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Abstract

Purpose Increased expression of avP3/av(35 integrin is
involved in angiogenesis and the inflammatory process in
atherosclerotic plaques. The novel **Ga-DOTA-RGD pep-
tide binds with high affinity to av@3/xvp5 integrin. The
aim of this study was to investigate the uptake of the **Ga-
DOTA-RGD peptide in atherosclerotic plaques.

Methods Uptake of intravenously administered °*Ga-DOTA-
RGD peptide was studied ex vivo in excised tissue samples
and aortic sections of LDLR "~ ApoB'%'% atherosclerotic
mice. The uptake of the tracer in aortic cryosections was
examined by using digital autoradiography. Subsequently,
the autoradiographs were combined with histological and
immunohistological analysis of the sections.
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Results DOTA-RGD peptide was successfully labelled with
the generator-produced ®*Ga. The tracer had reasonably
good specific radioactivity (8.7+1.1 GBg/umol) and was
quite stable in vivo. According to ex vivo biodistribution
results, ®*Ga-DOTA-RGD was cleared rapidly from the
blood circulation and excreted through the kidneys to the
urine with high radioactivity in the intestine, lungs, spleen
and liver. Autoradiography results showed significantly
higher uptake of **Ga-DOTA-RGD peptide in the athero-
sclerotic plaques compared to healthy vessel wall (mean
ratio = SD 1.4=0.1, p=0.0004).

Conclusion We observed that *®Ga-DOTA-RGD is accu-
mulated into the plaques of atherosclerotic mice. However,
this data only shows the feasibility of the approach, while
the clinical significance still remains to be proven. Further
studies are warranted to assess the uptake of this tracer into
human atherosclerotic plaques.

Keywords Atherosclerosis - Plaque - ®*Ga -
ovP3/av35 integrin - RGD - PET

Introduction

Inflammation has a prominent role in atherosclerosis, and
may persist for several years before the appearance of
clinical manifestations. A stable atherosclerotic plaque
usually contains a small lipid core covered by a thick
fibromuscular cap, while an unstable plaque is often
composed of a large lipid core, a thin cap and a larger
amount of inflammatory cells, mostly macrophages. Rup-
ture of an unstable vulnerable plaque is the main cause of
acute coronary syndrome and myocardial infarction. Iden-
tification of plaques vulnerable to rupture could possibly
guide the local therapy and prevent clinical complications
[1-3].
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At present, there are no reliable methods for identifying
atherosclerotic plaques in vivo. Several invasive and non-
invasive diagnostic methods are currently under develop-
ment or being tested for facilitating the detection of
vulnerable plaques by using, for example, X-ray computed
tomography angiography (CTA) [4], magnetic resonance
imaging (MRI) [5], optical coherence tomography (OCT)
[6] or intravascular ultrasound (IVUS) [7]. None of these
techniques have proven their value in extensive in vivo
validation studies, although they have been able to
delineate certain features of plaques. Other drawbacks
include the lack of prospective data and/or insufficient
resolution [7]. Markers of inflammation and tissue remod-
elling within plaques would probably be ideal indicators of
vulnerability. The most commonly tested tracer for the
inflammatory process in plaques is 2-['*F]fluoro-2-deoxy-
D-glucose (['*F]FDG). However, ['*F]FDG is not a
specific tracer for inflammation, but is also avidly accumu-
lated in activated muscle and cancerous tissues, and also in
the calcified structures of the vessel wall [8].

Atherosclerotic lesions responsible for vascular occlusions
are associated with angiogenesis within the vessel wall. Plaque
neovascularisation is comprised of a network of capillaries that
arise from the adventitial vasa vasorum and extend into the
intimal layer of atherosclerotic lesions. As to their function,
these plaque capillaries are proposed as important regulators of
plaque growth and lesion instability. Microvessels in the intima
are immature, which may result in intraplaque haemorrhage.
Increased density of microvessels is associated with intra-
plaque haemorrhage and plaque rupture [9, 10].

