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Abstract

P-selectin is of critical importance in early atherogenesis by initiating leukocyte rolling at the site of endothelial injury. In order to
validate P-selectin as a candidate target for the development of anti-atherogenic strategies, we wanted to obtain quantitative information
on P-selectin expression, and identify novel peptide-based lead structures that interact with P-selectin. P-selectin mRNA expression in the
aortic arch and in other tissues of apoE-deficient (apoE—/—) mice was determined by real-time PCR technology. P-selectin mRNA
expression of apoE—/— mice increased steadily with age to levels 14-fold higher than that of control animals. The onset and level of
P-selectin expression correlated well with the extent of lesion development, and was more specific for atherosclerotic tissue as compared
with other adhesion molecules. Phage display technology was used to obtain novel P-selectin antagonists. Phage display selections
resulted in the isolation of a highly P-selectin-specific phage clone. Synthetic peptide-equivalents of this clone displaced the binding of the
parent phage and antagonized the binding of a sialyl Lewis™ analogue to P-selectin. In conclusion, P-selectin expression correlates with
early and advanced atherosclerotic lesion development. P-selectin ligands, like the lead structure we have developed here, can therefore be

considered as promising tools to identify, target or antagonize P-selectin function within the chronically inflamed arterial wall.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The pathogenesis of atherosclerosis contains an impor-
tant inflammatory component. Early lesion development
involves the adhesion of leukocytes, particularly mono-
cytes, to the vascular endothelium at sites of injury. After
migration into lesion-prone areas of the arterial vascula-
ture, monocytes ingest lipids to become foam cells, which
is a hallmark of atherosclerotic plaque formation [1].

Leukocyte extravasation occurs in several steps, regu-
lated by distinct adhesion molecules. The first step is the
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initiation of leukocyte rolling along the activated endothe-
lium, a process mainly mediated by the selectins: calcium-
dependent low-affinity adhesion molecules consisting of
L-selectin (leukocytes), E-selectin (endothelium), and P-se-
lectin (platelets and endothelium) (reviewed by [2]). The
second step, firm adhesion and subsequent transmigration of
leukocytes into the subendothelium, is mediated primarily
by integrins, vascular adhesion molecule-1 (VCAM-1), and
intercellular adhesion molecule-1 (ICAM-1).

Although the selectins in general are implicated in initial
leukocyte recruitment, studies using P-selectin-deficient
mice have shown a key involvement of P-selectin in the
development of atherosclerosic lesions. In the absence of
P-selectin, both atherosclerotic lesion formation [3—6] and
neointimal growth upon arterial injury [7,8] were attenu-
ated in apoE (apoE—/—) and LDL-receptor (LDLR—/—)
deficient mice. Studies using immunohistochemistry have
shown increased expression of P-selectin protein on the
endothelium overlying human atherosclerotic lesions [9],
on endothelium of patients with unstable angina [10], and
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in aortas of hypercholesterolemic rabbits [11,12]. Further-
more, blood-levels of soluble P-selectin, mainly derived
from platelets, were found to correlate with the progression
of atherosclerosis [13,14], suggesting that platelet P-selectin
may be an additional determinant in atherogenesis. How-
ever, a quantitative relationship between P-selectin expres-
sion and extent of lesion formation in an atherosclerotic
animal model has never been shown. Knowledge on the
expression pattern of P-selectin throughout all stages of
lesion development is essential to evaluate P-selectin as a
candidate target in various stages of atherosclerosis.

In the current report, we quantitated the expression of
endothelial P-selectin levels in apoE—/— mice by real-time
PCR, and compared its tissue specific expression with that
of VCAM-1, ICAM-1 and E-selectin. We found that
P-selectin mRNA expression correlated with progression
of lesion formation, suggesting that P-selectin is a good
candidate for intervention, lesion imaging, or targeting
strategies. Furthermore, we developed selective P-selectin
antagonists by using phage display technology. Such
ligands may be useful in the future to identify, target or
antagonize P-selectin during atherosclerosis.

