 128.35, 129.39, 128.42, 128.68, 129.45, 132.14, 151.62, 172.47, 172.82

N-propargyl-1,2-didocosahexaenoyl-sr-glycero-3-phosphocholine (5): Propargyl bromide in
toluene (150 pL) was added to sodium iodide (100 mg) in dry acetonitrile (1 mL) and stirred
for 5 min at RT. After the sodium bromide precipitate settled, the remaining yellow
propargyl iodide solution was transferred to (4) (30 mg, 0.035 mmol) with dry TEA (50 pL)
under nitrogen and stirred at room temperature for 24 h. The salt was filtered off and the
solvent removed from the filtrate by nitrogen stream. Silica column chromatography (0 —
100% methanol in DCM with 0.1% triethylamine) gave product at 50% methanol. BHT was
added and solvent was removed in-vacuo. Dry THF was added and cooled to 0°C for 2 h.
Salt precipitate was filtered off and Dowex X-8 Na form ion exchange resin beads were
added and left for 2 h at room temperature. This was filtered and solvent removed by
nitrogen stream to give a yellow oil (25 mg, 0.028 mmol, 80%).

Calculated m/z 902.5695 m/z [M+H]*
Measured ESI-MS: 902.5720 m/z [M+H]*

1H NMR (600 MHz, CDCI3) & 5.44 — 5.27 (m, 24H), 5.22 (td, J= 8.9, 5.7 Hz, 1H), 4.65 (s,
2H), 4.39 (dt, J= 17.0, 8.5 Hz, 1H), 4.34 (s, 2H), 4.15 (dd, J= 12.0, 6.9 Hz, 1H), 4.03 — 3.92
(m, 2H), 3.89 (s, 2H), 3.42 (s, 6H), 2.92 — 2.75 (m, 20H), 2.47 — 2.31 (M, 9H), 2.10 — 1.99
(m, 4H), 0.96 (t, J= 7.5 Hz, 6H).

13C NMR (600 MHz, CDCI3): 14.24, 20.53, 22.25, 25.51, 25.57, 25.60, 33.90, 34.09, 51.85,
55.33, 59.03, 62.97, 63.42, 63.46, 64.49, 70.69, 70.73, 71.67, 81.22, 126.97, 127.77, 127.82,
127.98, 128.02, 128.26, 128.31, 128.32, 128.55, 129.30, 132.01, 172.46, 172.78

N-{[4-(2-fluoroethyl)-2,3,4-triazol-1-yl]methyl}-1,2-didocosahexaenoyl-s+glycero-3-
phosphocholine (2): Fluoroethyl tosylate and sodium azide were mixed in dry DMF at room
temperature for 24 h to give fluoroethyl azide. Crude product was used for the next step
without further purification. Copper (1) iodide (2.5 mg) and sodium ascorbate (26 mg) were
dissolved in water (250 pL) before addition of acetonitrile (250 puL), DMF (200 L) and
DIPEA (25 uL). This was mixed vigorously until the mixture became orange. This catalyst
mixture was added to (5) (7.7 mg, 0.0085 mmol) with crude fluoroethyl azide and stirred for
24 h. Solvent was removed via nitrogen stream with gentle heating. Silica column
chromatography was conducted using a 0 — 100% methanol in DCM with a 0.1%
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triethylamine solvent system. Product eluted at 60% methanol in DCM as detected with
206nm UV detection and manual ESI-MS. Solvent was removed in-vacuo. Dry THF was
added and cooled to 0°C. Salt precipitate was filtered off and Dowex X-8 Na form ion
exchange resin beads were added and left for 2 h at room temperature. This was filtered and
solvent removed by nitrogen stream to give a yellow oil (7.6 mg, 0.0077 mmol, 95%).