The avp3 and ovP5 integrins are transmembrane
glycoproteins that are involved in the migration of activated
endothelial cells during the formation of new vessels. In
atherosclerotic plaques, ovf33 integrin is expressed in
endothelial cells, medial and some intimal smooth muscle
cells (SMCs) [11]. Expression of av33 integrin is found in
the shoulder of advanced plaques and in the necrotic core of
human atherosclerotic lesions. CD68-positive macrophages
also strongly express avP33 integrin [12]. In addition to
av3 integrin, ov35 is also expressed in the intima of
human atherosclerotic plaques [13]. However, for in vivo
imaging purposes, the integrin ocv33 is the most extensive-
ly examined marker of angiogenesis [14].

The development of radiolabelled ligands for the av{33/
av5 integrin might facilitate the imaging of atherosclerotic
plaques [15]. For the present study, we explored the
feasibility of a novel *®*Ga-labelled monomeric, 1,4,7,10-
tetraazacyclododecane-N’,N” N’ N”*”-tetraacetic acid conju-
gated “*Ga-DOTA-RGD peptide (Fig. 1) binding to the
avB3/av5 integrin in the assessment of the degree of
inflammation and the vulnerability of atherosclerotic plaques.
The biodistribution of the radiopeptide and uptake to plaques
were evaluated in atherosclerotic LDLR " ApoB'*”'% mice

by measuring the radioactivity of excised organs and using
digital autoradiography of aortic cryosections.

Materials and methods
Radiotracer synthesis

DOTA-RGD peptide was obtained from GE Healthcare (Oslo,
Norway). The synthesis of DOTA-RGD peptide has been
described by Indrevoll et al. The in vitro affinity of the DOTA-
RGD peptide for av33/acv35 integrin is 3.2 nM [16]. DOTA-
RGD peptide was labelled with ®®*Ga obtained in the form of
%8GaCl; from a °®*Ge/*®*Ga generator (Cyclotron Co.,
Obninsk, Russia) by elution with 0.1 M HCI. The elution
of the **Ge/**Ga generator was monitored on-line with a
positron-sensitive photodiode detector (Hamamatsu S5591,
Hamamatsu Photonics K.K. Solid State Division, Japan).
The nominal **Ge activity loaded onto the generator column
was 1,850 MBq (50 mCi). The radioactive elution peak was
collected for the **Ga-labeling of DOTA-RGD peptide. The
8GaCl; eluate (0.5 ml) was mixed with 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (120 mg; CgH;gN,O4S, M
(HEPES) = 238.3 g/mol, Sigma-Aldrich Chemie, Germany)
to give a pH of approximately 4.4. Next, DOTA-RGD
peptide (13 pl/1 mM, 13 nmol, 21.4 pg) was added and the
mixture was incubated at 100°C for 20 min. No further
purification was needed. The radiochemical purity was
determined by reversed-phase radio-HPLC (pBondapak
C18, 7.8x300 mm, 125 A, 10 pum; Waters, Milford, MA).
The HPLC conditions for ®®Ga-DOTA-RGD peptide were as
follows: flow 5 ml/min, A=2.5 mM trifluoroacetic acid
(TFA), B = acetonitrile (MeCN), C=50 mM phosphoric acid.
Linear A/B/C gradient: 0-2 min 100/0/0, 2—10 min from
100/0/0 to 35/65/0, 10—11 min from 0/35/65 to 0/0/100, 11—
18 min 0/0/100, A=218 nm. The compounds in the samples
were separated by comparing the retention times of
unlabelled peptide and authentic standards **Ga-DOTA and
%8Ga®*. The radio-HPLC system consisted of LaChrom
instruments (Hitachi; Merck, Darmstadt, Germany) including
pump L7100, UV detector L-7400 and interface D-7000; an
on-line radioactivity detector (Radiomatic 150 TR, Packard,
Meriden, CT); and a computerized data acquisition system.

Animals

Six male mice deficient of LDL receptor and expressing
only apolipoprotein B100 (LDLR " ApoB'°”'%  Jackson
Laboratory, Bar Harbor, ME, strain #003000) were used.
The LDLR ™~ ApoB'%”1% double-knockout mouse model is
described by Heinonen et al. They showed that this mouse
model develops atherosclerotic plaques in the arteries and
that their plasma cholesterol level is highly increased
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already 3 months after a lipid-rich diet [17]. In the present
study, the mice were kept on a high-fat, Western-type diet
(TD 88137, Harlan Teklad, with 42% of calories coming
from fat and 0.2% from cholesterol, without sodium
cholate) for 5 months, starting at the age of 6—7 months.
Six male C57BL/6 J Bom strain mice fed with a regular
chow diet served as non-atherosclerotic controls. The age
and weight were 11.5+0.5 months and 39+6 g (mean =
SD) for the LDLR " ApoB'%% mijce, and 14+0 months
and 41+4 g for the C57BL/6 J Bom control mice. All mice
were housed throughout the study in an animal facility
under standard conditions with lights on from 6.00 a.m. to
6.00 p.m. and with ad libitum access to water and food. The
experiments were approved by the Laboratory Animal Care
and Use Committee of the University of Turku, Finland.