2. Materials and methods
2.1. Materials

Mayer’s haematoxylin stain, Oil-Red-O, diethylpyrocar-
bonate, and lipopolysaccharide (type RE 595) were from
Sigma. DNAse I (RNAse-free) and glycogen were from
Invitrogen. Ribogreen™ was from Molecular Probes. All
real-time PCR supplies were from Applied Biosystems.
RevertAid™ M-MuLV Reverse Transcriptase was from
MBI Fermentas. PCR primers were synthesised by Euro-
gentec. The pComb8 phage displayed peptide library
CX15C (in which X is any amino acid and C is a fixed
cystein residue) was generated by Prof. Pannekoek, at the
department of Biochemistry, University of Amsterdam.
Human P-selectin- and human CD4-IgG were kindly
provided by Dr. Appelmelk, Vrije Universiteit. Human
E-selectin—IgG was kindly donated by Dr. W. van Dijk,
Vrije Universiteit. Mouse P-selectin—IgG and anti-mouse
P-selectin antibody wasere from Pharmingen.

2.2. Synthesis of P-selectin binding peptide

Peptides were synthesized according to standard Fmoc
solid phase chemistry using an automated peptide synthe-
sizer (9050 Millipore). After cleavage from the resin and
simultaneous deprotection in 95% TFA/H,0, the crude
peptides were precipitated by addition of ether and sub-
sequently purified on a C8 RP-column (Alltech) using a
acetonitrile/water gradient. Sequence and purity were veri-
fied by MALDI/LC-MS. The freeze-dried peptide was
stored at —20° under argon until further use. The purity

of the peptides was checked by mass spectroscopy and
HPLC and was at least 70%.

2.3. Animals

Female apoE—/— and C57bl/6 (control) mice were
obtained from Jackson Labs (Bar Harbor) and Broekman
(Someren), respectively, and received regular chow. Mice
were anaesthetised by subcutaneous injection of ketamine
(75 mg/kg; Eurovet), droperidol (1 mg/kg), fluanisone
(0.75 mg/kg), and fentanyl (0.04 mg/kg; all from Janssen-
Cilag). Following a whole-body 10 min perfusion using ice-
cold phosphate-buffered saline, organs were excised, frozen
in liquid N,, and kept at —80° until RNA isolation. The aorta
was prepared free of peri-adventitial fat in sifu. The aortic
arch was isolated from the base (most proximal to the heart)
and severed from the descending aorta most distal to the left
subclavian artery.

2.4. Assessment of lesion formation

Serial sections (10 pm thick) of the aortic arch were cut
using a Leica CM3050S cryostat. Ten consecutive sections
per mouse were immersed 10 times in 60% isopropanol,
incubated for 15 min with Oil-Red-O (0.06% (w/v) in 60%
isopropanol), washed and counterstained for 3 min with
Mayer’s haematoxylin stain. Sections were visualised
using a Leica microscope, and lesion area was calculated
with Leica imaging software (Qwin).

2.5. Real-time quantitative PCR

Isolated organs and tissues were homogenised and RNA
was isolated using Trizol (Boehringer). After removing
genomic DNA using RNAse free Dnase [, RNA was reverse
transcribed to cDNA using oligo dT primer and Super-
Script I RT-polymerase (Pharmacia). mRNA levels were
quantitatively determined on an ABI Prism®™ 7700
Sequence Detection system (Applied Biosystems) using
SYBR-green technology. PCR primers (Table 1) were
designed using Primer Express 1.5 Software with the
manufacturer’s default settings (amplicon size: 68—150
base pairs). In 96-well plates, 12.5 pL SYBR-green master
was added to 12.5 pL of diluted cDNA (1% of the amount
of ¢cDNA derived from 1.0 pg RNA) and 300 nM of
forward and reverse primers in water. Expression levels
of the cDNA of interest were related to an internal stan-
dard: housekeeping gene hypoxanthine phosphoribosyl-
transferase (HPRT), to correct for differences in quantity
and quality between different RNA samples. These levels
were analyzed in separate wells. HPRT was used as an
internal standard, as it showed constant expression during
development of arterial disease, and because expression
was also comparable between different organs and tissues
(more so than the often-used GAPDH and B-actin levels).
Plates were heated for 2 min at 50° and 10 min at 95°.
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Table 1
Primer sequences used for real-time PCR

