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a b s t r a c t

Background: Sensitive detection and qualitative analysis of atherosclerotic plaques are in high demand in
cardiovascular clinical settings. The leukocyte–endothelial interaction mediated by an adhesion molecule
P-selectin participates in arterial wall inflammation and atherosclerosis.
Methods and results: A 64Cu-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid conjugated anti-P-
selectin monoclonal antibody (64Cu-DOTA-anti-P-selectin mAb) probe was prepared by conjugating an
anti-P-selectin monoclonal antibody with DOTA followed by 64Cu labeling. Thirty-six hours prior to
PET and CT fusion imaging, 3 MBq of 64Cu-DOTA-anti-P-selectin mAb was intravenously injected into
low density lipoprotein receptor-deficient Ldlr-/- mice. After a 180 min PET scan, autoradiography and
biodistribution of 64Cu-DOTA-anti-P-selectin monoclonal antibody was examined using excised aortas.
In Ldlr-/- mice fed with a high cholesterol diet for promotion of atherosclerotic plaque development,
PET and CT fusion imaging revealed selective and prominent accumulation of the probe in the aortic root.
Autoradiography of aortas that demonstrated probe uptake into atherosclerotic plaques was confirmed
by Oil red O staining for lipid droplets. In Ldlr-/- mice fed with a chow diet to develop mild atherosclerotic
plaques, probe accumulation was barely detectable in the aortic root on PET and CT fusion imaging. Probe
biodistribution in aortas was 6.6-fold higher in Ldlr-/- mice fed with a high cholesterol diet than in those
fed with a normal chow diet. 64Cu-DOTA-anti-P-selectin mAb accumulated selectively in aortic athero-
sclerotic plaques and was detectable by PET and CT fusion imaging in Ldlr-/- mice.
Conclusions: P-selectin is a candidate target molecule for early-phase detection by PET and CT fusion
imaging of atherosclerotic plaques.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Cardiovascular disease induced by atherosclerosis is a leading
cause of death in the Western world. Coronary artery imaging
based on morphological evaluation, including coronary angiogra-
phy and multidetector-row CT, has largely contributed to the
understanding of the pathophysiology of atherosclerosis and the
prevention and treatment of coronary artery disease. The incidence
of fatal acute coronary syndrome and of left ventricular dysfunc-
tion caused by coronary artery disease needs to be reduced [1]. Re-
cent studies have revealed that the vulnerability of atherosclerotic
plaques is an important determinant of initiation and progression
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of acute coronary syndrome. Accordingly, sensitive detection and
qualitative analysis of atherosclerotic plaques are in high demand
in the clinical setting.

Many studies have shown that chronic inflammation of the
arterial wall is mediated by immune cells, and that inflammatory
mediators play crucial roles in the pathogenesis of atherosclerosis
[2]. In the initial step of arterial inflammation, the leukocyte–endo-
thelial interaction mediated by endothelial cell adhesion molecules
triggers leukocyte recruitment from the circulating blood into the
arterial wall [3]. P-, E- and L-selectins, members of the selectin
family, are calcium-dependent type-I transmembrane glycopro-
teins. They have extracellular lectin-like domains that bind carbo-
hydrate ligands on leukocytes and participate in the initial capture,
tethering and rolling along endothelial cells [4]. L-selectin is con-
stitutively expressed by lymphocytes, and E-selectin is expressed
by activated endothelial cells. P-selectin is stored in Weibel–Palade
bodies of endothelial cells and is expressed in acute and chroni-
cally inflamed endothelium. P-selectin regulates the recruitment
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of monocytes and lymphocytes, key players in arterial wall inflam-
mation [5]. It was reported that P-selectin is expressed in human
atherosclerotic plaques [6]. The facilitatory role of P-selectin in
atherogenesis has been demonstrated with gene targeting using
P-selectin-deficient mice [7].

