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Aren van Waarde', Rogier C. Buijsman4, Nicole Willemsen-Seegers4, Reinoud Gosens®, Herman Meurs’,

Alexander Démling?, and Philip H. Elsinga’

! Department of Nuclear Medicine and Molecular Imaging, University Medical Center Groningen, University of Groningen,
Groningen, The Netherlands; *Department of Drug Design, University of Groningen, Groningen, The Netherlands; > Department of
Molecular Pharmacology, University of Groningen, Groningen, The Netherlands, and *Netherlands Translational Research Center

B.V., Oss, The Netherlands

Arginase hydrolyzes L-arginine and influences levels of polyamines and
nitric oxide. Arginase overexpression is associated with inflammation
and tumorigenesis. Thus, radiolabeled arginase inhibitors may be suit-
able PET tracers for staging arginase-related pathophysiologies. We
report the synthesis and evaluation of 2 radiolabeled arginase inhibitors,
8E_.FMARS and '®F-FBMARS, developed from a-substituted-2-
amino-6-boronohexanoic acid derivatives. Methods: Arylboronic
ester—derived precursors were radiolabeled via copper-mediated fluo-
rodeboronation. Binding assays using arginase-expressing PC3 and
LNCaP cells were performed. Autoradiography of lung sections from
a guinea pig model of asthma overexpressing arginase and dynamic
small-animal PET imaging with PC3-xenografted mice evaluated the
radiotracers’ specific binding and pharmacokinetics. Results: 8F_fluo-
rinated compounds were obtained with radiochemical yields of up to
5% (decay-corrected) and an average molar activity of 53 GBq-pumol .
Cell and lung section experiments indicated specific binding that was
blocked up to 75% after pretreatment with arginase inhibitors. Small-
animal PET studies indicated fast clearance of the radiotracers (7.3 =
0.6 min), arginase-mediated uptake, and a selective tumor accumula-
tion (SUV, 3.0 + 0.7). Conclusion: The new '8F-fluorinated arginase
inhibitors have the potential to map increased arginase expression
related to inflammatory and tumorigenic processes. '|F-FBMARS
showed the highest arginase-mediated uptake in PET imaging and a
significant difference between uptake in control and arginase-
inhibited PC3 xenografted mice. These results encourage further
research to examine the suitability of '"®F-FBMARS for selecting patients
for treatments with arginase inhibitors.
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Arginase is a manganese-dependent metalloenzyme that cata-
lyzes the hydrolysis of L-arginine to L-ornithine and urea. Cytosolic
arginase type I (Argl) is expressed predominantly in the liver and
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involved in ureagenesis, whereas mitochondrial type II (Arg2) is
expressed throughout extrahepatic tissues (/). Arginase levels
inversely influence the activity of endothelial, neuronal, and induc-
ible nitric oxide synthases (NOSs), a group of enzymes competing
for the same substrate (L-arginine) to catalyze the production of nitric
oxide (NO°®). This highly diffusive and reactive gas is important in
cell signaling to induce, for example, relaxation of airway and vas-
cular smooth muscle, neurotransmission, and regulation of the
immune system (2). The delicate arginase-NOS physiologic equilib-
rium can be disrupted by oxidative and inflammatory signaling path-
ways (Fig. 1) (2,3).

Arginase overexpression, and the consequent reduction of NO*®
and increase of proline and polyamines levels, have been associated
with a series of pathologies that range from cardiovascular, immune-
mediated, and inflammatory conditions to mental disorders (2).
Additionally, arginase is upregulated by myeloid cells in several
tumor microenvironments at very early stages, being associated
with poor outcomes (4). Moreover, tumor cells typically overexpress
arginase to promote cell proliferation and evade the immune system
(5). Thus, arginase is a potential therapeutic target, and potent argi-
nase inhibitors were developed (2,6-8).

Some of the most potent arginase inhibitors reported in the literature
were developed and patented by Mars, Inc. (9,10). The presence of a
chlorophenyl ring in some of these compounds (Fig. 2A) encouraged
us to synthesize 'SF-fluoroanalogs via copper-mediated late-stage
radiofluorination (Fig. 2B). Since PET has shown high sensitivity
and specificity to measure the expression of certain enzymes (e.g.,
esterases, glycosylases, hydrolases, and proteases (7)), we postulated
that arginase imaging could be valuable for the detection and follow-up
of arginase-related pathologies. As there are no radiotracers specifi-
cally targeting arginase reported in the literature, we developed, for
the first time (to our knowledge), 2 '®F-fluorinated quaternary
a-amino acid-based arginase inhibitors derived from MARS com-
pounds (the generic 2-amino-6-borono-2-(benzylpiperidin-4-yl)hexa-
noic acid compounds originally developed by Mars, Inc.).