Gene Accession no. Primers (forward and reverse, respectively) Amplicon size
ICAM-1 NMO010493 GGACCACGGAGCCAATTTCCTCGGAGACATTAGAGAACAATGC 82
VCAM-1 NMO011693 ACAAAACGATCGCTCAAATCGCGCGTTTAGTGGGCTGTCTATC 110
E-sel NMO11345 CCCTGCCCACGGTATCAGCCCTTCCACACAGTCAAACGT 85
P-sel NMO011347 GGTATCCGAAAGATCAACAATAAGTGGTTACTCTTGATGTAGATCTCCACACA 141
HPRT J00423 TTGCTCGAGATGTCATGAAGGAAGCAGGTCAGCAAAGAACTTATAG 91

Subsequently, 40 PCR cycles consisting of 15 s at 95° and
60 s at 60° were applied. At the end of each run, samples
were heated to 95° with a ramp time of 20 min to construct
dissociation curves. As SYBR-green only intercalates in
double-stranded DNA, melting of the product will result in
a sudden decrease in fluorescent signal. From the first-
derivative of the fluorescent signal obtained in the dis-
sociation curves, it could be seen that all PCR reactions
produced well-defined single PCR products with melting
temperatures between 75 and 85°. The absence of genomic
DNA contaminations in the RNA preparations was con-
firmed by running RNA samples that had not been sub-
jected to reverse transcription.

Relative expression levels were determined according to
the AAC; rule (Applied Biosystems, User Bulletin #2).
Threshold cycles (C,) were defined as the number of PCR
cycles at which the fluorescent signal reached a fixed

threshold signal, being directly proportional to the amount
of input. For each combination of target and primers, the
10]og of cDNA input was plotted against C,. The slope of
each curve was between —3.3 and —3.5, indicating that
PCR amplification efficiencies were close to 100% (effi-
ciency of the PCR is calculated from: efficiency =
10[-1/slope] _ 1) For each sample, Cs for the gene of
interest and the housekeeping gene HPRT were deter-
mined. The ACt (:Ctatarget gene _Ctuhousekeeping gene) was cal-
culated, which is a measure of relative gene expression.
The expression levels were related to an external calibrator,
that consisted of cDNA from a pool of different mouse
organs and tissues (i.e. liver, lung, spleen, heart, and aorta).
The external calibrator was included in all determina-
tions. Subsequently, AAC; (=ACgmple — ACt,caibrator)
was determined. Relative expression levels, as depicted
in Figs. 1 and 2, were then calculated from D—AAG
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Fig. 1. mRNA levels of various adhesion molecules in organs of apoE-deficient mice. mRNA levels of P-selectin (A), ICAM-1 (B), VCAM-1 (C), and E-
selectin (D) were quantified in various organs from 34-week-old apoE—/— and control mice, using real-time PCR technology. Protein expression in apoE—/—
mice (black bars) and control mice (white bars) was statistically analyzed by ANOVA, using Tukey—Kramer post-testing. (*) = significantly different

(P < 0.05). Values represent means of three animals per group =+ SD.
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Fig. 2. P-selectin mRNA expression and lesion formation in aortas of
6-, 9-, 12-, 15-, 21-, and 34-week-old apoE-deficient mice. (A) mRNA
levels of P-selectin in aortas from apoE-deficient and control mice of
different age, quantified using real-time PCR. Values represent means of
three animals per group. (B) Lesion size in apoE-deficient mice of
different age was determined in 10 serial sections (10 pm) of the aortic
arch. Lesions were stained using Oil-Red-O, and quantified with Leica
Qwin imaging software. () apoE-deficient; ([J) wild-type. Values
represent means of 5-6 animals per age group + SD.

2.6. Isolation of P-selectin binding phage

Phage display selections were performed as follows. Fc-
specific anti-human IgG was incubated overnight at 4° in a
96 well plate. The next day, wells were washed with assay
buffer (20 mM HEPES, 150 mM NaCl, 1 mM CaCl,, pH
7.4), blocked with BSA and incubated with chimeric
mouse P-selectin, consisting of the binding domain of
mouse P-selectin fused to human IgG (P-selectin-IgG,
0.3 pg/mL) mouse P-selectin—IgG. Wells were incubated
for 2 hr with the pComb8 phage library (10" colony
forming units). Wells were washed and binding phage
were eluted with 0.1 M glycine/HCI, pH 2.2. The isolated
phage pool was titered, amplified and purified as described
[15]. Amplified phage were used for further selections.
DNA sequencing of enriched phage pools was conducted at
the DNA-sequencing facility of the Leiden University
Medical Center using a standard M13 primer (5'-GACGT-
TGTAAAACGACGGCCAGT-3').