Over the past decade, novel imaging techniques have been
developed based on the growing understanding of the molecular
mechanisms of diseases. PET imaging using antibody-based probes
is a molecular imaging modality that can be used to detect molec-
ular and cellular processes with high sensitivity and specificity [8].
In the present study, anti-P-selectin monoclonal antibody radiola-
beled with 64Cu via 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid (DOTA) was prepared as a probe to target
atherosclerotic plaques. PET and CT fusion imaging was then
performed with the probe in atherosclerosis-prone low density
lipoprotein receptor-deficient Ldlr-/- mice. Probe accumulation
was then observed in atherosclerotic plaques by PET and CT fusion
imaging. Autoradiography of dissected aortas and biodistribution
studies after emission were then performed. The present results
suggest that P-selectin is a candidate molecule that can be used
to target atherosclerotic plaques with PET and CT fusion imaging.
2. Methods

2.1. Probe preparation

Anti-P-selectin monoclonal antibody (anti-P-selectin mAb) (Cat-
alog Number 553741, BD Biosciences, San Jose, CA, USA) was conju-
gated with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid mono-N-hydroxysuccinimide ester (DOTA-NHS-ester) (Macro-
cyclics, Dallas, TX) as described previously [9]. Briefly, DOTA-NHS-
ester was added to anti-P-selectin mAb (1 mg/mL) in phosphate-
buffered saline (PBS) (Wako Pure Chemical Industries, Osaka, Japan)
(molar ratios of DOTA-NHS-ester:anti-P-selectin mAb = 15:1) fol-
lowed by incubation at room temperature for 4 h. Then, the mixture
was purified by a PD-10 desalting column (GE Healthcare, Piscata-
way, NJ), and the eluted fraction was passed through an Amicon Ul-
tra 4 filter (Millipore, Millerica, MA) to exchange the buffer from PBS
to an acetate buffer. The resulting DOTA-anti-P-selectin mAb was
stored at 4 �C. The average number of moles of DOTA attached per
mole of anti-P-selectin was examined using laser desorption ioniza-
tion time-of-flight mass spectrometry [10].

DOTA-anti-P-selectin mAb was radiolabeled with 64Cu, accord-
ing to a modified procedure described previously [11]. DOTA-anti-
P-selectin mAb was incubated with 64Cu-CuCl2 at 40 �C for 1 h. The
mixture was purified by Amicon ultra 0.5 columns. The affinity of
64Cu-DOTA-anti-P-selectin mAb for P-selectin-IgG fusion protein
(BD Biosciences) was examined using a 27 MHz quartz crystal
microbalance (QCM) model Single Q (AS ONE Co. Osaka, Japan)
[12]. P-selectin-IgG fusion protein in PBS (0.8 lg/mL) was immobi-
lized on a QCM chamber for 30 min, and was then removed. After
washing three times with PBS, 500 lL PBS containing bovine serum
albumin (BSA) was added to the QCM chamber. 64Cu-DOTA-anti-P-
selectin mAb was added to the solution in the QCM chamber, and
the change in resonance frequency was recorded. The mass of anti-
body binding on the sensor was determined from the oscillation
frequency. The oscillation frequency change is correlated to the ad-
sorbed mass (1 Hz = 30 pg). The binding affinity was indicated by
frequency changes of the QCM, and the dissociation constant (Kd)
was calculated with manufacturer developed software.
2.2. Animal studies

Two groups of male Ldlr-/- mice (The Jackson Laboratory, Bar
Harbor, ME) were prepared. From 8 weeks of age, one group
(n = 7) was fed with a high cholesterol diet (1.25% cholesterol,
7.5% cocoa butter, 7.5% casein; Harlan Laboratories, Inc., Indianap-
olis, IN) for 12 weeks in order to develop atherosclerosis lesions,
and the other group (n = 7) was fed with normal chow (CE-2; CLEA
Japan Inc., Tokyo, Japan). Mice were anesthetized for all procedures
and imaged under inhalation anesthesia (1.5% isoflurane). All
experimental protocols were approved by the Ethics Committee
on Animal Care and Use of the Center for Molecular Imaging Sci-
ence in RIKEN, and were performed in accordance with the Princi-
ples of Laboratory Animal Care (NIH publication No. 85-23, revised
in 1985).

2.3. PET and CT imaging

PET scans were performed using a micro PET Focus220 (Sie-
mens, Knoxville, TN). Thirty-six hours prior to PET imaging, three
2.84-3.37 MBq of 64Cu-DOTA-P-selectin monoclonal antibody was
intravenously injected into each mouse through a cannula in the
tail vein. For anatomical reference, CT scan (Inveon CT, Siemens,
Knoxville, TN) was performed after intravenously injecting
300 lL/body of Fenestra VC contrast agent (ART, Montreal, Can-
ada). Following CT, mice were transferred to the PET scanner. PET
data were acquired for 180 min. PET images were reconstructed
with maximum a posteriori (MAP) with a Gibbs prior. The PET
and CT images were co-registered using PMOD version 3.15 (PMOD
Technologies, Zurich, Switzerland).