MATERIALS AND METHODS

General Information

All substrates, reagents, and solvents were purchased from commercial
suppliers and used as received without any purification unless otherwise
noted. Air- and moisture-sensitive manipulations were performed using
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reduced pressure was performed by rotary evap-
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produced by the "8O(p,n)'*F nuclear reaction
in an IBA Cyclone 18/18 cyclotron. Manual
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to the laboratory. Radiolabeled products were
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FIGURE 1.

oven-dried glassware under an atmosphere of argon or nitrogen. Air- and
moisture-insensitive reactions were performed under ambient atmosphere
and monitored by thin-layer chromatography (TLC) on silica gel or by lig-
uid chromatography—mass spectrometry. Microwave reactions were per-
formed in a Biotage Initiator Classic microwave. Thin-layer
chromatography was performed on precoated silica gel 60 F,s4 plates
and visualized by fluorescence quenching under ultraviolet light. Flash
chromatography purifications were performed using commercial
normal-phase silica gel (40- to 63-um particle size). Concentration under

L-arginine metabolism outcomes associated with physiologic (blue) and pathophysiologic
(red) expression of arginase and NOS. e/nNOS = endothelial/neuronal NOS; iINOS = inducible NOS.

Advion plate express TLC—mass spectrometry.
Semipreparative HPLC was performed on a
Waters system using a 1525 binary HPLC
pump, a 2489 ultraviolet-light/visible-light
detector, and a Berthold Technologies Flowstar LB 513 radio flow detec-
tor. Analysis of the synthesized radiotracers for assessment of final quality
control was done using a Waters Acquity integrated system coupled to a
Berthold Technologies Flowstar LB 513 radio flow detector. HPLC data
were processed with Waters Empower 3 software. Radio-TLC printouts
on phosphor imaging plates were scanned using a Perkin Elmer Packard
Cyclone storage phosphor system, and the acquired data were analyzed
with the OptiQuant 03.00 software. y-counting was performed on a Perkin
Elmer Wallac Wizard 1470, with an open energy window (15-1,000 keV)
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FIGURE 2. Molecules used in this work (A) and arylboronic ester—derived precursors with respective
8F_fluorinated products (B). DMA = dimethylacetamide; MARS = 2-amino-6-borono-2-(1-(4-chloroben-
zyl)piperidin-4-yljhexanoic acid; FMARS = 2-amino-6-borono-2-(1-(4-fluorobenzyl)piperidin-4-ylhexa-
noic acid; FBMARS = 2-amino-6-borono-2-(3-(4-fluorobenzyl)-3-azabicyclo[3.2.1]octan-8-yl)hexanoic
acid; ABH = 2-(S)-amino-6-boronohexanoic acid; L-NAME = N“-nitro-L-arginine methyl ester.
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and 15 s of measuring time.

Nuclear MR spectra were recorded on a
Bruker 500 spectrometer operating at 500 and
126 MHz for "H and '*C acquisitions, respec-
tively, in deuterated solvents. For "H nuclear
MR, chemical shifts are reported in ppm, with
the solvent residual peak as the internal stan-
dard, and coupling constants are reported in
hertz. Chemical shifts for '*C nuclear MR are
reported in ppm relative to the solvent peak.

All animal procedures were performed fol-
lowing the European Union directives for ani-
mal experiments (86/609/CEE, 2003/65/CE,
and 2010/63/EU), and the protocols used
(AVD105002016395 for mouse work, and
AVD10500201581 for guinea pig work) were
previously approved by the Dutch National
Committee on Animal Experiments and the
Institutional Animal Care and Use Committee
of the University of Groningen.

Messenger RNA Isolation and
PCR Analysis

Total messenger RNA was isolated using
Trizol RNA extraction (TRI Reagent Solution;



Applied Biosystems) according to the manufacturer’s instructions. Com-
plementary DNA was synthesized from equal amounts of RNA using the
Reverse Transcriptase System (Promega) and the following protocol: 10
min at 25°C, 45 min at 42°C, and 5 min at 99°C. Reverse-transcription
polymerase chain reaction was performed with SYBR Green (Roche
Diagnostics) and the following protocol, including a final step to gener-
ate the melting curve: 2 min at 95°C, 10 min at 95°C, 45 X (30 s at 95°C,
30 s at 60°C, and 30 s at 72°C), 30 s at 95°C, 30 s at 55°C, and 30 s at
95°C. The reverse-transcription polymerase chain reaction was per-
formed in an Eco system (Illumina). For analysis, LinReg software
was used to calculate NO values, which were normalized to the NO of
the housekeeping genes HPRT1 and GAPDH as an internal control.
The primer sets used to analyze gene expression are shown in Table 1.

