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The membrane-anchored CX3C chemo-
kine fractalkine (FKN) is expressed on
activated endothelium and is associated
with the development of atherosclerosis.
The potential of FKN in mediating platelet
adhesion beyond platelet activation re-
mains unexplored to date. A flow-based
adhesion assay was used to study the
adhesion of platelets to immobilized FKN
under physiologic flow conditions. Plate-
let adhesion to von Willebrand factor
(VWF) was increased in the presence of

FKN at 600 inverse seconds. Additional
platelet adhesion to FKN coimmobilized
with VWF was dependent on the FKN
receptor CX3CR1 and activation of glyco-
protein (GP) IIb/IIIa. The number of plate-
lets rolling on VWF was likewise en-
hanced in the presence of FKN. The
enhancement of rolling on FKN and VWF
was insensitive to anti-CX3CR1 antibody
but was fully inhibited by neutralizing
GPIb� function. The extracellular domain
of GPIb� was covalently coupled to fluo-

rescent microspheres, and microsphere
binding was significantly higher in the
presence of FKN. Platelet adhesion to
activated endothelium in vitro and to in-
tact human arteries was substantially in-
creased in an FKN-dependent manner.
These data demonstrate that endothelial
expressed FKN activates platelets via its
cognate receptor CX3CR1, whereas plate-
let adhesion is predominantly mediated
by GPIb� and independent of CX3CR1.
(Blood. 2011;117(18):4999-5008)

Introduction

The intact and nonactivated endothelium normally prevents sus-
tained interactions with platelets and the adhesion of platelets or
other inflammatory cells to the vessel wall. On injury of the vessel
wall, blood is exposed to the extracellular matrix, and circulating
von Willebrand factor (VWF) can rapidly bind to several of its
components. The attachment of platelets to a thrombogenic surface
depends on the velocity of the flowing blood. Above a threshold
shear rate of approximately 500 inverse seconds (s�1), the process
is considered to be strictly dependent on VWF and its receptor
glycoprotein (GP)Ib�.1 Immobilized VWF mediates only revers-
ible platelet adhesion via GPIb-IX-V because this interaction
exhibits a rapid dissociation rate and platelets tethered to VWF
move constantly in the direction of flow with a characteristic
rolling velocity.1 This process permits the formation of additional
interactions, which have a slower rate of bond establishment but
are capable of mediating stable stationary platelet adhesion,
spreading, and aggregation. For the most part, these receptors
belong to the integrin superfamily, with GPIIb/IIIa (integrin �IIb�3)
being the most prominent, and the function of many of these
receptors depends on the platelet activation state.2

Fractalkine (FKN) is an unusual chemokine that exists in a
soluble and membrane-anchored form3 and its leukocyte adhesion
properties have been well characterized.4-6 The presence of the
FKN receptor CX3CR1 on platelets has recently been demon-
strated.7 In rat platelets, soluble FKN induces a G-protein-
dependent activation and expression of P-selectin. In human
platelets, stimulation with soluble FKN enhances GPIIb/IIIa-
dependent platelet adhesion to collagen and fibrinogen. Further-

more, FKN triggers P-selectin exposure on platelets adhering to the
endothelium, which initiates the local accumulation of leukocytes
at elevated shear stress.8 The endothelial expression of FKN has
been implicated in the genesis and progression of atherosclero-
sis.9-11 To date, the role of surface-bound FKN in platelet adhesion
in flowing blood remains unexplored. It may be questioned whether
immobilized FKN is capable of mediating platelet capture from
flowing blood and whether dynamic properties resemble observa-
tions previously reported with leukocytes. Therefore, the adhesive
capacity of immobilized FKN toward platelets was tested under
physiologic flow conditions.

Methods

More detailed information is available in supplemental Methods (available
on the Blood Web site; see the Supplemental Materials link at the top of the
online article).

Preparation of blood samples

Suspensions of washed platelets were prepared as described elsewhere.12,13

All studies involving human subjects were approved by the University
Hospital Frankfurt ethics committee. Informed consent to donate blood for
the experiments was obtained from all subjects in accordance with the
Declaration of Helsinki.