2.4. Autoradiography

Following PET imaging, the aorta was perfused with normal sal-
ine containing heparin (10 U/mL) under anesthesia. Then, the aor-
tic samples from the middle of the left ventricle to the iliac
bifurcation were dissected free from surrounding tissues, opened
longitudinally, pinned onto a silicon-coated dish and stained with
0.5% Oil red O for 15 min at room temperature followed by a rinse
with 60% (v/v) isopropanol for 5 min. After staining, the tissue was
exposed for autoradiography on a Fuji FLA-7000 analyzer (Fuji
Film, Tokyo, Japan) at a 25 lm resolution for 1 h (Fuji Film).

2.5. Biodistribution analysis

After autoradiography, the aorta was divided into two portions
at the branching point of the subclavian artery, and the proximal
portion was collected. Then, the aorta and other organs were re-
corded with a 1470 WIZARD Automatic Gamma Counter (PerkinEl-
mer, Waltham, MA). Results adjusted for organ weight are
expressed as means ± standard error (SE). Statistical significance
was evaluated with the Mann–Whitney U test using DR.SPSS II
for Windows (SPSS, Tokyo, Japan) for statistical analysis. p values
smaller than 0.05 were considered statistically significant.

2.6. Microautoradiography

Microautoradiography was performed using a modified method
reported previously [13]. Briefly, Ldlr-/- mice injected intrave-
nously with 64Cu-DOTA-anti-P-selectin mAb (10 MBq/mouse)
were sacrificed at 16 h after administration. The excised aortas
were embedded in Tissue-Tek OCT compound (Sakura Finetek
Inc., Torrance, CA). Under a safety light, 5 lm-thick sections were
created and mounted on slides coated with NTB2 nuclear emulsion
(Kodak, Rochester, NY) diluted in 13:7 with distilled water. The
slides were exposed in this way for 1 week, and then incubated
in solutions of ethanol and acetic acid (19:1) at �70 �C and then
25 �C for 1 min each. After washing with water twice for 3 min,
the sections were developed in D-19 developer (Kodak) for
5 min, fixed in Fuji Fix (Fuji Film) for 15 min at room temperature
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and then washed in water for 10 min. After microautoradiography,
the sections were subjected to hematoxylin and eosin (H&E)
staining.

3. Results

3.1. PET and CT fusion imaging

The average number of DOTA chelator molecules was deter-
mined to be 2.5 per one anti-P-selectin mAb molecule. The specific
radioactivity of 64Cu-DOTA-P-selectin mAb was 0.7–1.3 GBq/mg.
The dissociation constant (Kd) of 64Cu-DOTA-anti-P-selectin mAb
was 1.89 nM. In vivo CT with contrast was performed 30 min be-
fore PET for anatomical reference. CT enabled demonstration of
the aorta and its major branches in mice. In vivo PET was per-
formed 36 h after injection of 64Cu-DOTA-anti-P-selectin mAb,
the time referred and decided optimal from other mAb PET ima-
gings in our laboratory. Accumulation of 64Cu-DOTA-anti-P-selec-
tin mAb was observed in the aortic root, aortic arch, and root of
major branches identified by CT in Ldlr-/- mice fed with a high cho-
lesterol diet (Fig. 1). In contrast, accumulation of 64Cu-DOTA-anti-
P-selectin mAb was barely detectable in the aortic tree in Ldlr-/-
mice fed with normal chow that are resistant to atherosclerosis
development (Fig. 1). Quantitative data calculated from the accu-
mulated radioactivity of 64Cu-DOTA-anti-P-selectin in aortic root
were expressed as the target-to-muscle ratio. We set the region-
of-interest (ROI) in the aortic arch and muscle. In addition, we
Fig. 1. PET and CT fusion images in Ldlr-/- mice. In vivo CT with contrast agent was perfo
performed for 180 min at 36 h after injection of 64Cu-DOTA-anti-P-selectin mAb. CT (left),
with normal chow (upper panels) and a high cholesterol diet (lower panels) are shown. (A
P-selectin mAb. Arrowhead and arrow indicate prominent accumulation of 64Cu-DOTA-an
and CT fusion images injected with 3.2 MBq (0.019 nmol) of 64Cu-DOTA-anti-P-selectin m
selectin mAb in the brachiocephalic artery and ascending aorta, respectively.
set the ROI in intraventricular area to substract the radioactivity
in the blood. The target-to-muscle ratio of 64Cu-DOTA-anti-P-
selectin mAb uptake in the aortic arch was significantly higher in
Ldlr-/- mice fed with a high cholesterol diet than in those fed with
normal chow (1.30 ± 0.07 vs. 0.22 ± 0.07; p <0.05). These data sug-
gest that PET and CT fusion imaging demonstrates accumulation of
64Cu-DOTA-anti-P-selectin mAb in the atherosclerosis-prone aortic
root region in Ldlr-/- mice.