Calculated m/z 991.6011 m/z [M+H]*
Measured ESI-MS: 991.6088 m/z [M+H]*
Measured CID-MS" (+): MS2 695.3 m/z, MS® 385.3 m/z

14 NMR (600 MHz, CDCI3) 6 8.75 (s, 1H), 5.54 — 5.17 (m, 24H), 5.22 (d, J = 3.2 Hz, 1H),
4.98 - 4.67 (m, 6H), 4.46 — 4.30 (M, 3H), 4.22 — 4.05 (m, 1H), 3.97 (d, J = 4.8 Hz, 2H), 3.65
(d, J = 20.9 Hz, 2H), 3.28 (s, 6H), 2.94 — 2.69 (m, 20H), 2.40 — 2.29 (m, 8H), 2.06 (p, J = 7.4
Hz, 4H), 0.95 (t, J = 7.5 Hz, 6H).

13C NMR (600 MHz, CDCI3): 8.57, 14.24, 20.52, 22.52, 22.54, 25.50, 25.55, 25.59, 29.50,
29.65, 33.86, 34.03, 45.70, 50.65, 50.79, 59.18, 59.62, 62.79, 63.61, 64.24, 70.53, 80.51,
81.65, 126.96, 127.70, 127.73, 127.81, 127.95, 128.01, 128.0, 128.25, 128.30, 128.32,
128.53, 129.32, 129.82, 131.99, 135.74, 172.43, 172.74.

2.4. N-{[4-(2-[*8F]fluoroethyl)-2,3,4-triazol-1-ylJmethyl}-1,2-didocosahexaenoyl-sn-
glycero-3-phosphocholine ([18F]2)

Isolation of the F-18 fluoride ion from [*80]H,0 was achieved by trapping on a Chromafix
PS-HCOg3 ion exchange column. The column was eluted with a solution containing KHCOg
(2 mg) and kryptofix 2.2.2 (11 mg) in a mixture of 1 mL of methanol and 200 pL of water.
Evaporation to dryness with 1 mL of acetonitrile gave the anhydrous [18F]fluoride used in
the labeling experiments.

The dried [18F]KF/Kryptofix complex was reacted with azidoethyltosylate (4 pL) in dry
acetonitrile (750 uL) at 90°C over 7 min to give 2-[*8F]fluoroethyl azide. 2-[18F]fluoroethyl
azide was distilled at 100°C into a second reactor according to published procedure [18].
Precursor (5) (2.5 — 3.3 mg) in DMF was added to the 2-[18F]fluoroethyl azide. Catalyst
(prepared separately by dissolving copper (1) iodide (2.5 mg) and sodium ascorbate (26 mg)
in water (250 pL) before addition of acetonitrile (250 puL), DMF (200 pL) and DIPEA (25
pL) and mixed vigorously until it turned orange) was added and stirred at 70°C for 20
minutes. Mixture was diluted with water (11 mL) and product was trapped on a C18 Sep-
Pak and washed with water (10 mL). Radiotracer was eluted with ethanol (1.5 mL) and dried
under argon stream with gentle heating in a warm water bath. This was reformulated into a
maximum 10% ethanol in water solution. For quality control, formulated radiotracer was
injected into an HPLC with a gradient of 5 — 95% ethanol in water over 10 minutes followed
by 20 minutes of 95% ethanol at a flow rate of 0.5 mL per min. Stability was tested by a
subsequent injection of formulated radiotracer into the HPLC after 7 hours at room
temperature.
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2.5. Estimation of lipophilicity

Traditional octanol/phosphate buffer method: 5 L of [*8F]2 was added to 500 L octanol
and 500 pL of phosphate buffer adjusted to pH 7.4. After vortexing for 3 minutes, the
sample was centrifuged at 12,000 rpm for 5 minutes. 100 uL was carefully taken out of each
phase and the radioactivity measured.

Chromatographic hydrophobicity index approach: on an Agilent C18 4.6 x 150 mm column,
2 and reference compounds were injected individually and run using a gradient of 0 — 100%
methanol in water over 20 minutes followed by 35 minutes 100% methanol at a flow rate of
0.3 mL/min. The reference compounds included choline, caffeine, ibuprofen, trans-retinoic
acid, cholecalciferol, and a-tocopherol. Reference calculated log P values were sourced
from online tools ALOGPS 2.1 [25] and ChemAXxon (MarvinSketch, 2018).