2.7. Competition ELISA

Microtiter wells were coated with mouse P-selectin-IgG
as described under Section 2.6. P-selectin coated wells
were incubated with HSOs;-Le®~PAA-biotin (Dextra
Laboratories, 0.3 pg/mL in assay buffer containing

0.05% Tween 20 and 0.1% BSA) in the presence of
0-200 uM peptides (2 hr, 37°), washed and incubated with
streptavidin-horseradish peroxidase (1:3000 in assay buf-
fer) for 30 min. After washing six times with assay buffer
containing 0.1% Tween 20, the wells were incubated for
15 min at RT with 100 uL. TMB/H,O, (Pierce). The reac-
tion was stopped by adding 2 M H,SO, and the absorbance
read at 450 nm. icsy values were calculated by using the
non-linear regression analysis option (variable slope) in
GraphPad Prism. Top and bottom of the graphs were held
constant at 100 and 0%, respectively.

3. Results

3.1. mRNA expression of adhesion molecules
in apoE-deficient mice

We used real-time PCR to evaluate the mRNA expres-
sion of P-selectin and other adhesion molecules in aortas of
34-week-old apoE—/— mice fed a regular chow diet. These
mice develop lipid-rich fibrocellular lesions with charac-
teristics very similar to those observed in human athero-
sclerotic lesions [16]. At 34 weeks of age, apoE—/— mice
display the entire spectrum of early to advanced lesions
over large areas of the aortic tree [17]. The mRNA levels of
the adhesion molecules were compared with mRNA levels
in other organs and tissues. Their expression was related to
the expression level of the housekeeping gene HPRT,
which was found to be at a constant level in the tissues
of examined apoE—/— and age-matched wild type (WT)
animals.

P-selectin was only moderately expressed in lungs,
spleen, and aorta of WT animals (Fig. 1A). However, in
atherosclerotic aortas from apoE—/— mice, P-selectin
expression was strongly increased: a significant 14-fold
induction was observed as compared with control mice. In
addition, P-selectin mRNA expression had the tendency to
be increased in liver (3-fold) and spleen (8-fold), albeit
non-significant. P-selectin mRNA expression in other
organs such as lungs, adrenals, muscle, heart and kidney
of apoE—/— mice did not markedly differ from that in WT
tissues (Fig. 1A). As a positive control for systemic
inflammation, we treated 12-week-old control mice with
lipopolysaccharide (LPS, 100 pg/kg i.v., 5 hr). These ani-
mals showed a 130-fold induction in aortic P-selectin
expression as compared to untreated mice of the same
age (average of N = 5, data not shown).

P-selectin mRNA expression levels were compared with
those of other inflammatory adhesion molecules which are
suggested to be important in atherogenesis, by measuring
mRNA levels of ICAM-1, VCAM-1, and E-selectin in
tissues of apoE—/— and WT animals (Fig. 1B, C and D).
Moderate- to high basal expression levels of ICAM-1 and
VCAM-1 were observed in lungs and spleen of wild type
animals. In apoE—/— mice, a significant 4-fold induction
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of ICAM-1 mRNA expression was detected in both aorta
and liver (Fig. 1B), whereas VCAM-1 expression levels
were significantly higher in aorta (38-fold, Fig. 1C). The
expression of E-selectin was very low in all WT tissues
(Fig. 1ID). In apoE—/— mice, E-selectin levels were highly
variable between the various mice, but on average there
was a tendency towards increased E-selectin levels in the
aorta as compared to wild type (16-fold; Fig. 1D).