Flow-based adhesion assays

The interaction between blood platelets and immobilized FKN under
conditions of laminar flow was studied as previously described.12 �-slides
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(Ibidi) were coated overnight at 4°C with 1 �g antipolyhistidine monoclo-
nal antibody (mAb; R&D Systems) with or without 13.5 �g recombinant
human VWF (produced in HEK 293 cells stably transfected with full-length
VWF-cDNA as previously described14). The slides were blocked with
2% bovine serum albumin (BSA), and 0–2 �g recombinant his-tagged FKN
(R&D Systems) was then captured for 2 hours. Nonspecific background
binding was evaluated on slides coated only with antipolyhistidine anti-
body. In some control experiments to inactivate FKN, FKN was inactivated
by heating to 95°C for 30 minutes before immobilization. The �-slides were
placed under an epifluorescent microscope (Eclipse, Nikon) for real-time
videomicroscopic observation of the platelet interactions with protein-
coated surfaces or endothelial cells. Image processing was performed as
described previously.12

Inhibitors of platelet adhesive interactions

Washed platelets were incubated with a selectively antagonizing anti-
CX3CR1 mAb (TP502AF, Torrey-Pines; 20 �g/mL), polyclonal control
IgG (Southern Biotechnology), or vehicle alone. Pretreated platelets were
combined with washed autologous red blood cells (RBCs) to obtain
reconstituted blood as described in “Preparation of blood samples.” To
define the adhesion molecules engaged in platelet adhesion experiments,
the samples were incubated with the anti-GPIIb/IIIa mAb abciximab
(C7E3, Eli-Lilly, Centocor; 20 �g/mL) or a function blocking anti-GPIb�
mAb (BioLegend; clone HIP1; 40 �g/mL).

Preparation of FKN-coated microspheres

A total of 500 �L of the microsphere suspension (10-�m diameter,
Polysciences) was washed 3 times with 1 mL phosphate-buffered saline
(PBS) and incubated with 100 �g FKN overnight at 4°C under continuous
shaking. After washing, the microspheres were resuspended in 1% BSA in
PBS and used within 1 week. Coupling efficiency was controlled by flow
cytometric analysis (FACSCalibur; BD Biosciences).

Bead adhesion assay with FKN-coated microspheres

Leukocyte-free platelet concentrates were obtained from the Blutspendedi-
enst Hesse. The absence of leukocytes was confirmed by flow cytometry.
Platelets were harvested by centrifugation at 3000g for 5 minutes and
washed 3 times with modified Tyrode buffer 2. The platelet pellet was
adjusted to 1 � 109 platelets/mL, and the resulting suspension was aspi-
rated through �-slides (Ibidi) precoated with 13.5 �g VWF at a wall shear
rate of 1800 s�1 to obtain a confluent platelet monolayer. Confluency of the
platelet monolayer was confirmed by phase-contrast microscopy. The
immobilized platelets were incubated with the function blocking anti-
CX3CR1 mAb (20 �g/mL), an isotype control (20 �g/mL), or vehicle
alone for 30 minutes at 37°C in a CO2 incubator. After washing 3 times, the
slides were perfused with protein-coated microspheres (1 � 106/mL)
suspended in PBS for 15 minutes at a wall shear rate of 150 s�1. After
extensive washing, attached microspheres were visualized by fluorescence
microscopy, and the number of adherent microspheres was averaged in
5 randomly selected high power fields. Unspecific background binding was
determined with BSA-coated microspheres.