Surface Plasmon Resonance

Binding kinetics of the inhibitors were determined by surface plasmon
resonance using a Biacore T200 (GE Healthcare). Argl was immobi-
lized on a nickel-nitrilotriacetic acid sensor chip by nickel-mediated
affinity capturing and amine coupling to a level of 4,000 or 6,000 reso-
nance units using 60 pg/mL Argl in running buffer (50 mM Na,HPO,,
pH 7.4, 150 mM KCl, and 0.01% polysorbate-20). The arginase inhibi-
tors were diluted in the same running buffer and were injected in an
increasing concentration range of 0.1, 0.316, 1.0, 3.16, and 10 pM.
Single-cycle kinetics were used for measuring compound binding with
a flow rate of 30 pL/min, an association time of 100 s per injection,
and a dissociation time of 1,800 s. The compound response was sub-
tracted with both the reference channel response and the blank injection.
The Biacore evaluation software was used to fit the data to the Langmuir
1:1 binding model, with x* values indicating minimal deviation between
the fit and the experimental data. This minimal deviation was confirmed
by determination of the reliability of the curve fits with standard Biacore
checks. All combinations of the inhibitors and pH conditions were mea-
sured in at least 2 technical replicates to determine the kinetic association
rate constant (k,), dissociation rate constant (k,), and equilibrium disso-
ciation constant (Kp [binding affinity], or k,/k,). The target residence
time (7) was calculated from the &, value as 1/k,.

PET Acquisition, Image Reconstruction, and Biologic Half-Life
Calculation

The anesthetized animals were placed prone on a 38°C heating pad on
the small-animal PET table to keep a constant body temperature. They
were stretched out as much as possible to minimize organ superposition,
and the tumor was positioned in the field of view. Subsequently, a
90-min emission scan was acquired with a Focus 220 rodent scanner
(Siemens/Concorde). Between the injection time and the beginning of
the scan, an average of 5 min passed. After completion of the PET
scan, a 10-min transmission scan with a >’Co point source was obtained
for correction of scatter and attenuation of 511-keV photons by tissue.

For the small-animal PET image analysis, all emission scans were
iteratively reconstructed (2-dimensional ordered-subsets expectation
maximization, 4 iterations, 16 subsets) after being normalized and cor-
rected for attenuation and radioactive decay. The list-mode data of the

emission scans were separated into 24 frames (6 X 10 s, 4 X 30 s,
2 X 60s, 1 X 120s, 1 X 180, 4 X 300 s, and 6 X 600 s). A
3-dimensional volume of interest was manually drawn by a single
observer on the original dataset, delineating the desired area on the
summed PET images (0-90 min) using the PMOD software package
(version 3.9; PMOD Technologies LLC). These volumes of interest
were used to create the corresponding time—activity curves and to calcu-
late SUVs. A single exponential curve was fitted to the SUV
time—activity curves (using values from 40 to 90 min) by an iterative
nonlinear least-squares approach using Prism (version 6.01; GraphPad
Software) for Microsoft Windows to calculate the biologic half-life of
the tracer.

Synthesis and Characterization

Arginase and NOS inhibitors—2-(S)-amino-6-boronohexanoic acid
(ABH) and N“-nitro-L-arginine methyl ester (L-NAME), respec-
tively—were purchased (Merck) with purity of at least 98%. The
MARS-derived standards (FMARS and FBMARS) and their respective
arylboronic ester labeling precursors were synthesized by modifying a
reported method (/0). These compounds were used as a racemic mixture
per the original reports (9,/0) because the inhibitory potencies and phar-
macokinetics of these a-carbon substituted ABH derivatives do not sig-
nificantly differ from the optically active references (/2,13). Synthesis
details, characterization, instrumentation, and additional techniques
are given in the supplemental materials (available at http://jnm.
snmjournals.org).

Radiolabeling

The copper-mediated radiofluorination of the arylboronic ester deriv-
atives was performed according to the reported alcohol-enhanced
method (74) with our previous optimizations (15,16). Aqueous '3F-fluo-
ride (5—-10 GBq) was trapped on an anion-exchange cartridge (Chroma-
fix 45-PS-HCO3 "), washed with 1 mL of n-butanol, dried with argon,
and eluted with 0.4 mL of a tetracthylammonium bicarbonate solution
in n-butanol (6.75 mg-mL™"). To this '®F-fluoride solution was added
0.8 mL of dimethylacetamide containing the labeling precursor (4.5
pmol) and [Cu(OTf),(py)4] (20 pmol). This mixture was stirred at
150°C for 30 min. Then, it was diluted in 40 mL of water and passed
through an Oasis HLB solid-phase extraction cartridge to trap the '*F-
fluorinated intermediate. After the cartridge was washed with water
(10 mL), the '®F-fluorinated intermediate was recovered with 1.5 mL
of ethanol, and 0.6 mL of HCI 6 N was added to remove the protecting
groups. This mixture was left under stirring at 120°C for 30 min. The
final product, I8E_.FMARS or '*F-FBMARS, was isolated by HPLC.
A Luna CI8 5-um 10 X 250 mm 100-A column (Phenomenex) was
used with a linear gradient from 100% to 80% aqueous trifluoroacetic
acid (0.1%) in acetonitrile over 30 min (flow, 5 mL-min_"). The col-
lected peak was diluted in water, and the solvent was exchanged by trap-
ping the product in an Oasis HLB cartridge and recovered with ethanol.
The final solution was diluted with 0.02 M sodium acetate, pH 7.4 (max-
imum of 9% ethanol).

