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to Image COX-1 and COX-2 in Rhesus Monkeys
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This study assessed whether the newly developed PET radioligands
11C-PS13 and ""C-MC1 could image constitutive levels of cyclooxy-
genase (COX)-1 and COX-2, respectively, in rhesus monkeys. Meth-
ods: After intravenous injection of either radioligand, 24 whole-body
PET scans were performed. To measure enzyme-specific uptake,
scans of the 2 radioligands were also performed after administration
of a nonradioactive drug preferential for either COX-1 or COX-2. Con-
current venous samples were obtained to measure parent radioligand
concentrations. SUVs were calculated from 10 to 90 min. Results:
11C-PS13 showed specific uptake in most organs, including spleen, gas-
trointestinal tract, kidneys, and brain, which was blocked by COX-1,
but not COX-2, preferential inhibitors. Specific uptake of '"C-MC1
was not observed in any organ except the ovaries and possibly kid-
neys. Conclusion: The findings suggest that 1'C-PS13 has adequate
signal in monkeys to justify its extension to human subjects. In con-
trast, 1'"C-MC1 is unlikely to show significant signal in healthy hu-
mans, though it may be able to do so in inflammatory conditions.
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Cyclooxygenase (COX) enzymes perform the rate-limiting
step in the synthesis of inflammatory mediators such as prosta-
glandins and thromboxanes from arachidonic acid. The 2 primary
isoforms, COX-1 and COX-2, are present constitutively, but only
COX-2 shows marked upregulation in response to inflammation
(I). For example, proinflammatory cytokines increased the expres-
sion of COX-2, but not COX-1, in synovial tissues from patients
with rheumatoid arthritis (2). Nonsteroidal antiinflammatory drugs
(NSAIDs) inhibit COX-1 or COX-2, but their major therapeutic
effect is mediated by COX-2 inhibition. COX-1 inhibition, in turn,
irritates the gastrointestinal tract. Thus, selective COX-2 inhibitors
were developed in the 1990s to treat inflammatory disorders such
as arthritis and pain, and to avoid gastrointestinal irritation.

The relative ability of NSAIDs to inhibit COX-1 versus COX-2
has been measured in vitro, but the effectiveness of NSAIDs in
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vivo is largely unknown, especially in the brain. For instance,
some NSAIDs have active metabolites, so that the cumulative in
vivo blockade is greater than that from the parent drug alone (3).
In addition, the blood—brain barrier can differentially block entry
of NSAIDs into the brain and confound the interpretation of clin-
ical trials, a finding underscored by the conflicting results obtained
by several relatively large trials of 2 COX-2-selective inhibitors,
celecoxib and rofecoxib, to treat neuroinflammation in Alzheimer
disease (4-6). In those trials, celecoxib had no effect, whereas
rofecoxib was found to accelerate disease progression. However,
after study completion, Dembo et al. reported that celecoxib con-
centrations in human cerebrospinal fluid were quite low, perhaps
lower than those needed for therapeutic efficacy; in contrast, rofe-
coxib had excellent penetration of the blood—brain barrier (7). At
the time that the clinical trials were conducted, little attention was
paid to the concept of measuring target engagement so that results
could be more clearly interpreted.

In this context, PET radioligands for COX-1 and COX-2 would
allow the relative occupancy induced by the parent drug and any
active metabolites to be measured in brain and other organs.
However, to date, developing PET radioligands for COX-1 and
COX-2 has had limited success. Shukuri et al. studied ''C-keto-
profen methyl ester, which has 62-fold higher selectivity for COX-
1 than for COX-2, in rodents and humans (8—/0); however, this
agent is confounded by quantitation issues for the radiolabeled
prodrugs, making it difficult to distinguish whether radioactivity
is retained in brain because of high-affinity binding to COX-1 or
merely by trapping of the negatively charged acid. With regard to
PET radioligands for COX-2, no results have been published from
human or nonhuman primates, although a few candidate radio-
ligands have been studied in rodent inflammation models (/7-13).