Covalent coupling of glycocalicin to carboxyl-modified
microspheres

Glycocalicin was covalently coupled to fluorescent polystyrene beads
(1.75 �m diameter, Bangs Laboratories) as described elsewhere,15 with
minor modifications. A total of 200 mg of the microsphere suspension was
washed with acetate buffer (0.1M acetic acid, pH 4.4) and activated with
100 mg, (N-(3-dimethylaminopropyl)-N�-ethylcarbodiimide hydrochlo-
ride, (EDAC). The activated microspheres were allowed to react with 3 mg
glycocalicin for 3 hours. The unmodified functional groups were quenched
with 1% BSA in 40mM ethanolamine. Microspheres were washed and
stored in 1% BSA in PBS at 4°C until use. Control microspheres were
prepared in the same manner, but 1% BSA was substituted for glycocalicin.
The presence of glycocalicin on microsphere surface was confirmed by flow
cytometry with a phycoerythrin-labeled anti-GPIb� mAb.

Figure 1. Adhesion of platelets to immobilized FKN
under physiologic flow conditions. (A) Adhesion of
platelets after 2 minutes at the indicated shear rate to
immobilized FKN (closed bars). Control surfaces (open
bars) were prepared in the same way with the omission
of FKN to determine nonspecific background binding.
(B) Adhesion of platelets to FKN coimmobilized with VWF
(closed bars) or to VWF solely treated surfaces (open
bars). Conditions were identical to panel A, except that
VWF was present. The rate of nonspecific background
adhesion to the control surface was subtracted from the
presented adhesion rates. Results are the mean � SEM
of at least 4 independent experiments with blood from
different donors. **P � .01 in 1-way analysis of variance
with Bonferroni Multiple Comparison Test versus control
or VWF adhesion rates. (C) Adhesion of platelets to VWF
coimmobilized with FKN at the indicated doses as a
function of time. The rate of nonspecific background
adhesion to the control surface was subtracted from the
adhesion rates. Results are the mean � SEM of a
representative experiment performed 3 times. Adhesion
rates for .5 �g and 1.5 �g were omitted for clarity.
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Bead adhesion assay with glycocalicin-coupled microspheres

Platelet-rich plasma was separated from RBCs by centrifugation at 120g for
15 minutes. After washing 3 times, packed erythrocytes were supplemented
with glycocalicin-coupled microspheres and diluted with Tyrode buffer 2 to
obtain a final microsphere density of 5 � 106/mL and a hematocrit of 50%.
This suspension was passed over protein-coated �-slides and evaluated as
described for reconstituted blood.

Human internal mammary arteries

Immediately after explantation, human internal mammary arteries obtained
from coronary artery bypass graft surgery were placed in cold Dulbecco
modified Eagle medium buffer (containing 100 U/mL penicillin, 100 �g/mL
streptomycin, 0.25 �g/mL amphotericin B, and 50 U/mL heparin) and
dissected free from surrounding fat and connective tissue. Prepared arteries
were stored at 4°C in M199 medium (containing 100 U/mL penicillin,
100 �g/mL streptomycin, 0.25 �g/mL amphotericin B, 50 U/mL heparin,
and 10% pooled human serum) and used within 72 hours. The samples were
stimulated with 50 ng/mL TNF-� and IFN-	 each (both from PeproTech) or
left untreated for 20 hours at 37°C before the experiment.

To evaluate the adhesion of blood platelets to intact human arteries,
artery segments were longitudinally opened and immobilized in the
�-slides to permit en face analysis of platelet interaction with the intima of
the artery and immediately used for the blood perfusion experiments.

Results

The aim of the present study was to elucidate FKN�s role in platelet
adhesion beyond its known platelet-activating capacity. More
specifically, can adhesion to FKN be uncoupled from activation
and what receptors are involved? Platelets were reconstituted with
autologous RBCs and perfused through �-slides coated with
full-length FKN at various physiologic wall shear rates. Platelets
that did not move more than 1 cell diameter during 10 seconds were
scored adherent and included in the analyses.12