2.6. Stability studies

17 puL human serum in 33 pL phosphate buffer was incubated at 37°C with 2.5 uL
formulated [18F]2. At the 1 and 2 hour time points, 15 pL methanol was added and
centrifuged for 5 minutes. The supernatant was carefully taken out and radioactivity of both
supernatant and the remaining pellet was counted.

2.7. Animal Experiments

Animal experiments were approved by the Austin Health animal ethics committee and
performed according to the NHMRC Australian code of practice for the care and use of
animals for scientific purposes.

LNCaP cells (5 x 10° cells in 50 uL RPMI 1640 culture medium (Invitrogen) and 50 pL
Matrigel (BD)) were injected subcutaneously in 6-week-old NOD SCID gamma male mice.
Tumors were measured using a calliper and upon reaching approximately 200 mm3, mice
were used for PET/MR imaging.

2.8. PET/MR Imaging and biodistribution

Mice were injected with 14.8 MBq (0.4 mCi) of [18F]2 or [18F]fluoromethylcholine via the
lateral tail veins. Under isoflurane anaesthesia, mice were imaged using a multimodality
positron emission tomography (PET) and magnetic resonance (MR) camera (hanoScan®,
Mediso, Budapest, Hungary). The mice were anesthetized with isoflurane during PET/MR
imaging. Dynamic scans (60 minutes, 10 minutes per frame) were performed immediately
after injection of [18F]2 (7= 2) or [18F]fluoromethylcholine (7= 2) followed by a 25-minute
MR scan. PMOD software was used for co-registration and mark-up of volumes of interest
(\VOI) in cross-sectional MR images. Standard uptake values (SUVs) were generated by
measuring VOI from PET/MR images. SUV values were calculated with the formula: SUV
= Cper(T)(kBa/mL) / [ID (kBq)/ BW (g)] with Cpe7(T) = radioactivity concentration in
tissue of interest at time 7; 1D, injected dose and BW, body weight. To convert (kBg/cc)/ccm
to %ID/ccm, total body uptake (kBg/cc) of each mouse was used as an approximation of ID.
For biodistribution, a separate group of mice (n7= 3) were injected intravenously with 14.8
MBq (0.4 mCi) [18F]2 and at 50 minutes post injection, mice were sacrificed and selected
organs were removed, and counted in a gamma counter (Perkin Elmer Wizerd2). To
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calculate injected dose and correct for radioactive decay, standards (20-fold dilution of
injected dose) were prepared in triplicate and counted for radioactivity at the same time of
the tissue samples.

2.9. Metabolism studies

After imaging was completed, liver and blood were harvested from mice injected with
[18F]2 used in the dynamic PET/MR study. Liver tissue was homogenised in 2:1 chloroform/
methanol before being filtered off. The filtrate was centrifuged for 5 minutes, and the
organic and aqueous layers injected into the HPLC. Blood extracts were centrifuged at 2000
g for 5 minutes. 50 pL of the supernatant was combined with 50 pL methanol and
centrifuged for 5 minutes. 40 L of water was added to the supernatant and then injected
into the HPLC. All HPLC injections were run with a gradient of 5 — 95% ethanol in water
over 10 minutes followed by 20 minutes of 95% ethanol at a flow rate of 0.5 mL/min.

2.10. Statistical analysis

Data are presented as mean + standard error. Two-tailed unpaired t-test was performed using
Graphpad Prism 5.04.

3. Results and discussion

3.1. PC44: 12, a highly polyunsaturated phospholipid regulated by androgen in prostate

cancer

To identify a suitable candidate phospholipid for probe development, androgen regulated
changes in phosphatidylcholine (PC) lipid abundance were measured via lipidomics analysis
in prostate cancer cell lines and patient-derived prostate tumors (data not shown). The main
selection criterion for a suitable candidate for probe development was the display of altered
abundance of the phospholipid species in response to androgen regulating reagents (i.e.
synthetic androgen mibolerone (MIB) and androgen receptor (AR) antagonist enzalutamide
(ENZ)). Additionally, an increase in abundance of a phospholipid candidate for probe
development was preferred as this would allow the measurement of an increase in PET
signal in responding tumours in response to androgen receptor targeted therapies in prostate
cancer patients. Although multiple phospholipid species matched these criteria (data not
shown), PC44:12 was selected as an example phospholipid for initial work up of the
radiolabeling conditions for fluorine-18 radiolabeling of phospholipids.