Toward this end, our laboratory recently developed 2 PET
radioligands, ''C-PS13 ('!C-1,5-bis-(4-methoxyphenyl)-3-(2,2,2-tri-
fluoroethoxy)-1H-1,2,4-triazole) and ''C-MC1 (!'C-6-methoxy-2-
(4-(methylsulfonyl)phenyl)-N-(thiophen-2-ylmethyl)pyrimidin-4-amine),
which are potent and selective for COX-1 and COX-2, respec-
tively (Fig. 1) (/4-16). Standard enzymatic assays using fresh
whole blood from monkeys and humans demonstrated that both
have high potency (half-maximal inhibitory concentration, 1 nM)
to inhibit their cognate enzymes, and panel assays for a wide range
of potential off-site targets also verified their high specificity to
COX (I5). Of note, both radioligands directly inhibit the target
enzymes and are not prodrugs.

This study sought to determine whether !'C-PS13 and ''C-MC1
could be used to image constitutive levels of COX-1 and COX-2,
respectively, in rhesus monkeys. Whole-body imaging was used to
quantify uptake in both brain and peripheral organs. In vivo PET
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FIGURE 1.

results were compared with the known distribution of these 2
enzymes, and the pharmacologic selectivity of each radioligand
was assessed by blocking with subtype-selective drugs. The over-
arching goal of the study was to gather enough information to
decide whether these 2 radioligands had adequate signal to extend
to studies of human subjects.

MATERIALS AND METHODS

Radiopharmaceutical Preparation

11C-PS13 and ''C-MC1 were prepared as previously described (/14—
16), with a molar activity of 128 = 43 GBg/pwmol and 162 * 52 GBq/
wmol, respectively, at the time of injection. Radiochemical purity was
99.9% * 0.1% for ''C-PS13 and 99.5% * 0.4% for ''C-MCl.

Animals

In vivo experiments were performed in 9 rhesus monkeys (1 female,
8 male; Macaca mulatta; 7.7-12.7 kg), most of whom underwent PET
scans more than once. Monkeys were initially sedated via ketamine
injection (10 mg/kg, intramuscularly) and then intubated. Anesthesia
was maintained with 1.6% isoflurane and 98.4% O, for the duration of
the study. The head was firmly fixed by gauze and tapes to the camera
bed holder. Body temperature was maintained with heating pads, and
temperature, oxygen saturation, blood pressure, and end-tidal CO,
were monitored for the duration of the study.

All animal studies were conducted in compliance with the Guide
for the Care and Use of Laboratory Animals (17) and were approved
by the National Institute of Mental Health Animal Care and Use
Committee.

Preparation of COX-1 and COX-2 Inhibitors as Preblockers

In the preblockade study, PS13, ketoprofen, and aspirin (acetylsa-
licylic acid) were used as selective or preferential COX-1 inhibitors,
and MCI1 and celecoxib were used as selective COX-2 inhibitors.

Scan Procedures

Whole-body PET scans in monkeys were obtained on a Biograph
mCT (Siemens Healthineers) scanner in 3 dimensions; transmission
data for attenuation correction were acquired in 2 dimensions before
radioligand injection. Dynamic emission scans in 4 different bed
positions were obtained for 70-90 min in 18-20 frames after a 1-min
intravenous bolus injection of the respective PET radioligand (222
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Chemical structures and in vitro potencies of PS13 and MC1 to inhibit COX-1 and
COX-2, respectively, in fresh whole blood of rhesus monkeys (74-16). Aimost identical potencies
were found in human blood. /ICso = half-maximal inhibitory concentration.

parent radioligand was measured after separat-
ing plasma from whole blood, as previously
described (/8).