FKN enhances platelet adhesion to VWF

As shown in Figure 1A, platelets were captured from flowing
blood by immobilized FKN at a wall shear rate of 150 s�1.
Although the adhesion of platelets was significant, it was
modest, only 2-fold higher than the number of platelets adhering
to antipolyhistidine-coated control slides (Figure 1A). However,
elevating wall shear rate to 600 s�1 and 1800 s�1 prevented
platelet adhesion to immobilized FKN (data not shown). The

lack of platelet interaction with immobilized FKN at elevated
shear rates was not the result of protein detachment from the
�-slides surface because platelets rapidly repopulated the slides
after reducing the shear rate to 150 s�1 at the expected adhesion
rate (data not shown). FKN mediated the rapid arrest of platelets
without extensive rolling before firm arrest (supplemental
Video), such as observed with VWF. FKN coating density in
�-slides was 418 � 51 molecules FKN/�m2 (comparable with
the FKN coating density reported on glass16), and the calculated
amount on human umbilical artery endothelial cells (HUAECs)
was 36 � 1/�m2 before and 212 � 17/�m2 after stimulation
(Table 1).

To examine whether FKN acts in conjunction with VWF,
�-slides were coated with VWF or a combination of FKN and
VWF. Reconstituted blood was aspirated in parallel through
�-slides, and the interactions of flowing platelets with the surface
were analyzed. Consistent with previous reports, platelet deposi-
tion onto VWF was dependent on the applied shear rate1 and the
number of adherent platelets increased with increasing shear rates
from 150 s�1 to 1800 s�1 (Figure 1B). However, at low and
medium shear, the presence of immobilized FKN induced addi-
tional recruitment of firmly attached platelets to VWF, and this
effect was more than additive (Figure 1A-B). Adhesion of platelets
to VWF coimmobilized with FKN was not influenced by a change
in VWF coating density or a change in VWF conformation because
of the presence of FKN (Table 2). The additional contribution of
FKN in glycocalicin binding was not detectable under these
circumstances because of the high VWF/FKN ratio and the smaller
FKN compared with VWF glycocalicin binding signal strength
(see Figure 6A). In all subsequent experiments, 1 �g FKN was
used because this dose was within the linear dose-response curve
(Figure 1C).

Figure 2. Adhesion of FKN-coated microspheres to platelets immobilized in
�-slides. Leukocyte-free platelets were immobilized in �-slides. After removal of
nonadherent platelets, surface-attached platelets were incubated with a CX3CR1
neutralizing antibody (anti-CX3CR1), matched isocontrol (control IgG), or vehicle
alone (untreated) before perfusion with FKN-coated microspheres (FKN) or BSA-
coated microspheres (albumin) suspended in PBS for 15 minutes at a wall
shear rate of 150 seconds. After washing the �-slides with PBS, the number of
adherent microspheres was counted. Results are the mean � SEM of 3 independent
experiments with platelets from different leukocyte concentrates. ***P � .001 in
1-way analysis of variance with Bonferroni Multiple Comparison Test versus the
number of adherent control microspheres perfused over identically treated platelets.

Table 1. Comparison of FKN coating density of FKN in �-slides with
the FKN expression in resting and stimulated HUAECs

Molecules FKN/�m2

�-slides coated with 1 �g/mL FKN 418 � 51

HUAECs resting 36 � 1

HUAECs stimulated 212 � 17

Data are the mean � SEM of 3 independent experiments performed in triplicate.

Table 2. Influence of FKN coimmobilization on VWF coating density
and VWF conformation

% before FKN addition

VWF coating density 104.1 � 2.0

VWF glycocalicin binding 107.9 � 5.8

Data are mean � SEM of 3 independent experiments performed in triplicate.
Coating density of VWF before and after FKN was measured by ELISA. VWF
conformation was assessed by the ability of VWF to bind glycocalicin after FKN
application by ELISA.
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Immobilization of FKN on slides and microspheres did
not evoke major structural artifacts without a physiologic
role because immobilization of heat-denatured FKN did not
promote additional platelet adhesion or rolling to VWF (data
not shown).