In vivo stability of ®®Ga-DOTA-RGD peptide

To examine the stability of **Ga-DOTA-RGD peptide, a
blood sample (0.8 ml) obtained through a cardiac puncture
(six LDLR ™ ApoB'%"% mice, six control mice) and a
urine sample (five LDLR "~ ApoB'*”'% mice, two control
mice) were collected 60 min after intravenous injection.
The plasma was separated by centrifugation (2,118 x g for
5 min) at +4°C. Proteins of plasma and urine were
precipitated using 10% sulfosalisylic acid. A supernatant
obtained after centrifugation followed by filtration through
syringe filter (0.45 pm, Waters Corporation, USA) was
analysed by radio-HPLC as described above.

Ex vivo distribution of ®®Ga-DOTA-RGD in atherosclerotic
and control mice

%8Ga-DOTA-RGD peptide (17+4 MBgq, 3.0+0.5 pg) was
administrated intravenously via a tail vein in non-
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anaesthetised mice (six LDLR ApoB'%'% mice and six
C57BL/6 J Bom mice). At 60 min after injection, blood
samples were drawn under deep isoflurane anaesthesia into
heparinised tubes by cardiac puncture, and thereafter the mice
were sacrificed with cervical dislocation. Samples of blood
and various tissues were collected, patted dry and weighted,
and the radioactivity was measured using an automatic
gamma counter (1480 Wizard 3” Gamma Counter; EG & G
Wallac, Turku, Finland) cross-calibrated with a dose calibra-
tor (VDC-202, Veenstra Instruments, Joure, The Nether-
lands). Background counts were subtracted, and the
radioactivity decay was corrected to the time of injection.
The dose remaining in the tail was also compensated. The
radioactivity concentration that had accumulated in the tissue
samples over the 60-min period following the ®*Ga-DOTA-
RGD injection was expressed as a percentage of the injected
dose per gram of tissue (%ID/g).

Autoradiographic analysis of aortic cryosections

The distribution of ®*Ga-DOTA-RGD peptide to aorta
tissue was studied with digital autoradiography in six
LDLR ~ApoB'%'% mice and six control mice. The aorta,
from ascending aorta to the level of diaphragm, was
dissected and blood was removed with saline. The aorta
and an internal control muscle sample from the same
animal were frozen, and sequential longitudinal 8- and
20-um sections were cut with a cryomicrotome at —15°C
and thaw-mounted onto microscope slides. The sections
were air dried for 5 min and apposed to an imaging plate
(Fuji Imaging Plate BAS-TR2025, Fuji Photo Film Co.,
Ltd., Japan). After an exposure time of 2.5 h, the imaging
plates were scanned with Fuji Analyser BAS-5000 (Fuji
Tokyo, Japan; internal resolution 25 wm). The autoradio-
graphs were analysed for count densities (photostimulated
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luminescence per unit area, PSL/mm?) with an analysis
programme (Tina 2.1, Raytest Isotopemessgerite, GmbH,
Straubenhardt, Germany). Four types of regions of interest
(ROIs) were drawn according to the histology, and the
background area count densities were subtracted from the
image data. The ROIs were analysed from (1) plaque, (2)
adventitia, (3) healthy vessel wall, and (4) muscle (internal
control). The radioactivity uptake values were normalized
against the control site (muscle).

Reliability of ARG method

Autoradiography (ARG) analyses were performed by two
independent observers. Reproducibility of the autoradiog-
raphy results was evaluated by calculating the coefficient of
variation (CV%), mean difference and intra-class factor. A
CV of <10% is considered acceptable. The average of
various ROIs was calculated for each animal from the other
observer’s analyses.