Image Processing and Analysis

Whole-body PET images were calibrated
to Bg/mL and analyzed using PMOD, version 3.7 (PMOD Technol-
ogies Ltd., Zurich, Switzerland). Based on anatomic information from
the corresponding CT scan, volumes of interest were delineated on
major organs, and the time—activity curves were obtained. The activity
of each organ was expressed as SUV. To quantify uptake, the average
concentration of radioactivity in each organ was calculated from 10 to
90 min. The first 10 min, which are highly influenced by drug delivery
and blood volume, were avoided. SUV was corrected for the average
plasma concentration of radioligand measured at 4 timepoints to cor-
rect for any influence of the blocking drugs on metabolism and clear-
ance of the radioligand. The effect of this plasma correction was also
examined for each condition. Thus, the percentage blockade was cal-
culated as [(baseline SUV g 99 min — preblocked SUV g 99 min)/base-
line SUV19_99 min X 100 (%)], where SUV{g_99 min Means tissue to
plasma ratio of SUV averaged from 10 to 90 min.

RESULTS

Pharmacologic Effects

Injection of ''C-PS13 or ''C-MC1 had no pharmacologic effect
at the radiotracer level on any animal, as assessed by the absence
of significant changes in vital signs or electrocardiograms.

COX-1 Radioligand: 1'C-PS13

Whole-Body Biodistribution and Specific Binding. In monkey,
high uptake of ''C-PS13 was observed in major organs, including
the brain, spleen, gastrointestinal tract, and kidneys. Uptake was
blocked up to 92% by PS13 (Fig. 2 and Table 1). Although the
bone marrow, liver, gallbladder, and urinary bladder also showed
high ""C-PS13 uptake under baseline conditions, none of these
were blocked by PS13. Other major organs such as the lungs
and heart showed relatively low baseline uptake, and their per-
centage blockade varied. Plasma concentrations of ''C-PS13 were
slightly increased up to 13% after administration of PS13 as a
preblocker (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org), but percentage blockade in
most organs did not significantly change regardless of whether
plasma concentration correction was applied.

Selective Binding to COX-1. To evaluate the selective binding of
1C-PS13 to COX-1, ketoprofen (3.0 mg/kg) and aspirin (11.1-
22.2 mg/kg) were used as a selective and a preferential COX-1
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the percentage blockade by MC1 was not
higher than that obtained by PS13, a COX-1
inhibitor (Table 2). A significant block-
ing effect by MC1 was observed only in
the ovaries compared with the effect of
PS13, although baseline ''C-MC1 uptake
in the ovaries was not significantly higher
than in other major organs (Fig. 4 and Ta-
ble 2). The medulla of the kidney also
showed a relatively higher percentage
blockade by MCI than by COX-1 inhibi-
tors, but the difference was not conclusive.
Because the plasma concentrations of ''C-
MCI1 did not change after MC1 adminis-
tration (Supplemental Fig. 2), percentage
blockade in most organs—including the
ovaries and kidneys—remained constant
regardless of whether uptake values were
corrected by plasma concentrations.
Selective Binding to COX-2. To evaluate
the selective binding of ''C-MC1 to COX-2,

celecoxib (1.2 mg/kg) was used as a selec-
tive COX-2 inhibitor, and PS13 (3.0 mg/kg)
and aspirin (22.2 mg/kg) were used as a
selective and a preferential COX-1 inhibi-
tor, respectively. Except for the ovaries and
perhaps the kidneys, no organ showed a
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higher percentage blockade by celecoxib
than by PS13 or aspirin. Because the plasma

FIGURE 2.

pharmacologic doses of PS13. Upper arrow = spleen; lower arrow
concentration.