FKN-activated platelet adhesion to VWF via CX3CR1

CX3CR1 is highly expressed in certain subsets of circulating cells,
mainly leukocytes and lymphocytes.17 To determine whether
differences in platelet adhesion rates to immobilized FKN were
the result of leukocyte contamination in reconstituted blood,
FKN coupled to microspheres was perfused over a monolayer of
leukocyte-free platelets. Leukocyte-free platelets were obtained
from platelet concentrates and formed a dense confluent mono-
layer after perfusion over VWF at 1800 s�1. FKN-expressing
microspheres accumulated on surface adherent CX3CR1-
expressing platelets (Figure 2) and preincubating platelets with
a neutralizing anti-CX3CR1 antibody before microsphere perfu-
sion completely prevented microsphere accumulation, whereas

isotype control treatment had no effect. Control microspheres,
prepared in the same way as FKN microspheres, substituting
BSA for FKN, did not interact significantly with immobilized
platelets (Figure 2). This proves that the observed platelets’
adhesion rates to FKN were not the result of leukocytes present
in the reconstituted blood.

To probe the bonds involved in adhesion to FKN coimmobilized
with VWF, platelets were incubated with various inhibitors before
reconstitution with autologous RBCs. Platelet preincubation with a
neutralizing anti-CX3CR1 antibody significantly reduced FKN-
dependent enhanced platelet adhesion to the level seen on VWF
alone (Figure 3A-B). Isotype antibody treatment did not have this
effect, thus demonstrating the specific engagement of the FKN-
CX3CR1 axis in mediating enhanced adhesion of flowing platelets
to FKN coimmobilized with VWF. Furthermore, blocking either
the main integrin GPIIb/IIIa on platelets with abciximab or GPIb�
with HIP-1 not only significantly reduced platelet adhesion to VWF
as expected (Figure 3C-D) but completely obliterated the enhanc-
ing effect of FKN on the adhesion to VWF.

Figure 3. Effects of pretreating platelets with various inhibitors on FKN-mediated enhanced adhesion. Washed platelets were preincubated with vehicle alone
(untreated), a neutralizing anti-CX3CR1 antibody, isotype-matched control (control IgG), the anti-GPIIb/IIIa antibody C7E3 (anti-IIb/IIIa), or the anti-GPIb� antibody HIP-1 as
indicated for 30 minutes before reconstitution with autologous RBCs and perfused over VWF and FKN coimmobilized with VWF. (A-B) Perfusion was at a wall shear rate of
150 s�1 (A) and 600 s�1 (B). Shown is the percentage of platelets adhering to FKN coimmobilized with VWF, and the number of platelets adhering to VWF alone (C-D) was set
to 100% for each treatment (dotted line). *P � .05, **P � .01, ***P � .001 in one sample t test versus 100%, which represents the adhesion rate of platelets to VWF only
surfaces. (C-D) The absolute number of platelets adhering to VWF-coated surface at the wall shear rate of 150 s�1 (C) and 600 s�1 (D). Results are the mean � SEM of at least
4 independent experiments with blood from different donors.
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FKN-stimulated platelet rolling over VWF independent
of CX3CR1

The main role of the GPIb-V-IX complex is to capture platelets
from flowing blood, reduce platelet velocity, and mediate platelet
rolling on VWF. During rolling on VWF, platelets become
activated, and firm and stable adhesion can be established via
integrins.1 Therefore, we counted the number of platelets moving
on the protein surface, exhibiting a characteristic start-and-stop
translocation movement with transient arrest up to several seconds.
Platelets showing spatial displacement on the field of view greater
than their own diameter during 1 second observation time were
considered rolling and automatically counted after exclusion of
stationary platelets by image processing.12 The presence of FKN
induced the rolling of additional platelets on VWF (Figure 4).
Unexpectedly, this enhanced rolling was not mediated by the
FKN receptor CX3CR1 because preincubating platelets with a
neutralizing anti-CX3CR1 antibody was completely without
effect. Abciximab only partially inhibited FKN-dependent addi-
tional platelet rolling, and these data indicate the participation of
receptors other than CX3CR1 in augmented platelet rolling on
FKN. However, blocking GPIb� function completely prevented
enhanced platelet surface rolling on FKN immobilized in
combination with VWF.