3.2. Ex vivo analysis of 64Cu-DOTA-anti-P-selectin monoclonal
antibody accumulation

Prior to the ex vivo study, we confirmed the accessibility of the
anti-P-selectin antibody to the P-selectin in the plaques in aortas
from Ldlr-/- mice fed with a high cholesterol diet by using immu-
nofluorescence. As shown in the Supplementary data, the antibody
specifically labels the P-selectin in the plaque.

To investigate probe accumulation in atherosclerotic plaques,
Oil red O staining for lipid droplets and ex vivo autoradiography
of aortas were performed after emission. Oil red O-stained athero-
sclerotic plaques were few in aortas from Ldlr-/- mice fed with nor-
mal chow (Fig. 2A). Accumulation of the probe was barely
detectable in aortas by autoradiography in Ldlr-/- mice fed with
normal chow (Fig. 2C). In contrast, Oil red O staining showed a
prominent development of atherosclerotic plaques in the aortic
root and major branches of Ldlr-/- mice fed with a high cholesterol
diet (Fig. 2B). Autoradiographic images demonstrated uptake of the
rmed 30 min prior to PET imaging for anatomical reference. In vivo PET imaging was
PET (right) and fusion (center; PET and CT co-registration) images of Ldlr-/- mice fed
) PET, CT and fusion images, injected with 3.0 MBq (0.017 nmol) of 64Cu-DOTA-anti-
ti-P-selectin mAb in the brachiocephalic artery and aortic arch, respectively. (B) PET
Ab. Arrowhead and arrow indicate prominent accumulation of 64Cu-DOTA-anti-P-



Fig. 2. 64Cu-DOTA-anti-P-selectin mAb accumulates in atherosclerotic plaques. Aortas dissected after the PET scan from Ldlr-/- mice fed with normal chow (A and C) and a
high cholesterol diet (B and D) were subjected to Oil red O staining followed by autoradiography. Representative photos of Oil red O stain (A and B) and autoradiography (C
and D) are shown.

Fig. 3. Microautoradiography in aorta. Microautoradiography was performed after the PET scan to examine the fine localization of 64Cu-DOTA-anti-P-selectin mAb in the
aortic wall, followed by H&E staining. Representative images of microautoradiography combined with H&E staining of aortic sections from Ldlr-/- mice fed with normal chow
and a high cholesterol diet are shown. The image depicted from the circled area is shown in the upper right corner of each panel. Bars, 50 lm.
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probe into the region corresponding to atherosclerotic plaques
indicated by Oil red O staining (Fig. 2D). These data suggest that
the probe could show intense signals of accumulation in athero-
sclerotic plaques in Ldlr-/- mice fed with a high cholesterol diet.
3.3. Biodistribution of 64Cu-DOTA-anti-P-selectin mAb

The biodistribution of 64Cu-DOTA-anti-P-selectin mAb in tis-
sues after emission was examined. The biodistribution of 64Cu-
anti-P-selectin mAb in the aorta was 6.6-fold higher in Ldlr-/- mice
fed with a high cholesterol diet than that in Ldlr-/- mice fed with
normal chow (8.05 ± 1.36%ID/g vs. 1.22 ± 0.23%ID/g, p <0.01). No
significant differences in the biodistribution of 64Cu-DOTA-anti-P-
selectin mAb were found between mice fed with a high cholesterol
diet as compared with mice fed with normal chow in the liver,
spleen, kidney, skeletal muscle, fat and blood (liver, 15.7 ± 1.4 vs.
13.54 ± 0.60%ID/g; spleen, 12.39 ± 1.38 vs. 15.04 ± 1.8%ID/g; kid-
ney, 5 ± 0.74 vs. 4.31 ± 0.26%ID/g; skeletal muscle, 0.54 ± 0.08 vs.
0.61 ± 0.15%ID/g; fat, 0.52 ± 0.11 vs. 0.87 ± 0.09%ID/g; blood,
4.63 ± 0.72 vs. 5.43 ± 0.59%ID/g, respectively; all comparisons not
significant). These data suggest that 64Cu-DOTA-anti-P-selectin
mAb preferentially distributes in the aorta in Ldlr-/- mice fed with
a high cholesterol diet when compared to that from Ldlr-/- mice fed
with normal chow.