3.2. Temporal P-selectin mRNA expression and lesion
formation

We chose to further assess P-selectin expression,
because of its strong induction in atherosclerotic aortic
tissue as compared with other tissues (this paper), and
because of its reported relevance to atherosclerotic lesion
development [3—12]. Vascular mRNA expression level of
P-selectin was established at different stages of lesion
development in the aortic arch of apoE—/— mice (i.e.
6-, 9-, 12-, 15-, 21- and 34-week-old mice). In Fig. 2A,
the P-selectin mRNA expression pattern in the aortic arch
is shown in relation to age. Basal P-selectin levels appeared
to be induced at all ages as compared with WT animals.
Interestingly, P-selectin levels were already increased at 6
weeks, an age at which lesions are not visible. From 9
weeks onwards, P-selectin mRNA expression increased
steadily with age, leading upto a 14-fold increase in
34-week-old apoE-deficient mice as compared with age-
matched wild-type animals, indicating that the induction of
P-selectin expression was not simply due to age-dependent
regulation of gene expression.

To match the changes in P-selectin expression to the
extent of atherosclerosis, lesion formation was determined
at the base of the aortic tree in apoE—/— mice and wild-
type mice of increasing age (Fig. 2B). Lesion size at the
base of the aortic tree shows a strong, linear correlation
with the total aortic lesion area, and is therefore a good
measure of the latter [17]. The extent of lesion develop-
ment was found to correlate well with the P-selectin
expression profile (Fig. 2A vs. B). Small fatty-streak areas
before 12 weeks of age rapidly progressed into a 8- and
11-fold increased plaque area in 21- and 34-week-old ani-
mals, respectively. There were no lesions in aortas from
WT animals, regardless of age. Comparable serum total
cholesterol levels were found for all age groups of the
apoE—/— animals (on average 4.88 + 0.88 mg/mL, N =
15), indicating that the effects on vascular lesion size and
P-selectin expression are not attributable to a difference in
cholesterol levels (data not shown).

3.3. Screening of a phage displayed peptide library
against P-selectin

Based on the above-described findings, we set out to
search for P-selectin ligands for use in P-selectin dire-
cted imaging of atherosclerotic lesions and for direct
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Fig. 3. Isolation of human P-selectin binding phage. (A) Selection on
immobilized P-selectin-IgG using the pComb8 phage display peptide
library resulted in a 500-fold enrichment of P-selectin binding phage in the
10th round of selection. (B) Phage clone TM33 is specific for P-selectin
(PS) as compared to E-selectin (ES), CD4, and bovine serum albumin
(BSA). Non-specific phage pools (NS) showed little binding to P-selectin.
Values are expressed as the ratio of acid-eluted phage (output) and input
titer (approximately 10° colony forming) and represent means of triplicate
experiments == SEM.

intervention in P-selectin function. As synthetic drugs
(generally sialyl Lewis”™ derived glycosides) are inhibitors
of P-selectin function with an apparent low affinity for
P-selectin [18], we screened a 15 amino acid cystein-
constrained phage-displayed peptide library (pComb8-
CX;5C) to identify novel P-selectin binding peptides.
For selections, chimeric P-selectin, consisting of human
IgG1 fused to the binding domain of mouse P-selectin
(P-selectin—IgG), was immobilized onto microtiter wells
via an anti-IgG antibody. The biopanning protocol
involved a gentle wash in the first round, thus explaining
the high relative recovery of binding phage in round 1,
and more stringent washes in subsequent/later rounds,
which resulted in an approximate 500-fold enrichment of
P-selectin binding phage after 10 rounds of biopanning
(Fig. 3A). Phage pools from the 9th and 10th selection
rounds, containing the P-selectin binding phage, were sub-
jected to DNA sequence analysis to determine the inserted
peptide sequence responsible for the enhanced binding.
Most of the sequenced phage from the 9th and 10th selecti-
on round (42 and 80%, respectively), contained peptide
sequence TM33 (Table 2), indicating the importance of this
sequence for P-selectin binding. The deletion mutant that
was recovered contained no peptide insert, and its presence
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Table 2
Peptide sequences found in the 9th and 10th round of selection by
screening a CX15C library on mouse P-selectin

Round Sequence % Name
9 CLVSVLDLEPLDAAWLC 42 TM33
Deletion mutant 21 T™M37

10 CLVSVLDLEPLDAAWLC 80 TM33
Deletion mutant 20 T™M37

The percentage indicates their relative occurrence among all sequenced
phage in that round.

in later rounds is probably an effect of a growth advantage
during phage amplification.