TABLE 1
Primer Sets Used to Analyze Gene Expression

Gene Forward primer Reverse primer

HPRTA AAGCCAGACTTTGTTGGATT ACTGGCGATGTCAATAGGAC
GAPDH CCAGCAAGAGCACAAGAGGA GAGATTCAGTGTGGTGGGGG
ARG1 GGAGACCACAGTTTGGCAAT CCACTTGTGGTTGTCAGTGG

ARG2 TGCATCCTTGAACTGTCAGC ACAAGCTGCTGCTTTCCATT

MaPPING ARGINASE EXPRESSION WiTH PET
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Radiotracer Characterization

The radiotracers’ purity was confirmed first by thin-layer chromatog-
raphy, with TLC-ALL,O; developed in n-butanol:CH;COOH:H,0O
(12:3:5), and then by radio-HPLC using a Gemini C18 5-um 150 X
4.6 mm 110-A liquid chromatography column (Phenomenex) with a lin-
ear gradient from 100% to 50% of aqueous 0.1% trifluoroacetic acid in
acetonitrile over 15 min (flow, 1.5 mL-min ).

The lipophilicity (log D) was measured by dissolving each radiotracer
ina 1:1 mixture of phosphate-buffered saline (PBS), pH 7.4, and n-octa-
nol. This mixture was thoroughly stirred in a vortex mixer, centrifuged
(3,000 rpm for 5 min), and left to rest. Triplicate samples from both
phases were measured on a y-counter. The reported log D value is the
averaged ratio between the number of counts in the n-octanol and PBS
layers.

For the in vitro stability assays, each radiotracer was left at room tem-
perature and analyzed by radio-HPLC and radio-TLC at distinct time
points up to 4 h. The stability was also evaluated by incubating the radio-
tracers with serum at 37°C, analyzing directly by radio-TLC, and analyz-
ing after deproteinization with acetonitrile by radio-HPLC, at various
time points up to 4 h.

Enzyme-Substrate Kinetics

ABH, MARS, FMARS, and FBMARS were evaluated for their abil-
ity to inhibit recombinant human Argl and Arg2. Half-maximal inhibi-
tory concentration (ICsg) values were obtained with a colorimetric urea
inhibition assay (8,12) performed in 96-well plates with a final volume of
60 pL per well for each reaction. Each arginase subtype (0.67 pg/mL)
was preincubated with 5 concentrations (0.0167-167 uM) of the argi-
nase inhibitors in PBS, for 30 min at 37°C. The reactions were started
by adding 10 pL of r-arginine (120 mM) and were left to incubate for
1 h at 37°C. After quenching, the arginase activity was quantified with
a Synergy 'H Microplate Reader (Biotek) by spectrophotometric mea-
surement (530 nm) of the urea produced, and the ICsy values were
calculated.

The enzyme-substrate binding kinetics of the arginase inhibitors were
monitored in real time with a noninvasive label-free surface plasmon res-
onance ResidenceTimer assay developed by The Netherlands Transla-
tional Research Center in a BiaCore T200 (GE Healthcare) system
(17). As no differences were seen between the ICs, values for Argl
and Arg2, and no significant changes in binding kinetics between iso-
forms are expected, only Argl was used for the kinetic assays. Argl
was diluted in 50 mM Na,HPO,, pH 7.4, 150 mM KCIl, and 0.01%
polysorbate-20, in a concentration of 60 pg/mL, and immobilized on a
sensor chip. Five concentrations (0.1-10 pM) of the arginase inhibitors
were injected into the system to measure binding.

Cell-Binding Assays

Mpycoplasma-free arginase-expressing LNCaP and PC3 cell lines
(18-22) obtained from the American Type Culture Collection (cultured
in RPMI-1640 medium with 10% fetal bovine serum) were washed with
PBS (37°C) and left for 30 min in PBS enriched with glucose (5.6 mM),
MgCl, (0.49 mM), and CaCl, (0.68 mM), at 37°C (5% CO,). For control
assays, 25 pL of PBS were added to the wells. For competition assays, 25
pL of ABH, MARS, FMARS, or FBMARS in PBS (1 mM/well) were
added. For the arginase/NOS specificity assays, 25 puL of .L-NAME (1
mM/well) or 12.5 pL of L-NAME (1 mM/well) with 12.5 pL of
MARS (1 mM/well) were added. After 30 min of preincubation (5%
CO,, 37°C), 50 uL of the radiotracer (4 MBg-mL™") were added to
each well and left to incubate for another 30 min. Finally, the medium
from all wells was removed and the cells were washed with cold PBS,
trypsinized, detached, resuspended in medium (RPMI-1640 and 10%
fetal bovine serum, 37°C), and transferred to test tubes. Each tube’s
radioactivity was determined in a -y-counter, and the viable cells were
counted after trypan blue treatment.