inhibitor, respectively, and MC1 (3.0 mg/kg) and celecoxib (1.9
mg/kg) were used as selective COX-2 inhibitors. With ketoprofen,
baseline ''C-PS13 uptake in the brain, spleen, gastrointestinal
tract, and kidneys was blocked up to 86%, whereas the percentage
blockade by COX-2 inhibitors was 46% at most (Table 1). Base-
line ''C-PS13 uptake in other major organs such as the lungs,
heart, liver, and testes was also blocked by ketoprofen but
was minimally blocked by COX-2 inhibitors. Most organs simi-
larly showed higher blocking effects with aspirin than with COX-2
inhibitors, but the overall difference was less significant than with
ketoprofen. Plasma concentrations of '!C-PS13 were increased by
14%—-34% with administration of COX-1 inhibitors and decreased
by 10%-19% with COX-2 inhibitors (Supplemental Fig. 1). Ac-
cordingly, the blocking effects of aspirin and celecoxib tended to
be slightly underestimated and overestimated, respectively, with-
out correction by plasma concentrations; however, the blocking
effects of ketoprofen and MC1 remained almost unchanged.

COX-2 Radioligand: 'C-MC1

Whole-Body Biodistribution and Specific Binding. Unlike ''C-
PS13, the highest uptake for ''C-MC1 was observed in excretory
organs (gallbladder, liver, urinary bladder), and the uptake was not
blocked by MC1 (Fig. 3). In other major organs such as brain,
gastrointestinal tract, and spleen, baseline uptake was lower, and
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(A and B) Maximum-intensity projections after injection of 1'C-PS13 under baseline
conditions (A) and after injection of PS13 (0.3 mg/kg) (B). (C and D) Time-activity curves under
baseline conditions (C) and after injection of PS13 (1.0 mg/kg) (D). High uptake was observed in
brain, spleen, gastrointestinal tract, and kidney medulla at baseline. Uptake was blocked by

concentrations of ''C-MC1 were increased
by 28% with administration of PS13 and by
19% with celecoxib (Supplemental Fig. 2),
percentage blockade in most organs was
slightly underestimated with PS13 or cele-
coxib before plasma concentration correc-
tion. However, in the ovaries, percentage
blockade with celecoxib was higher (37%)
than with COX-1 inhibitors (0%—12%), even before plasma con-
centration correction.

left kidney; Conc =

DISCUSSION

This study sought to determine whether 1'C-PS13 and ''C-MCl1
could be used to image constitutive levels of COX-1 and COX-2,
respectively, in rhesus monkeys. ''C-PS13 showed significant up-
take in expected organs, such as the brain, spleen, gastrointestinal
tract, and kidneys, and this uptake was blocked by COX-1, but not
by COX-2, inhibitors. In contrast, ''C-MC1 had minimal specific
uptake in major organs other than the ovaries (and perhaps kidneys),
though this uptake did show in vivo selectivity for COX-2 over
COX-1. Because both radioligands have almost equivalent potency
(half-maximal inhibitory concentration, 1 nM) to their cognate en-
zymes, we suspect that the constitutive density of COX-2 is lower
than that of COX-1. That is, the density of COX-2 may be too low
to be detected with a radioligand of only 1 nM potency.

The present study found that constitutive expression of COX-1
in most major organs was reproduced in vivo in a way that had
been observed in previous ex vivo studies. In the gastrointestinal
tract, high ''C-PS13 uptake observed under baseline conditions
was significantly blocked by COX-1 inhibitors but not by COX-2
inhibitors. Studies have shown that the predominant function of
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TABLE 1
11C-PS13 Uptake in Monkey Organs and Percentage Blockade with Pharmacologic Doses of COX-1 and COX-2 Inhibitors

Blockade (%)

COX-1 COX-2

SUV10_90 min (0 = 16) PS13 (n = 2) Ketoprofen® (n = 1) Aspirin (n = 2) MC1 (n = 1) Celecoxib (n = 1)

Organ

Brain 1.88 + 0.38 31-49
Lungs 0.50 £ 0.19 59-68
Heart 1.28 + 0.19 20-36
Liver 5.11 £ 0.79 0-12
Spleen 8.58 + 2.91 91-92
Gastrointestinal tract 2.47 £ 0.56 60-63
Kidney cortex 2.90 + 0.57 25-63
Kidney medulla 6.54 + 1.42 68-81
Ovaries 1.00 £ 0.06 —

Testes 1.25+0.10 —

*Corrected by plasma parent radioactivity at 4 timepoints.