The phage clone displaying peptide TM33 was ampli-
fied and purified. Binding of TM33 phage to mouse P-se-
lectin showed a 1000-fold specificity over control proteins
(human P-selectin, E-selectin, CD4, BSA; Fig. 3B). TM33
binding to P-selectin was Ca®'-independent, as judged
from similar phage recoveries from incubations in the
presence of EDTA (data not shown). The binding of
phage clone TM33 to P-selectin could be inhibited by a
synthetic TM33 peptide (i.e. CLVSVLDLEPLDAAWLC,
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Fig. 4. Displacement of TM33-phage and HSO3-Le" binding by synthetic
TM33 peptide. (A) Binding of phage clone TM33 (input 10' colony
forming units) was determined in the presence of indicated amounts of
synthetic TM33 peptide. (B) Competition studies of HSO;-Le*~PAA-
biotin (0.3 pg/mL) binding to P-selectin by synthetic peptides were
performed in an ELISA. ([J) CLVSVLDLEPLDAAWLC, iCso = 151 pM;
() LVSVLDLEPLDAAWL, 1Cs0 =100puM; (O) SVLDLE; (@)
PLDAAWL. Values are expressed as a percentage of total binding phage
or HSO;-Le*-PAA-biotin binding in the absence of TM33 peptide
(=96%), and represent means of triplicate experiments == SEM.

constrained). At 100 pM TM33 peptide, the recovered
amount of TM33 phage was reduced by 75%, indicating
that the synthetic peptide itself interacts with P-selectin at
the same site as the parent phage clone (Fig. 4A).

Competition studies were conducted to investigate
whether constrained TM33 was able to inhibit the binding
of a natural ligand for P-selectin, sialyl Lewis X (sLe*) by
using the sLe* analogue sulfated Lewis® (HSOs-Le?),
which was conjugated to polyacrilic acid to increase its
affinity. As a reference, binding of HSOs-Le*-PAA to
mouse P-selectin could be completely blocked by an
anti-mouse P-selectin antibody (icso 11 nM, results not
shown). Binding of HSO3;-Le*-PAA binding could was be
completely and dose-dependently inhibited by TM33
(Fig. 4B, 1Cc50 = 151 pM, 95% confidence interval:
82-112 pM), suggesting that TM33 can be used to antag-
onize P-selectin function. The linear analogue of TM33,
LVSVLDLEPLDAAWL, proved at least equally potent as
full-length constrained TM33 (1Cso = 96 pM, 95% con-
fidence interval: 123—185 uM), establishing that the term-
inal cysteins of TM33 and a cyclic configuration are not
imperative for P-selectin binding. In contrast, the truncated
peptide analogues SVLDLE and PLDAAWL were totally
inactive, indicating that the minimal binding motif is not
within these short sequences.

4. Discussion

P-selectin is localized in Weibel-Palade bodies of
endothelial cells and a-granules of platelets, but is rapidly
translocated to the cell surface in response to a variety of
inflammatory stimuli such as oxidized lipoproteins, LPS,
and thrombin [19,20]. As a result of continuous stimula-
tion, endothelial P-selectin can also be upregulated by
enhanced protein synthesis and secretion, which may occur
during chronic inflammation [21,22]. Although P-selectin
protein is expressed on both human and rabbit athero-
sclerotic tissue [9,11,12] and has been shown to play a key
role in atherogenesis [3—6,23], quantitative information on
the expression of P-selectin in an atherosclerotic animal
model is lacking. Knowledge of the P-selectin expression
pattern is essential to be able to appreciate the potential of
P-selectin as a candidate target for diagnostic and/or
intervention purposes in atherosclerosis-related disorders.

We assessed the expression pattern of P-selectin in
hyperlipidemic apoE—/— mice by using real-time, quanti-
tative RT-PCR, a technique that has also successfully been
applied to determine the expression levels of lipoprotein
receptors [24], fibroblast growth factor receptor [25], and
platelet derived growth factor receptor [26] in atherosclero-
tic tissues. Although mRNA levels are not necessarily
proportional to the production of functional proteins, the
correlation between P-selectin mRNA expression and
functional protein has been shown in several studies
[27,28].
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P-selectin expression was significantly induced in ather-
osclerotic aortas from 34-week-old apoE—/— mice as
compared with age-matched controls, which is consistent
with enhanced P-selectin protein expression in human and
rabbit atherosclerotic endothelium [9,11,12]. The observed
increase of ICAM-1, VCAM-1, and E-selectin expression
in the aortas of apoE—/— mice confirms the reported
induced expression of these adhesion molecules in athero-
sclerosis [29-31].