1166

Autoradiography Assays

A well-defined guinea pig model of asthma, showing increased
expression of arginase in the lungs, has been developed by Meurs’ group
(23-25). Eight male Dunkin Hartley guinea pigs (Envigo) weighing
approximately 250 g at the time of sensitization were used. The guinea
pigs were housed conventionally in pairs, in ventilated cages in rooms
maintained at a 12-h light/dark cycle, and were provided ad libitum
access to food and water. The radiotracers were evaluated in 4-pm
pulmonary cross-sections of this model. The lung sections of
ovalbumin-sensitized guinea pigs challenged with saline (healthy con-
trol) or allergenic ovalbumin (asthmatic model) were washed by soaking
in a solution of Trizma HCI (pH 7.4, 0.05 M; Sigma-Aldrich) with NaCl
(120 mM), CaCl, (2 mM), and MgCl, (5 mM); left in this medium for 30
min; and then gently dried with an air stream. Each lung section was cov-
ered with 300 pL of a mixture of radiotracer (0.4 MBq) with or without
an arginase inhibitor (1 mM) and left to incubate for 60 min. After incu-
bation, all lung sections were washed with cold Trizma HCI (pH 7.4,
0.05 M) and ice-cold water and dried. These sections were then exposed
to a phosphor imaging screen and quantified by a GE Healthcare Amer-
sham Typhoon autoradiograph.

Animal Studies

Immune-deficient mice were inoculated with PC3 cells, which have
higher tumorigenicity than LNCaP (26). Thirty-two immunocompro-
mised male mice (6- to 8-wk-old BALB/c nude mice supplied by
Envigo) were used. The animals were provided with sterilized chow
and water ad libitum and were housed in individually ventilated cages
equipped with a negative-pressure high-efficiency particulate air filtra-
tion system. During tumor inoculation or PET scanning, the mice
were anesthetized with isoflurane (5% for induction and 2% for mainte-
nance). Arginase gene expression in the PC3 cells was confirmed by
real-time polymerase chain reaction (Supplemental Fig. 1). Inoculations
were performed subcutaneously on each mouse’s neck with a suspension
of 2.0 * 1.0 X 10° PC3 cells in a 1:1 mixture of Matrigel and RPMI-
1640 medium with 10% fetal bovine serum. The mice were scanned
when tumors reached 0.45 * 0.15 cm®. Tumor diameters were measured
1-3 times per week with a caliper, and tumor volume was calculated
using the following formula: Vo = ab?*/2, where a and b represent
tumor length and width, respectively. The mean body mass at the time
of the radiotracer injection was 21.3 £ 0.3 g. The radiotracer (4.2 *
1.5 MBq; 92 = 56 pmol estimated from the injected dose and molar
activity) was administered through the penile vein with and without
coinjection of arginase inhibitor (5 mM). After a dynamic 90-min emis-
sion scan and a 10-min transmission scan on a Focus 220 tomograph, the
animals were euthanized, and urine and blood were collected to assess
the radiotracer stability. Organs and tumors were harvested and weighed,
and the radioactivity was determined to calculate the percentage injected
dose per gram of tissue (%ID/g). For the small-animal PET image anal-
ysis, 3-dimensional volumes of interest delineating the desired area on
the summed PET images (0—90 min) were drawn using PMOD software.
For in vivo stability, urine and blood samples were collected approxi-
mately 2 h after injecting the radiotracer in BALB/c nude mice. Urine
was directly analyzed by radio-HPLC and radio-TLC. Aliquots of the
blood samples were directly analyzed by radio-TLC. The remaining
blood was centrifuged (6,000 rpm for 3 min) to separate the plasma frac-
tion. Plasma was directly analyzed by radio-TLC and, after deproteini-
zation with acetonitrile, by radio-HPLC.

Statistics

Data are expressed as the mean = SD. All experiments were repeated
at least 3 times independently. Unpaired 2-tailed # tests were used for sta-
tistical evaluations. A P value of less than 0.05 was considered statisti-
cally significant. Statistical analyses were performed using Prism.
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TABLE 2
ICs0 and Enzyme-Substrate Kinetics of Arginase Inhibitors

ICs0 (PH 7.4) Arg1-substrate kinetics (pH 7.4)
Substrate Argl (uM) Arg2 (uM) Ko (M) kst (s k.t M~ 1sY) ti* (s) 7(8)
ABH 1.4 1.1 438 x 107 1.10 X 102 2.51 x 10* 63 91
MARS 0.9 0.7 1.48 x 1077 3.90 x 1074 2.64 x 10° 1,775 2,561
FMARS 1.1 0.4 3.16 x 107 8.90 x 104 2.82 x 10° 779 1,123
FBMARS 0.04 0.05 2.28 x 1077 3.47 x 1072 1.52 x 10* 200 288

*Fraction of arginase-substrate complexes dissociating per second.