FKN interacts directly with GPIb�

To test whether GPIb� might interact with FKN under flow
conditions, the extracellular domain of GPIb�, termed
glycocalicin, was purified and coupled covalently to fluorescent
microspheres. In the following, glycocalicin will be termed
GPIb�, although glycocalicin is only the extracellular compo-
nent of GPIb�, missing the transmembrane and cytoplasmatic
domain.

Microspheres were supplemented with RBCs and perfused
through protein-coated �-slides. GPIb�-coupled microspheres in-

teracted with immobilized VWF up to shear rates of 1800 s�1, and
interaction rates were significantly enhanced in the presence of
FKN. Furthermore, GPIb�-coupled microspheres adhered to immo-
bilized FKN at 150 s�1 and 600 s�1 in the absence of VWF (Figure
5A). The interaction of BSA-conjugated control microspheres with
all surfaces was negligible (data not shown). The interaction of
GPIb� with VWF and FKN was prevented by preincubating the
microspheres with a neutralizing anti-GPIb� antibody (Figure 5B)
to the same extent. Moreover, this treatment also inhibited the
adhesion to FKN surfaces to levels of control surfaces (Figure 5C).

Enzyme-linked immunosorbent assay (ELISA) was used to
determine the dissociation constant (kD) of FKN binding to GPIb�.
FKN bound to GPIb� with high nanomolar affinity (kD was
4.9 � 0.7nM; Figure 6B). Furthermore, FKN did not compete with
VWF for GPIb� binding (Figure 6A). FKN appears to bind to the
N-terminal domain of GPIb� because the antibodies 27A10, 12G1,
and 12E4 abolished FKN binding, whereas 6B4 did not interfere
with FKN binding but is reported to prevent VWF binding18

(Figure 6C). The binding domains of the used mAbs are shown in
Table 3.

Endothelial FKN contributes to platelet adhesion to HUAECs
and human arteries

To extend these findings to a more physiologic model, the impact of
FKN-dependent platelet adhesion to HUAECs was investigated.
HUAECs were grown to confluence in �-slides, and FKN expres-
sion was induced by TNF-� and IFN-	. FKN expression was
confirmed by immunofluorescence (data not shown).

Platelets interacted weakly with resting endothelium but strongly
adhered to the activated endothelium up to wall shear rates of
600 s�1 (Figure 7A). This additional platelet adhesion to stimulated
endothelium was, to some extent, the result of enhanced FKN
expression because it was partially inhibited by pretreating the
endothelial cells with a blocking anti-FKN antibody, whereas a

Figure 4. Quantification of the number of rolling
platelets over VWF and FKN coimmobilized with
VWF. Washed platelets were preincubated with modula-
tors as described in Figure 3 and perfused over VWF and
FKN coimmobilized with VWF. The number of rolling
platelets was quantified after removing firmly adherent
platelets by image processing. (A-B) Perfusion at a wall
shear rate of 150 s�1 (A) and 600 s�1 (B). Shown is the
percentage of platelets rolling on FKN coimmobilized with
VWF, and the number of platelets rolling on VWF alone
(C-D) was set to 100% for each treatment (dotted line).
*P � .05, **P � .01, ***P � .001 in one sample t test
versus 100%, which represents the number of platelets
rolling on VWF only surfaces. (C-D) The absolute number
of platelets rolling on VWF-coated surface at the wall
shear rate of 150 s�1 (C) and 600 s�1 (D). The results are
the mean � SEM of at least 4 independent experiments
with blood from different donors.
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treatment with isotype control had no influence (Figure 7B). These
data prove that FKN-dependent adhesion played a role in this more
physiologic model. Comparable results were obtained in experi-

ments in which GPIb�-expressing microspheres were substituted
for the platelets in flowing blood: endothelial FKN specifically
induced the adhesion and accumulation of GPIb�-expressing
microspheres (data not shown).

To approach human pathophysiology in vivo, we studied
platelet adhesion to intact human arteries obtained from coronary
artery bypass graft. FKN expression was induced by TNF-� and
IFN-	 and was confirmed by immunocytochemistry (data not
shown). Platelets adhered to the endothelial intima of activated
arteries in an FKN-dependent manner (Figure 7C).