We chose to monitor expression of P-selectin in more
detail, by correlating expression with progression of lesion
development in aortic arch segments from apoE—/— mice.
In this atherosclerotic mouse model, lesion development
ranges from: (1) enhanced monocyte recruitment to lesion-
prone area’s of the vascular wall (6-9 weeks of age), (2)
formation of early lesions (9-12 weeks of age), to (3) more
advanced, complex lesions (12 weeks of age and older)
[32,33]. In our study, P-selectin mRINA levels in the aortic
arch were remarkably high at 6 weeks. The early appear-
ance of P-selectin in atherosclerosis was also observed
by Sakai et al. [11]. Probably, prior to lesion formation,
P-selectin expression primes the arterial wall, creating a
receptive environment for circulating monocytes and
greatly reducing their rolling velocity on the arterial sur-
face. After this acute phase of inflammation, P-selectin
mRNA expression in aortas of apoE-deficient mice did
decrease (9 and 12 weeks), possibly perhaps reflecting the
interface between the end of the acute inflammatory phase
and the beginning of a more chronic type of inflammation.
Between 9 and 34 weeks of age, P-selectin expression
correlated well with lesion development (Fig. 2A and B).
At this stage, P-selectin protein expression gradually
shifts from endothelium covering the lesion site, to the
shoulders of more advanced lesions [9]. As new lesions
are continuously formed, the age-dependent P-selectin
expression probably reflects the vascular surface area that
is covered in lesions, rather than local lesion formation.
Total vascular P-selectin expression therefore provides a
good marker for overall lesion development, implying
that strategies to interfere with P-selectin dependent
inflammatory responses may have potential at all stages
of atherosclerosis. In this respect, its low expression in
healthy aortic tissue and other tissues examined, make
P-selectin a more suitable target than ICAM-1 and
VCAM-1, both showing relatively high levels of expres-
sion in large organs such as lung and spleen (Fig. 1A).

The TM33 phage that we identified in this study appeared
to specifically bind P-selectin without calcium dependency,
and synthetic TM33 peptides were able to displace TM33
phage. Moreover, TM33 peptides inhibited HSOs—sLe*
binding, suggesting that this 15 amino acid peptide se-
quence can be used as a lead compound for future inter-
vention studies. We have not yet resolved which part of
TM33 is responsible for the interaction with P-selectin. The
absence of a consensus sequence hampers the identification
of the minimal binding motif of TM33, but truncation and

alanine substitution studies may provide further informa-
tion on the minimal sequence motif and amino acids that are
essential for TM33 to interact with P-selectin.

TM33 and derived peptides can serve as a model for
testing the potential use of P-selectin binding peptides in
vivo, using mouse models of atherosclerosis. Likewise,
CS-1 peptide, which blocks VLA-4 on the leukocyte sur-
face, was effective in reducing leukocyte recruitment and
lipid accumulation in LDLR—/— mice [34]. Small oligo-
peptides have the advantage that they generally are less
immunogenic and more accessible for large-scale synth-
esis, in contrast to, for example, antibodies. Moreover,
radiolabeled peptides can be used in imaging strategies
[35]. Our results indicate that aortic P-selectin expression
is a valid marker for lesion development, suggesting that
P-selectin ligands could be used to image plaque progres-
sion in vivo. Although the therapeutic use of peptides
present some challenges with respect to their pharmaco-
kinetic properties, optimization strategies including the
creation of peptidomimetics may provide ways to improve
their bioavailability and stability.

This study provides quantitative assessment of P-selec-
tin expression in an atherosclerotic mouse model. P-selec-
tin expression increases with age and is a specific marker
for lesion progression more so than the adhesion molecules
ICAM-1, VCAM-1, and E-selectin. P-selectin appears to
play an important role at all stages of lesion development,
and may therefore be a good candidate target for diagnostic
purposes and therapeutic interventions in atherosclerosis.
Furthermore, the lead structure we have identified in this
study may serve as a future P-selectin antagonist or as a
useful investigative tool.
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