Lipidomic analysis of prostate cancer cell line LNCaP showed a significant decrease in the
abundance of phospholipid species PC44:12 in the presence of synthetic androgen MIB
compared to vehicle treated cells, and a significant increase in the presence of AR antagonist
ENZ (Fig. 3A). As a more clinically-relevant model system, patient derived prostate tumour
explants cultured in the presence of AR antagonists bicalutamide (10 uM) or ENZ (10 uM)
were also subjected to lipidomics analysis. Prior to evaluating lipid changes, PDEs were
categorised into two categories based on their proliferative response to AR antagonism,
where non-responders were defined as having <50% change in the proliferative marker Ki67
compared to matched vehicle treated PDEs, and responders >50% change in Ki67 positivity
(Fig. 3B). A significant increase in the PUFA species PC44:12 was observed in responders
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to AR antagonism compared to non-responders (Fig 3C). Based on its significant stimulation
upon AR targeting in prostate cancer cells and patient-derived tumors, PC44:12 was selected
as an initial candidate for radiotracer development.

3.2. Synthesis of phosphatidylcholine precursor and non-radioactive standard

Synthesis of precursor and non-radioactive standard necessitated an inert atmosphere to limit
air autoxidation (Fig. 2). After coupling of two DHA to demethylated GPC, (4) was reacted
with propargyl iodide to give the alkyne precursor (5) with a yield of 80%. The propargyl
derivative (5) was then reacted with 2-fluoroethyl azide in a copper(l) catalysed azide-alkyne
cycloaddition reaction to give the non-radioactive standard 2 with a yield of 95%.

3.3. Radiolabeling of [18F]2

We chose to employ 2-[18F]fluoroethyl azide click chemistry as our radiolabeling strategy
since this method is easy to automate, is compatible with the functional groups present in the
phospholipid precursor and produces radiopharmaceuticals in high yields and good molar
activity. Distillation of 2-[18F]fluoroethyl azide was performed at 100°C. A copper iodide/
sodium ascorbate catalyst was used to promote the click reaction between 2-[18F]fluoroethyl
azide and the precursor alkyne (5).

Preparative C18 HPLC failed to reproducibly separate product from by-products despite
attempts with acetonitrile, ethanol or ammonium acetate additives. For
[*8F]fluoromethylcholine, cation exchange cartridges such as CM Light Sep-pak cartridges
are routinely used to purify the radiotracer. In the case of [18F]2, solid phase extraction using
a C18 Sep-Pak was sufficient for removal of radioactive side products and unreacted
precursor. This method was also found to be superior to traditional HPLC purification.
Purification was conducted by dilution of reaction products with water (11 mL) and trapping
the radiotracer on a C18 Sep-Pak, followed by an aqueous wash (10 mL) which successfully
removed the reagents and polar radioactive side products to give radiochemically and
chemically pure product. Elution with ethanol (1.5 mL) and drying under argon gave the
[18F]2 which was reformulated into a maximum 10% ethanol in water solution.

[18F]2 was produced with a decay-corrected yield of 17.8 + 3.7 % and an average
radiochemical purity of 97.00 £+ 0.89% (7= 6, Table 1). Molar activity was 85.1 + 3.45 GBq/
pmol (2300 £ 93 mCi/ umol) and the total synthesis time was 2 h. Quality control analysis
using HPLC demonstrated elution of non-radioactive standard and radiotracer at 24 minutes
(Fig. 4). After 7 hours at room temperature, the final formulation showed no defluorination
or degradation.