TArginase-substrate complexes formed per second in 1 M solution.

*Dissociative half-life (In[2]e7).

RESULTS

Compound Characterization and Radiolabeling

The synthesis of MARS, FMARS, and FBMARS yielded 16% =
3% for all 3 compounds. Further evaluation of these arginase inhib-
itors confirmed their similar potency to inhibit both enzyme isoforms
indistinctly (ICsg, 0.04—1.4 uM; Table 2). The K, values for all argi-
nase inhibitors to Argl were similar (148-438 nM) and in agreement
with the literature (27). The results are shown in Table 2 and Supple-
mental Figure 2.

'8 E_.FMARS and '"®F-FBMARS were radiosynthesized from the
respective arylboronic ester precursors, purified, and reformulated
into injectable solutions in approximately 105 min. A final radio-
chemical yield of 4% = 1% (decay-corrected) was achieved, with
amolar activity of 53 = 19 GBg-pmol . Both radiotracers showed
aradiochemical purity of more than 95%, either at the end of synthe-
sis (Supplemental Fig. 3) or during the stability studies in solution or
serum up to 4 h (Supplemental Figs. 4-7). Alog D of —0.7 = 0.1 and
—1.0 * 0.1 (at pH 7.4) was experimentally calculated for '°F-
FMARS and 'F-FBMARS, respectively.

Cell-Binding Assays

Both radiotracers showed cellular uptake associated with arginase
expression, as this binding effect was reduced after pretreatment
with competitive inhibitors (Fig. 3). The overall blocking efficiency
in both cell lines was 47% =+ 8% for MARS, FMARS, and
FBMARS, whereas for ABH it was 22% = 6%. Cells were also pre-
treated with the selective NOS inhibitor .-NAME to confirm specif-
icity for arginase. When PC3 cells were incubated with L-NAME and
an arginase inhibitor, the tracer’s uptake decreased 50% = 5% (P =
0.0002).

Asthmatic Lung Model

Incubation of '*F-FMARS and 'SF-FBMARS with control lung
sections showed residual binding, whereas an approximately
10-fold increase was seen in sections from allergen-challenged ani-
mals (Fig. 4; Supplemental Fig. 8), correlating to the well-
characterized overexpression of arginase in this asthmatic model
(24,25). The blocking effect in asthmatic lung sections treated
with arginase inhibitors (maximum, 60%; P = 0.02) reiterated the
radiotracers’ specificity toward arginase.

'8F-FMARS/'®F-FBMARS Biodistribution
After confirmation of arginase gene expression in the PC3 cells,
immunocompromised mice were inoculated with this cell line

MaPPING ARGINASE EXPRESSION WiTH PET

(Supplemental Fig. 9). A pilot screening was performed with 'SF-
FBMARS in the PC3 xenograft model to evaluate which arginase
inhibitor (ABH or MARS) shows superior in vivo inhibitory effect.
By significantly reducing tumor uptake (Supplemental Fig. 10),
ABH was selected to evaluate the in vivo arginase specificity of
both radiotracers.

Biodistribution studies with '*F-FMARS and '*F-FBMARS after
small-animal PET scans confirmed arginase-mediated uptake (Fig.
5; Supplemental Table 1). A generalized decline in uptake in ABH
coinjection experiments was also seen because of arginase ubiquity
(28). Relatively high uptake in the kidneys and moderate uptake in
the liver indicate a preference for urinary excretion but can also be
related to high expression of arginase in these organs, since uptake
was reduced by ABH. A prominent blocking effect in endocrine
and intestinal tissues was observed, as these are known to highly
express Arg2 (29). The %ID/g for harvested tumors showed a signif-
icant reduction in "*F-FBMARS uptake (70% * 19%, P < 0.0001)
after ABH coinjection. Combined with a tumor-to-organ ratio
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FIGURE 3. '®F-FMARS (A and B) and '®F-FBMARS (C and D) uptake in
PC3 and LNCaP cells without (control) and with competitive inhibition (n =
3, *P < 0.05). Data are expressed as percentage of cell-associated radioac-
tivity per 1 million cells.
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radiotracers were coinjected with ABH,
o 1805 ; o T 100, —— * accumulation in the PC3 tumors was lower,
£ azion g reaching its maximum at 17.5 min after
g — 3 7.5<105 injection and then decreasing exponentially
| £ more rapidly than in controls (biologic half-
s B 500100 life, 67.7 = 8.1 min). However, the differ-
@ 5‘0 i S g 7 ence in tumor uptake between control and
5 = 210 ABH-treated groups did not become statis-
1A 2.5x10° o == w . . . . .
& ﬁ *1 o == : tically significant until approximately 33
= 01— T T T ‘ — ¥ 055 : T T ' ‘ : 18 g
fo\ (90@ f‘f \b\’?'% ) ‘&359 Q,&Q& f(} & I @v?? Q ffo Q};‘S& min after the °F-FBMARS injection.
& N & & & X & R & & & <
& & 5 & & ¢ & & & & & F
& vﬁ\“ @ Yb\v@ vésé‘ v_é“@ € ‘?§ @ & v“\‘\é\ vg@@ DISCUSSION