35 23-31 0 8
74 27-58 15 31
25 23-38 10 5
24 23-29 2 1
86 41-58 30 46
61 42-52 6 0
69 34-47 0 0
78 40-44 5 11
— 29 — —
26 23 — 0

TPercentage blockade was calculated by SUV1o_70 min instead of SUV1g_g0 min for 3 plasma data timepoints only in this condition.

COX-1 involves maintaining the integrity of the gastrointestinal
mucosa under physiologic conditions and, relatedly, that the adverse
effects on the gastrointestinal tract associated with nonselective
NSAIDs compared with selective COX-2 inhibitors are mainly
due to their inhibitory effect on COX-1 (/9,20). The brain similarly
showed high ''C-PS13 uptake that was selective for COX-1. COX-1
is predominantly localized in microglia in the brain and, interest-
ingly, one of the unique characteristics of microglia is that they
interact directly with neuronal synapses and survey their microen-
vironment using highly dynamic processes even under physiologic
conditions (21,22). Because microglia have been hypothesized to
play a key role in the pathophysiology of neurodegenerative disor-
ders such as Alzheimer disease (27,23), 1'C-PS13 could be devel-
oped as a novel neuroinflammatory biomarker for investigating the
mechanisms underlying such disorders and their treatment. !'C-
PS13 binding in the kidneys, lungs, heart, testes, and ovaries also
showed high selectivity to COX-1. These organs are also known to
express COX-1 under physiologic conditions, especially in intersti-
tial and supportive cells as well as blood vessels (24).

In contrast, the high and displaceable uptake of ''C-PS13 in
spleen was unexpected, given that previous postmortem studies
have noted that levels of COX-1 messenger RNA in the spleen
are not higher than in other major organs such as the liver and
the kidneys (25). Immunohistochemical staining of the spleen
revealed that COX-1 was sparsely localized in scattered cells
in red and white pulp, as well as in blood vessels (24). In the
present study, the unexpectedly high COX-1 levels observed in
vivo may have been caused by the different circulatory status of
the spleen between in vivo and ex vivo conditions. Specifically,
in the ex vivo spleen, a significant amount of blood cells is
washed out during preparation before undergoing immunohisto-
chemical staining or RNA extraction, but those blood cells re-
main in the spleen during PET scans. The spleen comprises large
numbers of sinusoids that physiologically encompass stagnant
blood cells, and these cells—particularly platelets—have high
constitutive COX-1 activity (26,27).

1910 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 59 e

A critical role for constitutively expressed COX-2 in maintain-
ing physiologic functions has also been suggested in major organs
such as the brain, kidneys, ovaries, and gastrointestinal tract (28—
31). The present study observed clear constitutive expression of
COX-2 only in the ovaries and possibly in the kidneys. The ovaries
are generally known to have high COX-2 activity given that pros-
taglandin E,, derived from COX-2, is essential for ovulation (32).
As supporting evidence, COX-2 inhibition in female monkeys by
meloxicam, a preferential COX-2 inhibitor, prevented pregnancy
(33). Furthermore, in the postmortem human ovary, COX-2 was
mainly localized in cells of the periovulatory follicle, such as

A B

FIGURE 3. Maximum-intensity projections after injection of "'C-MC1
under baseline conditions (A) and after injection of MC1 (0.3 mg/kg) (B).
High uptake was observed only in excretory organs at baseline and was
not blocked by pharmacologic dose of MC1.
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TABLE 2
11C-MC1 Uptake in Monkey Organs and Percentage Blockade with Pharmacologic Doses of COX-1 and COX-2 Inhibitors