3.4. Estimation of lipophilicity

The traditional octanol/phosphate buffer method was initially attempted, but due to the
highly hydrophobic nature of lipids, quantitation of lipid concentration in the aqueous phase
was inaccurate. Hence, the chromatographic hydrophobicity index approach was taken in
which the retention time of a molecule on a reverse phase system was correlated to its log 2
[26]. A simplified version was conducted here where for a given chromatographic method,
retention times of the non-radioactive standard 2 was compared with retention times of
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reference compounds with calculated log Pvalues [27]. Linear relationships between
retention time and log P were established [ALOGPS: y = 0.2723x — 4.2669; R2 = 0.9675;
ChemAxon: y = 0.3063x — 5.4062; R? = 0.9723] and from this, the log P of 2 was
approximated to be between 6.9 and 7.2 (Table 2). The high log ~value reflects the
expectation of the lipid tracer to passively cross cell membranes.

PET/MR imaging and biodistribution of [18F]2 in LNCaP tumor-bearing mice

To evaluate [18F]2 as a potential imaging agent for prostate cancer, PET/MR imaging and
biodistribution studies of [18F]2 were performed in LNCaP tumor-bearing NOD SCID
gamma mice and compared to tumor uptake and biodistribution of [18F]fluoromethylcholine.
Figure 5 shows a representative whole-body maximum intensity projection (MIP) image at
60 minutes post injection for [*8F]2 (Fig. 5A) and [*8F]fluoromethylcholine (Fig. 5D).
Quantitative analysis of dynamic PET images showed high uptake in liver starting at 20.5 =
2.5 %ID/cc at 10 minutes post injection, reaching 27.3 + 3.1 %ID/cc at 60 minutes post
injection for [18F]-PC44:12. Bladder also showed increase in activity over time, increasing
from 4.5 + 1.0 %ID/cc at 10 minutes post injection to 24.5 £ 4.4 %ID/cc at 60 minutes post
injection. In contrast, heart, lungs, kidneys and muscle had reached peak activity by 10
minutes post injection. Kupffer cells are known to take up free phospholipids, and this was
reflected in the rapid and high liver uptake seen with [18F]2 [28]. [18F]fluoromethylcholine
showed an initial liver uptake of 13.7 £ 0.1 %ID/cc at 10 minutes post injection which
reached 14.5 + 1.2 %ID/cc at 60 minutes post injection. [18F]2 uptake in bladder was more
prominent than [18F]fluoromethylcholine, suggesting a higher renal excretion of [18F]2
compared to [18F]fluoromethylcholine. Accumulation of [18F]2 in the bladder increased
from 4.5 + 1.0 %ID/cc to 24.5 + 4.4 %ID/cc at 60 minutes post injection compared to low
bladder uptake seen with [18F]fluoromethylcholine (2.8 + 1.2 %ID/cc at 10 minutes post
injection versus 3.0 + 0.6 %ID/cc at 60 minutes post injection).

Tumor uptake of [18F]2 was low (Fig. 5C). However, [18F]2 uptake in the tumor was
retained over time (1.3 £ 0.3 %ID/cc at 10 minutes versus 1.4 + 0.1 %ID/cc at 60 minutes
after injection), whilst the muscle concentration decreased over time (1.1 = 0.2 %ID/cc at 10
minutes versus 0.6 £ 0.1 %ID/cc at 60 minutes after injection). This resulted in an increase
in tumor-to-muscle ratio from 1.2 + 0.3 at 10 minutes post injection to 2.4 + 0.2 at 60
minutes post injection. In contrast, for [18F]fluoromethylcholine, both tumor and muscle
retained [18F]fluoromethylcholine over time (Fig. 5F). Therefore, the tumor-to-muscle ratio
for [18F]fluoromethylcholine did not show increase over time (0.90 + 0.01 at 10 minutes
post injection to 1.0 + 0.1 at 60 minutes post injection).