FIGURE 4. '®F-FMARS and "®F-FBMARS uptake in digital luminescence units (DLU) per mm? in
saline-challenged (healthy) and allergen-challenged (asthmatic) guinea pig lung sections without (con-

trol) and with competitive arginase inhibition (n = 4, *P < 0.05).

generally higher than 2 (Supplemental Fig. 11), this finding high-
lights the particular potential of 'SF-FBMARS to differentiate
arginase-overexpressing tumors from nontarget tissues. Radiometa-
bolites and '®F-defluorination products were not detected in plasma
and urine analysis (Supplemental Figs. 12-15).

Small-Animal PET Imaging

A 90-min dynamic PET study was performed on mice bearing
PC3 tumors to evaluate the potential of 'SF-FMARS and 'SF-
FBMARS to map arginase expression in vivo (Fig. 6). A maximum
SUV of 3.1 * 0.7 in the tumor and a signal reduction of up to 60% (P
< 0.01) when ABH was coinjected confirmed an arginase-mediated
uptake. Furthermore, because of the generalized arginase expres-
sion, a decrease in tracer uptake was seen after treatment with argi-
nase inhibitor, especially in the salivary and Harderian glands, which
are known to highly express arginase (30).

Time-activity curves indicated rapid blood clearance for both
radiotracers (Fig. 7), as maximum uptake in the heart was reached
in less than 5 min after injection, then decreasing exponentially
with a biologic half-life of 7.3 * 0.6 min. Accumulation of 'SF-
FMARS and '®F-FBMARS in PC3 tumors was clearly visualized,
peaking at approximately 40 min after injection and showing a sub-
sequent slow decrease (biologic half-life, ~105 min). When the

The substitution of a chlorophenyl
(MARS) by a fluorophenyl group
(FMARS) did not affect the affinity or
inhibitory potency to arginase but reduced
the residence time on the active site. The
longer residence time of MARS indicates a better potential to treat
arginase-overexpressing pathologies due to a prolonged pharmaco-
dynamic effect. Nevertheless, reversible inhibitors such as a-carbon
substituted ABH derivatives derivatives (7) have a high k&, favoring
PET imaging. Their radiolabeled analogs will rapidly accumulate in
sites with high expression of the target enzyme and more effectively
clear from nontarget regions (/). The rapid clearance of these argi-
nase inhibitors (37) may result in less background signal.

To increase k,, the piperidine moiety of FMARS was replaced by
a tropane group (FBMARS) (/0). This modification locks the mol-
ecule in a conformation that benefits interaction with the amino
acid residues of the active site (/0), leading to a 10-fold increase
in arginase inhibitory activity and enzyme-inhibitor complex forma-
tion rate. Thus, to evaluate arginase mapping potential, '*F-fluori-
nated analogs (‘*F-FMARS and 'SF-FBMARS) were successfully
synthesized with molar activity comparable to other '*F-labeled
tracers used in the clinic (32).

Preliminary assays in arginase-overexpressing prostate cancer
cells showed specific binding of both radiotracers to arginase, as
the cellular uptake decreased after pretreatment with arginase inhib-
itors. The specificity of the radiotracers to arginase over NOS was
confirmed by the inefficiency of the selective NOS inhibitor -
NAME to affect '*F-FMARS and '°F-
FBMARS uptake. Nonspecific residual

60-|
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binding was visible after pretreatment with
arginase inhibitors, as was expected since
boronic acids are known to react with carbo-
hydrates in the cell membrane (33). This
interaction is common to all classic boronic
acid inhibitors at physiologic pH.
Competitive binding assays with results
comparable to those obtained in cells were
seen in guinea pig lung sections. The
10-fold increase seen in the binding of
both radiotracers to allergen-challenged
lungs was related to the overexpression of
arginase in the asthmatic airways
(24,25,34). "SF-FMARS and '*F-FBMARS
uptake was reduced after pretreatment of
the asthmatic lung sections with arginase
inhibitors. An increased arginase expres-

Whole blood
Plasma-

FIGURES. Biodistribution of '®F-FMARS (n = 7)and "®F-FBMARS (n
jection, approximately 2 h after injection in PC3 xenograft mice.