Histology and immunohistochemical staining

After autoradiography, the 20-um sections were stained
with haematoxylin and eosin (HE) and studied for
morphology under a light microscope. The degree of
inflammation was semi-quantitatively assessed as the
number of macrophages and other leukocytes in the tissue.
Adjacent sections were immunostained with anti-CD31
antibody (endothelial marker) and parallel sections with
Mac-3 antibody (mouse macrophages). For the staining of
CD31 in mouse aorta, the sections were stored at —70°C,
melted, fixed 10 min in ice-cold acetone and air dried.
Endogenous peroxidase was blocked (DakoCytomation,
S2001, Denmark). The sections were incubated for 1 h with
primary rat anti-mouse CD31 antibody (AB Serotec,
MCA1364, Clone 390, Oxford UK; working dilution
1:400 with 3% BSA) and for 30 min with secondary
biotinylated mouse anti-rat antibody (BD Pharmingen,
BD550325, USA; working dilution 1:100 with 0.05 M
Tris-HCI, pH 7.6 + 0.05% Tween 20). For Mac-3 staining,
8-um sections were stored at —70°C, melted and fixed for
10 min in 4% formaldehyde (pH 7.0). Mac-3 antigen was
uncovered by boiling in hot 10 mM citrate buffer (pH 6.0)
for 20 min. Then the sections were incubated for 1 h with
primary rat anti-mouse Mac-3 antibody (BD Pharmigen,
BD550292, Clone M3/84, USA; working dilution 1:5000
with 3% BSA), and endogenous peroxidase was blocked
with 1% hydrogen peroxide. Thereafter, the sections were
incubated for 30 min with polyclonal rabbit anti-rat
antibody (Dako, E0468, Denmark; working dilution 1:200
with 0.05 M Tris-HCI, pH 7.6 + 0.05% Tween 20) and for
30 min with tertiary EnVision+ System- HRP-labelled goat
anti-rabbit antibody (DakoCytomation, K4003, Denmark;

working dilution 1:200 with 0.05 M Tris-HCI, pH 7.6 +
0.05% Tween 20). Finally, Mayer’s haematoxylin was used
for counterstaining.

Estimation of degree of inflammation

The degree of inflammation in the plaques was semi-
quantitatively assessed by the first author together with an
experienced pathologist (J.L.). In the semi-quantitative
analysis of Mac-3 stained areas, the plaques were divided
as non-inflamed (= no or occasional Mac-3 stained
leucocytes) or inflamed (= moderate or severe inflammation
categories present) as described in Laitinen et al.[8]. ROI
analysis was made from parallel sections of Mac-3 antibody
stained sections, and areas in the plaques were defined,
according to the histology, as belonging to one or the other
category. Only the endothelia of healthy vessel wall and
plaque were stained with anti-CD31-antibody. There were
no anti-CD31-stained regions inside the plaques.

Statistical methods

All results are expressed as mean = SD values. 7-test and
one-way ANOVA were used to examine the significance of
differences observed in ex vivo biodistribution study
between the atherosclerotic LDLR " ApoB'°”'® mice and
the control mice. 7-test with a mixed Dunnett’s model was
applied to correct p-values of the biodistribution of aortic
uptake versus different tissue uptakes in the atherosclerotic
and control-mice groups. In autoradiography analysis, a
mixed model with Tukey-Kramer corrected p-values was
applied to individual mean values of ROIs. A value of p
less than 0.05 was considered to be statistically significant.

Results
Radiolabelling

The radiochemical purity of ®*Ga-DOTA-RGD peptide was
97+2% (n=8) as analysed by radio-HPLC. The specific
radioactivity of the reaction mixture was 8.7+1.1 GBq/umol.
Under the conditions described above, the retention time of
%8Ga-DOTA-RGD peptide was 8.08+0.11 min (Fig. 2a). The
entire labelling procedure, including the radio-HPLC analy-
sis and elution of “*Ga, was completed within 40 min.