In a final experiment, LNCaP tumor-bearing mice were injected with [18F]2, followed by
biodistribution at 50 minutes post injection (Table 3). Biodistribution data confirmed high
liver uptake (41.1 + 9.2 %ID/qg), but lower activity in heart (2.39 £ 9.2 %ID/g) and lungs
(3.48 + 1.15 %ID/g) compared to imaging data (Table 3). In general, data obtained from the
biodistribution study confirmed tissue distribution obtained from dynamic PET quantitation,
although some differences in absolute uptake values between PET and biodistribution data
observed might reflect the contribution of blood volume and blood activity contributing to
each organ at time point of imaging. Some difference between organs weights (g) and organs
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volumes (cc) may also contribute to differences seen between PET and biodistribution
measurements. Although absolute values determined with biodistribution were lower for
muscle (0.3 £ 0.1 %ID/g) and tumor (0.8 £ 0.3 %ID/g) compared to quantitative PET
analysis, the relative tumor-to-muscle ratio determined via biodistribution (2.8 £ 0.5) was
similar to the tumor-to-muscle ratio determined with quantitative PET analysis (2.4 = 0.2).
While this offers better differentiation and contrast between tumor and background for
[18F]2 compared to [18F]fluoromethylcholine, the overall low tumor uptake may limit the
utility of [18F]2 for imaging of prostate cancer in the clinic.

The initial evaluation of phospholipid changes in LNCaP cells and patient derived explants,
were determined as fold-change and therefore did not reflect the absolute amounts of each
phospholipid species measured. Because of the low tumour uptake measured with [18F]2,
LNCaP tumors used in biodistribution studies were analysed via ESI-MS/MS-based
lipidomics to determine prevalence of PC44:12. Of all phosphatidylcholine species
measured, PC44:12 species only represented 0.02% of total PC species (3 nmol lipid per mg
of DNA). In contrast, more abundant species (e.g. PC32:0, PC34:1, PC36:1, PC34:2,
PC36:4) had a prevalence between 5 to 25%, 250 to 2500-fold higher compared to PC44:12.
The low absolute amount of PC44:12 in LNCaP tumour cells might explain the low uptake
of [18F]2 by LNCaP /n vivo.

3.6. Metabolism studies

To determine the metabolic fate of [18F]2, metabolites were analysed in plasma and liver
extracts obtained from the biodistribution study. A minor polar metabolite was observed at 4
minutes into the HPLC run of the aqueous liver extract (Fig. 6). Given the early elution time
and absence of this metabolite in the organic phase, it is likely cleavage of the polar
headgroup. The metabolite accounted for 4 — 9.5% of total radioactivity after the two-hour
process of imaging, biodistribution and organ harvest (7= 2). Figure 7 shows the [18F]2
stability in blood, with 27% bound to plasma protein at 2 hours, and the remainder unbound.
The metabolism assays indicate that the radiotracer was stable in blood and able to reach its
target tissue intact.

4. Conclusions

This study demonstrates for the first time the ability to radiolabel phospholipids with
fluorine-18 to high radiochemical purity. The [18F]2 phospholipid probe demonstrated low
absolute uptake in tumors of LNCaP-tumor-bearing mice, but retained its integrity /7 vivo
and demonstrated an increase in tumour-to-muscle ratio between 10 to 60 minutes,
suggesting some [*8F]2 phospholipid is retained within the tumour. Further research in mice
is warranted to evaluate if fluorine-18 labeled phospholipids can distinguish between
androgen-dependent and androgen-independent tumors, or can predict response to androgen
deprivation therapies.
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Fig. 1.
Structures of PC44:12 (1) and [18F]2 (2).
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Fig. 3.

PC44:12, a candidate for phospholipid radiotracer development. (A) Lipidomics of LNCaP
cells shows androgen regulation of phospholipid species PC44:12. MIB, miberolone; ENZ,
enzalutamide. n = 3; bars, SD (B) Proliferative response, and (C) PC44:12 lipid response of
patient-derived explants (7= 6) to AR antagonist (bicalutamide or enzalutamide) treatment
compared to vehicle. Proliferative response, determined by immunostaining for the marker
Ki67, stratified patients as non-responders (/7= 2) or responders (7= 4). Box plots represent
the median and interquartile range, whiskers represent the minimum and maximum values.
**p<0.01; Mann-Whitney U Test.
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LC trace of 0 — 100% ethanol in water gradient over 30 minutes. (A) LC-UV of non-
radioactive standard 2 with elution at 24 min, (B) Radiotrace of [18F]2 tracer with elution at

24 min.