1168

= 9), with and without ABH coin-

sion is also present in the lungs of asthmatic
patients and associated with higher severity
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The potential of '*F-FMARS and '®F-
FBMARS to map arginase expression was
evaluated in PC3 xenograft mice. Tumor-to-
organ ratios were higher and uptake differ-
ences between control and blocked animals
more significant for '*F-FBMARS than for
""E_FMARS. In vivo assays reaffirmed the
radiotracers’ specificity since the uptake in
the arginase-expressing tumors was clearly
reduced with ABH coinjection. Global sup-
pression of radiotracer uptake by ABH was
also noticed because of the widespread ubig-
uity of arginase (28). '"*F-FBMARS produced
a more intense signal than 'SF-FMARS, as
was also seen in pulmonary autoradiography.
The statistically significant difference
between '*F-FBMARS tumor uptake with

+ABH

FIGURE 6. Representative maximum-intensity-projection small-animal PET images (40-90 min)
centered on PC3 tumor (arrows; axial, coronal, and sagittal views from top to bottom) of mice injected
with "8F-FMARS or '8F-FBMARS, without (control) and with coinjection of ABH (5 mM).

(35,36). Arginase inhibitors are therefore considered a potential
approach to treating asthma (6). FBMARS may be considered a can-
didate drug, whereas '®F-FMARS or '®F-FBMARS may become
imaging tools for patient selection or treatment follow-up.

Despite showing weaker inhibition in vitro, ABH demonstrated a
more efficient blocking effect than MARS in vivo. Since ABH has a
Kp, ICs¢, and hydrophilicity similar to the MARS compounds (10),
its lower in vitro effect may be explained by a much shorter 7. In
vitro binding assays involve the abrupt washout of the unbound sub-
strate, a procedure known to underestimate the efficiency of revers-
ible ligands with a brief 7 when compared with the in vivo
assessments (37). This discrepancy in blocking efficiency may
also be explained by differences in bioavailability, membrane pene-
tration capacity, or clearance rate between ABH and MARS or by
potential alterations in the expression of cationic amino acid trans-
porters or other endogenous processes between the in vitro and
in vivo models used. These observations suggest that novel arginase
inhibitors should be evaluated in complex biologic systems after
being screened with purified arginase or in controlled cellular micro-
environments (/2,317). Thus, real-time assessment of the pharmaco-
kinetics and therapeutic efficacy of arginase inhibitors within living
subjects may be facilitated using PET.

and without inhibitor 40 min after injection
makes this radiotracer the best choice for
arginase mapping.

Nevertheless, none of the radiotracers
showed isozyme selectivity, and molecules with such capacity
remain challenging to attain because of the active sites’ structural
similarity (38). Poor selectivity for Arg2 causes undesirable radio-
tracer uptake in the liver, with consequences for dosimetry. Hepatic
radiation dose may be reduced by previously administering N*-
hydroxy-L-arginine, known to be up to 18 times more potent in inhib-
iting arginase activity in the liver than in nonhepatic tissues (39).

Because the development of therapeutically potent arginase inhib-
itors is a very active topic, 'SF-FBMARS may serve as a potential
PET tracer to aid the pharmaceutical industry by, for example,
enabling real-time in vivo arginase mapping studies to prove the tar-
get occupancy and pharmacodynamics of novel molecules. A possi-
ble limitation of our tracers may be the poor discrimination between
inflammatory and carcinogenic tissues, leading to false-positives.
However, the tracers may be relevant for immune therapy, as argi-
nase is involved in the regulation of tumor-induced immune toler-
ance and arginase inhibition promotes the formation of an
inflammatory microenvironment favoring a cancer-specific immune
response (40). Therefore, the use of arginase inhibitors has been pro-
posed for the treatment of certain tumors. '*F-FBMARS may be
used to select patients who could benefit the most from immunother-
apy treatments.

CONCLUSION

We report the development of '*F-fluori-
nated arginase inhibitors for PET imaging
of arginase expression. These inhibitors
showed a high affinity toward arginase. '*F-
FBMARS showed the highest arginase-
mediated uptake in PC3 xenografts. These
results encourage further exploration of the
suitability of using 'F-FBMARS to select
patients who can benefit from treatments
with arginase inhibitors.
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KEY POINTS

QUESTION: Are arginase inhibitors suitable PET tracers for map-
ping arginase expression?

PERTINENT FINDINGS: The synthesis and evaluation of radiola-
beled arginase inhibitors are reported. The novel "®F-fluorinated
arginase inhibitors showed high affinity and arginase-specific in vivo
binding and, thus, the potential to map increased arginase expres-
sion related to inflammatory and tumorigenic processes.

IMPLICATIONS FOR PATIENT CARE: Radiofluorinated arginase
inhibitors may be explored as PET tracers to select patients who can
benefit from treatments with arginase inhibitors.
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