Blockade (%)*

COX-1 COX-2
Organ SUV40-90 min (7 = 8) PS13 (n = 1) Aspirin (n = 1) MC1 (n = 1) Celecoxib (n = 1)
Brain 1.22 + 0.25 17 0 21 0
Lungs 0.22 + 0.05 0 0
Heart 0.70 + 0.11 0 0
Liver 9.10 £ 2.42 21 0 0 14
Spleen 0.63 + 0.10 12 0 0
Gastrointestinal tract 1.10 £ 0.26 19 0 14
Kidney cortex 1.73 £ 0.36 16 5 16 22
Kidney medulla 1.91 £ 0.27 22 13 35 30
Ovaries 0.82 + 0.23 12 12 38 46

*Corrected by plasma parent radioactivity at 4 timepoints.

oocytes, theca cells, and granulosa cells, whereas COX-1 was
more localized in supporting cells such as surface epithelium
and stromal cells (24). Likewise, COX-2 in the kidney is thought
to play an even more critical role than COX-1 in maintaining
physiologic renal functions (34,35). It has also been suggested
that renal and cardiovascular side effects observed during recent
clinical trials with NSAIDs are significantly linked to inhibition of
constitutive COX-2 activity in the kidney (36,37).

FIGURE 4. Whole-body PET images after injection of 1'C-MC1 under
baseline conditions (A) and after injection of MC1 (0.3 mg/kg) (B), as well
as corresponding CT images (C). High uptake was observed in both
ovaries (arrows) and was blocked by pharmacologic dose of MC1, con-
sistent with specific binding to COX-2. PET images are shown as SUV.

PET RabioLiGanDs FOR COX-1 anp COX-2

It remains unclear why, in the present study, ''C-MCI1 lacked the
sensitivity needed to detect the relatively widespread distribution of
COX-2 in healthy animals. Two likely possibilities are low specific
signal and high nonspecific signal. Specific binding is proportional
to the affinity of the radioligand. Although the affinity of MCl1 is
high in absolute terms, it may be inadequate relative to the pre-
sumably low levels of COX-2 in the basal state. To the best of our
knowledge, no reports exist of the absolute density of COX-2 in
organs of the body. Nonspecific uptake is correlated with lipophi-
licity, and MCl is relatively lipophilic (mlogD = 3.74). Because the
brain has a high lipid content, and because the gastrointestinal tracts
are surrounded by abundant fat tissues, the radioligand may have a
high amount of nonspecific—compared with specific—binding to
COX-2, resulting in low sensitivity for imaging COX-2.

Finally, it is also difficult to interpret the finding that substantial
uptake of ''C-PS13 in the spleen as well as lungs and heart was also
reduced by selective COX-2 inhibitors, and that ''C-MC1 uptake in
a few organs was blocked by PS13, a highly selective COX-1 in-
hibitor. One possibility is that the dose or actual bioavailability of
the drugs we used as preblockers was high enough to not only
inhibit the intended COX isoform but also inhibit the other isoform.
Polyethylene glycol 400 (PEG 400), which was used as an excipient
in formulating the PS13, MCI1, and celecoxib solutions, may have
also enhanced the bioavailability of drugs by either decreasing renal
elimination (38) or increasing plasma free fraction, as demonstrated
in our in vitro experiment (Supplemental Fig. 3). Indeed, intrave-
nous administration of celecoxib formulated with PEG 400 has
resulted in 4-fold increased bioavailability compared with oral ad-
ministration (39). Other possible factors include noise in the PET
images, contamination by radiometabolites, and confounding by
stagnant blood cells, all of which might have interfered with our
ability to accurately measure blocking effects in particular organs.

CONCLUSION

This study sought to assess the potential utility of ''C-PS13 and
1C-MC1 as tools for measuring inflammation in various disorders
as well as target engagement by NSAIDs. Using these novel radio-
ligands, constitutive expression of COX-1 was observed in major
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organs while that of COX-2 was minimal in rhesus monkeys. !'C-
PS13 was found to have adequate signal in monkeys to justify its
extension to healthy human subjects. In contrast, ''C-MCI is un-
likely to show significant signal in healthy humans but may be able
to do so in inflammatory conditions marked by significant upregu-
lation of COX-2, such as autoimmune and neoplastic disorders.
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