Nucl Med Biol. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kwan et al.

Page 19

['*F]2
B C
5
3
- Heart -+~ Muscle
B + Lungs B + Tumour
o Liver g2
> 2 : =
S~ - Kidneys pord — £ ——3
» o Bladder [ 1
0 T T T T T
10 20 30 40 50
0 Time (Minutes) Time (Minutes)

['®F]fluoromethylcholine

E F
5 3 I

L2 L2

= s,

s 30 -+~ Heart s

@ @ T $

£ - Lungs £ —t———r—r3
% .‘:OJ 20 Liver g 27

E - Kidneys E

Q o 1

2 10 Bladder g s usile

(4 L“ 2

o — | o + Tumour

3 g4 20

- v T T T T T T - T T T

ey [y

2 e

T
20 30 40 50
Time (Minutes)

-t
o
n
o

30 40 50 60
Time (Minutes)

-
o

Fig. 5.

D3namic PET/MRI imaging of [18F]2 and [18F]fluoromethylcholine in LNCaP tumor-
bearing mice. (A) Representative whole body maximum intensity projection (MIP) PET
image (/eft panel), coronal MRI section (middle panel) and overlay PET/MRI (right panel)
are shown of 6.6 MBq (0.178 mCi) [*8F]2 at 60 minutes post injection. (B-C) Time activity
curves of [18F]2 of liver, bladder, heart, lungs and kidneys (B) and muscle and tumor (C)
based on VOI analysis of acquired dynamic PET images (n= 3; bars, SD). (D)
Representative whole body maximum intensity projection (MIP) PET image (/eft panel),
coronal MRI section (middle panel) and overlay PET/MRI (right panel) are shown of 14.8
MBq (0.4 mCi) [*8F]fluoromethylcholine at 60 minutes post injection. (E-F) Time activity
curves of [18F]fluoromethylcholine of liver, bladder, heart, lungs and kidneys (E) and muscle
and tumor (F) based on VVOI analysis of acquired dynamic PET images (7= 2; bars, SD).
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Fig. 6.
[18F]2 radiotracer and radioactive metabolites extracted from mouse liver. (A) HPLC

chromatogram of organic phase with radiotracer at 24 min. (B) HPLC chromatogram of
aqueous phase with polar metabolite at 4 min.
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Mouse blood extract containing [18F]2 radiotracer. HPLC chromatogram at 24 min and
radioactive metabolites at 5 min obtained from biodistribution study.
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Table 1

Radiochemical yields and purities for [18F]2 of six synthesis runs

Run  Yield (mCi) Yield (%) Radiochemical purity (%)
Decay corrected  Not corrected
1 28 15 6 >99
2 21 9 5 >99
3 34 17 6 >99
4 34 21 12 95
5 30 11 6 95
6 95 34 19 95
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Estimated log P values and retention times of reference compounds and non-radioactive standard 2

Table 2

Compound Retention time log P
(min) ALOGPS ChemAxon

Choline 4.25 -3.59 -4.66
Caffeine 17.0 -0.24 -0.55
Ibuprofen 26.4 3.50 3.84
Trans-Retinoic acid 312 5.66 5.01
Cholecalciferol 45.0 7.98 7.13
a-Tocopherol 51.5 8.84 10.51
2 41.0 6.9 7.2
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Table 3

Page 24

Tissue biodistribution of [18F]2 lipid in LNCaP tumor-bearing NOD SCID Gamma mice at 50 minutes post

injection
Tissue Uptake (%1D/g)"
Blood 6.1+3.0
Brain 05+0.3
Heart 24+12
Lung 35+11
Stomach 14+08
Spleen 109+9.1
Liver 411+9.2
Kidney 48+1.2
Small Intestines 6.0+27
Large Intestines 1.2+03
Muscle 0.3+0.1
Bone 0.8+0.3
Skin 04+0.1
Tumor 0.8+0.3

*
data presented as mean + SD, 71=3
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