In vivo stability of ®®Ga-DOTA-RGD peptide
The radio-HPLC analysis of the mouse-plasma samples from
LDLR 7Ap0B100/100 mice (n=6) and control mice (n=6)

showed 70.3+5.2% and 65.9£5.2% of unchanged ®*Ga-
DOTA-RGD peptide, respectively, at 1 h after injection. In
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Fig. 2 Representative radio-HPLC chromatograms of a intact **Ga-DOTA-RGD peptide, b mouse (LDLR " /ApoB!°?1%%) plasma obtained 1
h after intravenous injection of **Ga-DOTA-RGD peptide, and ¢ a mixture of authentic standards

the urine, the percentages of unchanged peptide were 3.3+
1.0% for LDLR " ApoB'%"% mice (n=5) and 2.8+1.0%
for control mice (n=2) at 1 h after injection.

No degradation products of **Ga-DOTA-RGD peptide
were identified. According to the radio-HPLC analysis, the
retention times of degradation products were 2.90+0.10 min,
7.09+0.14 min, and 13.86+0.09 min, representing 15.0+
8.4%, 14.0+£7.0%, and 1.3+0.7% of total radioactivity,
respectively. A representative radio-HPLC chromatogram of
the mouse-plasma sample is shown in Fig. 2b. For
comparison, the retention times of authentic standards
%*Ga-DOTA and **Ga’" were 2.89+0.03 min and 13.59+
0.11 min (Fig. 2c), respectively.

Characterisation of atherosclerosis in LDLR '~ ApoB'°%1%°
and control mice

After 5 months on a Western-type diet, the LDLR /"
ApoB'%1% mice had large areas of aorta covered in plaques,
also in the distal part of the aorta. Plaques were found in the
proximal parts of brachiocephalic, subclavia and carotic
arteries and in the pulmonary artery. The plaques were of
fibroatheroma type and some contained calcifications.

Fig. 3 a Macrophage (Mac-3)- . S e

stained aortic arch with enlarged o | e
macrophage positive plaque (b) s
(brown colour in plaque). Ad- . i v 8
ventitia and healthy vessel wall P o

are not stained with Mac-3 stain. .

L lumen, P plaque, W wall Vi 205

~ 500um
aw SR
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Leukocyte infiltration was observed in plaques in all
LDLR " ApoB'%"% mice, and based on the histological
analysis, the inflammation was estimated to be of moderate
degree (occasional polymorphonuclear leukocytes or lym-
phocytes and some groups of inflaimmatory cells). Mac-3
staining revealed areas in the plaques with a moderate
number of macrophages (Fig. 3). The anti-CD31 antibody
stained the endothelia of the vessel wall and plaque (Fig. 4).
No atherosclerosis was detected in the aortas of the control
mice. The mice in the control group were approximately of
the same age (14 months vs. 11.5 months) and weight (41 g
vs. 39 g) as the LDLR " ApoB'*'% mice, and both groups
included only male mice.

Ex vivo biodistribution of ®Ga-DOTA-RGD

The uptake of *®Ga-DOTA-RGD in different tissues is
shown in Table 1. The highest level of **Ga-DOTA-RGD
uptake was found in the kidneys in LDLR ™ ApoB'®!%
mice (5.1£1.6%ID/g at 1 h) and in control mice (6.3+1.9%
ID/g at 1 h). The levels of uptake in the liver (2.34+1.0%ID/g
and 2.5+0.8%ID/g, respectively, at 1 h) and intestine (2.8+
0.4%ID/g and 2.24+0.5%ID/g, respectively, at 1 h) were
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Fig. 4 a Anti-CD31 stains the ‘ S
endothelial cells (red) of the
healthy vascular wall and on the F -
surface of the plaques b en-
larged picture. Adventitia shows : N
high unspecific staining (control
staining not shown). L lumen, P
plaque, W wall A

a 500pm

significantly lower (p<0.05) in comparison to the kidneys,
indicating the predominance of the renal excretion route and
minor hepatobiliary excretion in atherosclerotic and control
mice. The aortic uptake and biodistribution of **Ga-DOTA-
RGD was 0.90+0.21%ID/g in LDLR " ApoB'%"'® mice
and 0.70+0.20%ID/g in control mice (p=ns). The aorta
samples contained large amounts of adventitial tissue, mainly
fat, in both atherosclerotic and control mice. The aorta/heart
and aorta/blood uptake ratios were 1.8 and 1.1, respectively,
in LDLR " ApoB'%"% mice and 1.3 and 0.9, respectively,
in control mice.