3.4. Microautoradiography in aorta

Microautoradiography was performed after emission to exam-
ine the fine distribution of 64Cu-DOTA-anti-P-selectin mAb in the
aortic wall. Atherosclerotic plaques and silver grain labeling were
barely detectable in aortic sections from Ldlr-/- mice fed with nor-
mal chow (Fig. 3). In contrast, labeling with silver grains was ob-
served in the tunica intima of atherosclerotic plaques identified
by H&E staining of aortic sections from Ldlr-/- mice fed with a high
cholesterol diet (Fig. 3). These data suggest that 64Cu-DOTA-anti-P-
selectin mAb can be used to detect the tunica intima of atheroscle-
rotic plaques in Ldlr-/- mice.
4. Discussion

Coronary artery imaging using coronary arteriography and mul-
tidetector-row CT can provide useful information concerning the
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morphology of coronary arteries in the clinical setting. Innovation
of novel imaging methods with higher sensitivity and specificity
for identification of atherosclerotic plaques is required for early
stage detection of atherosclerotic plaques in increasing numbers
of patients with coronary artery disease [1]. Combinations of pre-
existing imaging methods have been suggested in order to improve
the specificity of detection for atherosclerotic plaques in a non-
invasive manner, and the present study aimed at imaging
atherosclerotic plaques with PET and CT fusion imaging using an
antibody-based probe designed to target a specific antigen.

Nonetheless morphological early stage detection, the progress
in the understanding of the molecular basis of atherosclerosis
has provided candidate antigens for antibody-based probes [14].
The leukocyte–endothelial interaction is mediated by adhesion
molecules that are expressed on the cell surface of leukocytes
and endothelial cells and are activated by atherogenic stimuli. This
interaction occurs in the initial step of atherosclerosis, and it has
been indicated that the adhesion molecules participating in the
leukocyte–endothelial interaction are favorable targets for detec-
tion of atherosclerotic plaques during the earlier stages of athero-
sclerosis [14].

P-selectin expression has been shown to be upregulated in ath-
erosclerotic plaques in mice and humans, and its functional signif-
icance in atherogenesis was demonstrated using P-selectin
knockout mice [6,7,15]. Recent ex vivo as well as in vivo studies
in mice showed that antibody-based probes for P-selectin and
VCAM-1 that are adhesion molecules participating in the adhesion
and recruitment of immune cells to arterial walls in atherosclerosis
can be used to preferentially detect atherosclerotic plaques with
ultrasound and MRI [16,17]. Accordingly, PET and CT fusion imag-
ing of atherosclerotic plaques was investigated using an antibody-
based probe in atherosclerosis-prone Ldlr-/- mice in the present
study. Over the past decade, there have been a number of reports
regarding targeting of particular cell membrane epitopes with
monoclonal antibodies and receptors with radiolabeled peptides
and peptidomimetics and imaging of the activity of particular en-
zymes and transporters. It is necessary for these probes to detect
biological processes in lower concentrations without disturbing
function [18]. In the present study, a 64Cu-labeled antibody-based
probe conjugated with DOTA was prepared with very high affinity
to the antigen (Kd = 1.89 nM). Accumulation of the 64Cu-DOTA-
anti-P-selectin mAb in atherosclerotic plaques of the aorta and
major branches in Ldlr-/- mice fed with a high cholesterol diet
was observed by PET and CT fusion imaging followed by
autoradiography and microautoradiography. A biodistribution
study revealed preferential distribution of the probe in the
atherosclerotic aorta. These data suggest that P-selectin is a
suitable candidate of the target molecule(s) for imaging atheroscle-
rosis plaques with PET and CT fusion imaging. A combination of
molecular-targeting PET and CT could provide more specificity
and higher spatial resolution to detect atherosclerotic lesions in
mice, in comparison to other imaging modalities such as MRI and
ultrasound. Further studies are necessary in other types of animal
disease models to elucidate the usefulness of this atherosclerosis
imaging.
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