Digital autoradiography of aortic sections

Autoradiographs of 11-13 aortic sections from each
LDLR " ApoB'%'% mouse (n=6) and 811 aortic sections
from each control animal (z=6) were analysed. In total,
1,309 ROIs (414 plaque; 334 healthy vessel wall; 513
adventitia and 48 muscle) were analysed from 12 mice. For
each mouse, the mean uptakes of **Ga-radioactivity in the
healthy vessel wall, adventitia and plaque were calculated
and normalized against the internal control (= muscle).

MR

Autoradiography analysis revealed significantly higher
uptakes of “*Ga-radioactivity in plaques as compared to the
healthy vessel wall and adventitia. The plaque/wall ratio
was 1.4£0.1 (plaque vs. wall uptake p=0.0004) and the
plaque/adventitia ratio was 1.6+0.1 (plaque vs. adventitia
uptake p=0.0002) in LDLR " ApoB'*”'% mice (Table 2;
Fig. 5). The accumulation of ®*Ga-radioactivity in the
adventitia as compared to the healthy wall was statistically
significant in LDLR " ApoB'*”'% mice (p=0.014) and in
control mice (p=0.0026). In the control mice, the uptake in
the vessel wall was 2.4+0.6-fold higher than in the muscle
and in the adventitia 1.7+0.4-fold higher than in the
muscle.

Estimation of degree of inflammation

The *®Ga-radioactivity uptakes and the macrophage con-
tents in the plaques were compared using 4-6 Mac-3-
stained aortic sections of each mouse. In total, 152 ROIs
were analysed; 72 non-inflamed plaque regions and 80
inflamed plaque regions from atherosclerotic mice auto-
radiographs. No difference was found in comparing **Ga-

Table 1 Ex vivo biodistribution

of ®*Ga-DOTA-RGD peptide in LDLR/ApoB48 (n=6) Control (n=6, bladder n=5) p-value

LDLR/ApoB48 and control

mice Aorta 0.91+0.21* 0.70+0.20 NS#*
Bladder 2.54+0.40 2.19+0.82 NS
Blood 0.84+0.32 0.83+0.21 NS
Bone 0.90+0.36 0.88+0.19 NS
Fat 0.18+0.07 0.22+0.13 NS
Heart 0.51+0.14 0.53+0.12 NS
Intestine 2.84+0.40 2.19+0.55 0.04
Kidney 5.10+1.57 6.27+1.91 NS
Liver 2.30+1.00 2.52+0.80 NS
Lungs 2.27+0.57 2.16+0.22 NS
Lymph nodes 1.70+£0.43 1.51+0.28 NS
Muscle 0.47+0.36 0.40+0.13 NS

* %ID/g (mean + SD) Pancreas 0.57+0.12 0.46+0.12 NS

** Difference between athero- Spleen 1.95+40.51 1.9440.23 NS

sclerotic and control mice Thymus 1014031 0.9140.10 NS

NS not significant
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Table 2 Normalized autoradi-

Plaque

Wall

Adventitia

ography results. Uptake of Animal ID
%8Ga-DOTA-RGD in regions of
interest (ROI) for each athero- 1
sclerotic mouse 2

3

4

. . 2 5

* The intensity (PSL/mm~,
mean £ SD); ** Number of 6
ROIs; t-test; plaque vs. wall Mean
0.0004; plaque vs. adventitia SD

4340.8% (n=51) **
4.64+0.9 (n1=52)
2.64+0.6 (n=86)
3.340.7 (1=68)
3.9£0.6 (1=77)
4.940.8 (n=80)

3.9

0.9

2.840.7 (n=15)
3.3+£0.9 (n=20)
1.6+0.5 (n=25)
2.5+0.5 (n=24)
2.8+0.5 (n=21)
3.5+0.9 (n=28)
2.8

0.7

2.4+0.4 (n=48)
2.940.4 (n=56)
1.6+0.3 (n=62)
2.2+0.5 (n=54)
2.3+0.5 (n=57)
2.940.5 (n=71)
24

0.5

0.0002; wall vs. adventitia 0.003

DOTA-RGD uptake between non-inflamed and inflamed
plaque regions (ratio 1.1£0.2, p=0.36).

Reliability of ARG method

The analysis of mouse aortic sections is challenging because
of the small size of aorta and allocation of ROIs to the
autoradiograph. We used contour pictures to draw the ROI
areas after which the ROI template was superimposed to the
original ARG image for analyses. An example of ROI
analysis is shown in Fig. 6. Use of parallel sections from the
same aorta enables us to determine the radioactivity uptake
for the whole aorta from the different tissue compartments,
thus facilitating an accurate measurement as possible. All
autoradiographs were analysed by two independent observ-
ers. The CV% for the ROI analyses of adventitia, plaque,
healthy vessel wall and muscle was 4.5% (range 3.5-5.8%).
The mean differences between two analysers for plaque
versus adventitia, plaque versus healthy vessel wall, and
plaque versus muscle were statistically insignificant (p>0.05
for all). The corresponding intra-class factors ranged between
0.90-0.97 (p=ns).

{1
. 4 a _+_
8 l I

0 T T !

Plaque Wall Adventitia

Fig. 5 Autoradiography analysis of normalized %*Ga-DOTA-RGD
peptide uptake in six LDLR " /ApoB'*”'% mice
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Discussion

Few imaging agents have been evaluated for PET imaging
of atherosclerotic plaques in mice [8, 18]. Radiolabelled
RGD peptides are of particular interest since they bind to
avP3 integrin that is highly expressed in human athero-
sclerotic lesions [12]. The present study reports on the
preclinical evaluation of a novel monomeric **Ga-DOTA-
RGD peptide in the mouse model of atherosclerosis. Based
on digital autoradiography of mouse aortic cryosections,
our results revealed significantly higher uptakes of **Ga-
DOTA-RGD peptide in the atherosclerotic plaques as
compared to healthy vessel walls. Our results indicate the
feasibility of the digital autoradiography approach, but the
clinical meaning is, however, not yet conclusive.

®8Ga-labelled RGD peptides have been shown to have
potential for the imaging of the angiogenesis and therapy of
av33 integrin-positive tumours [19-21]. To our knowl-
edge, this is the first paper describing the use of **Ga-
labelled RGD peptide for the purpose of imaging athero-
sclerotic plaques.

The ovP3 and «vP5 integrins are heterodimeric
transmembrane glycoproteins, which are involved in the
migration of activated endothelial cells during formation of
new vessels. The ovB3 and avp5 integrins are up-
regulated in response to vascular damage and in certain
types of tumours [22, 23]. Both av33 and avf35 integrins
are up-regulated in activated endothelial cells during
angiogenesis, thus modulating cell survival and migration
[24, 25]. Typically, enhanced expression of «v(33 integrin
is detected in the shoulder of advanced plaques and in the
necrotic core of human atherosclerotic lesions [12]. Both
avP3 and av5 integrins are shown to be expressed in the
human atherosclerotic intima [13] but, for in vivo imaging
purposes, the ocv[33 is the most widely investigated marker
of angiogenesis [14].

The in vitro affinity of the DOTA-RGD peptide used in
this study has been evaluated for both av33 and av(5
integrins, and is high enough for in vivo imaging [16]. The
fact that the investigated **Ga-DOTA-RGD binds with both
av33 and «v35 integrins, can be an advantage for in vivo
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Normalized
ROI Area PSL/mm? PSL/mm?
R1+R3
(mean) Plagque 27.6 4.3
R2 Wall 19.8 3.1
R4 Adventitia 19.0 3.0

e

Fig. 6 An example of analysis of an aortic arch section. a HE stain of
the section. b Patch image made from the HE stained section (a). ¢
Grey/black autoradiograph superimposed (with ARG picture, not
shown) contour image. d Rainbow colours of autoradiograph super-
imposed with contour image and ROI analysis: R1 and R3 = plaque,
R2 = healthy vessel wall, R4 = adventitia. In panel e, a short example

imaging since both of these integrins are expressed in the
intima of atherosclerotic plaques. We do not know whether
the integrin av35 is present in aortic cryosections of the
mouse model we used, due to the lack of corresponding
anti-mouse antibodies.

of one aortic arch autoradiography analysis is shown. PSL/mm? values
are normalized against internal control (muscle) PSL/mm? value (data
not shown). The calculated single plaque/wall ratio is 1.4 and the
plaque/adventitia ratio is 1.5 (the corresponding ratios for the whole
study were 1.4 and 1.6)

%8Ga-DOTA-RGD labelling was carried out in high
radiochemical purity without any need for further purifica-
tions. The labelled compound was found to be quite stable
in vivo. A radio-HPLC analysis method was developed in
order to separate radioactive degradation products. Little or

@ Springer
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no evidence of the dissociation of ®*Ga from DOTA within
the blood circulation of mice was observed. As anticipated,
our ®®Ga-DOTA-RGD peptide showed similar in vivo
stability in both of the mice strains (LDLR '~ ApoB'®”1%
mice and the C57BL/6 J Bom control mice) because the
animals were approximately of the same weight and age.
%8Ga-DOTA-RGD was cleared from the blood circulation
and excreted through the kidneys to the urine with high
radioactivity uptake in the intestine, lungs, spleen and liver.
We did not find a direct correlation between the uptake of
%8Ga-DOTA-RGD and the activity of inflammation in
plaques based on the macrophage (Mac-3) staining,
indicating that the primary mechanism of uptake is not
inflammation.

In the present study, LDLR "~ ApoB'°”1%° mouse was
used as an animal model of atherosclerosis because this
animal shows a high prevalence of atherosclerotic
plaques. The lipid profile of this animal resembles the
type that is commonly found in human familial hyper-
cholesterolemia and that leads to an accelerated athero-
genesis [17, 26]. When fed with a Western-type diet, the
LDLR "ApoB'%”'% mouse develops arterial lesions
with macrophage infiltration and necrotic areas. It is
estimated that the developed lesions cover about 15% of
the total aortic area [17].

Potential limitations

Since the analysed targets in mouse aorta are small, the
analysis is challenging. However, our results concerning the
reliability of autoradiography showed very good reproduc-
ibility (mean CV% was 4.5%) between analysers. As
regards the healthy vessel wall, the CV% was somewhat
higher, but still very good (5.8%). This can be expected
because of the smaller size of healthy wall and interference
from other nearby tissues such as fat.

Despite the significantly increased uptake to atheroscle-
rotic plaques, we were not able to show any difference in
the whole-aorta uptake of ®*Ga-DOTA-RGD peptide
between the LDLR ™ ApoB'°'% mice and the control
mice. This result is partly explained by the other tissue
compartments around the healthy vessel wall. In the future,
an even more careful removal of the nearby tissue
compartments is needed to clarify this issue.

Although we found significantly higher tracer uptakes to
plaques, one may speculate on whether the absolute uptake
of this tracer to plaques is high enough for in vivo imaging.
The plaque/adventitia ratio was 1.6 and the plaque/healthy
vessel wall ratio was 1.4, which means that the uptake of
8Ga-labelled DOTA-RGD peptide in this animal model is
probably not sufficient for in vivo imaging of atheroscle-
rotic plaques. Obviously, further studies are needed to
evaluate the uptake of this tracer in human arterial plaques.

@ Springer

The tracer doses used in the present study were high and
exceeded radioactivity and peptide doses given to humans,
which may have affected the radioactivity uptakes to a
certain extent.

Additional substantial improvement in terms of pharma-
cokinetics is expected to be achieved through the use of
multimeric peptides [14]. It is also likely that other agents
recognizing the RGD motif, with much higher affinity and/
or better selectivity for av33, may make this approach
feasible. Further studies with °®Ga-labelled multimeric
RGD peptides and also labelling with other PET isotopes,
such as '8F and ®*Cu, are warranted. The use of different
chelators for 68Ga—labelling, such as 1,4,7-triazacyclono-
nane-1,4,7-triacetic acid (NOTA), may also improve the
results. Advantages of ®*Ga-NOTA, as compared to **Ga-
DOTA, are higher stability and possibility for labelling in
room temperature [21].

Conclusion

Monomeric novel DOTA-RGD peptide was successfully
labelled with the generator-produced ®*Ga for the imaging
of atherosclerotic plaques. The tracer showed reasonably
good specific radioactivity and was quite stable in vivo. We
observed that the **Ga-DOTA-RGD uptake in atheroscle-
rotic plaques was significantly increased as compared to the
healthy vessel wall. Our findings encourage the pursuit of
further studies and testing of different “*Ga-labelled RGD
peptides for the imaging of atherosclerotic plaques.
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