Discussion

FKN�s role in the process of platelet activation has recently been
demonstrated. Both soluble and membrane-bound FKN on human
umbilical vein endothelial cells induces platelet degranulation and
surface expression of P-selectin, which in turn promotes adhesion
of leukocytes to inflamed and FKN-expressing endothelium at high
shear rates.8 However, the function of FKN beyond platelet
activation, particularly with regard to potentially mediating adhe-
sion of CX3CR1-expressing platelets to immobilized FKN, re-
mains unexplored to date.

In the present study, we demonstrate, for the first time, the
adhesive capacity of membrane-bound FKN, not only via CX3CR1
expressed on platelets under physiologic flow conditions. Three
additional lines of evidence are provided, pointing to the role of
FKN in supporting enhanced platelet adhesion to VWF via direct
GPIb�-FKN interactions using intact human platelets, GPIb�-
expressing microspheres, and ELISA interaction studies.

Platelet adhesion to FKN was platelet specific and not because
of contamination of reconstituted blood with leukocytes. However,
FKN-dependent platelet adhesion was modest in the absence of
additional adhesion ligands and occurred only at low shear,
consistent with mechanisms involved in FKN-mediated leukocyte
adhesion.5,20

However, when FKN was coimmobilized with VWF, the
platelet adhesion revealed a substantial increase in the number of
stationary adherent platelets compared with exclusively VWF-
coated slides at shear rates up to 600 s�1. Because this increase was
more than additive, cooperating mechanisms beyond the mere
FKN-CX3CR1 interaction are probably involved. Indeed, all
combinations of inhibitory anti-GPIIb/IIIa, anti-GPIb�, and anti-
CX3CR1 antibodies decreased the adhesion of flowing platelets to
immobilized FKN plus VWF to levels of VWF by itself. This is
consistent with the notion that FKN activates platelets and thus
augments GPIIb/IIIa activity7 and consistent with the concept of
platelets using multiple adhesion pathways between FKN, in
conjunction with VWF. Thus, these results demonstrate that
adhesion of platelets to FKN and VWF is a multistage dynamic
process. The competence of the endothelial VWF and platelet
GPIb� axis in supporting platelet adhesion under high shear
conditions has been well characterized.21,22 VWF captures platelets
through the interaction with GPIb� from the bloodstream and
decelerates platelets below their hydrodynamic velocity. The
slowing of platelets enables the establishment of low affinity but
high strength bonds capable of mediating irreversible arrest as
proven for GPIIb/IIIa ligands, such as fibrinogen. We here demon-
strate that, after platelet deceleration and rolling on VWF, GPIb�-
dependent additional platelet adhesion to FKN and CX3CR1-
dependent activation by FKN takes place (supplemental Figure 1).
The conversion of platelets’ major integrin GPIIb/IIIa from a low to

Figure 5. Interaction of GPIb�-coupled microspheres with FKN, VWF, and the
combination under flow conditions. (A) Glycocalicin, the extracellular domain of
GPIb�, was covalently coupled to fluorescent microspheres and combined with
RBCs to obtain reconstituted blood and perfused through �-slides coated with
FKN, VWF, or FKN coimmobilized with VWF at a wall shear rate of 150, 600, or
1800 s�1. The rate of nonspecific background adhesion to the control surface was
subtracted from the presented adhesion rates. Results are the mean � SEM of 3
independent experiments with blood from different donors. ***P � .001 by 1-way
analysis of variance with Bonferroni Multiple Comparison Test versus control or VWF
adhesion rates. (B) GPIb�-coupled microspheres were preincubated with the
neutralizing anti-GPIb� antibody HIP-1 before perfusion over VWF (open bars) and
FKN coimmobilized with VWF (closed bars). The adhesion of untreated microspheres
to VWF surfaces was set to 100% (dotted line). Results are the mean � SEM of
3 independent experiments with blood from different donors. (C) GPIb�-coupled
microspheres were preincubated with the neutralizing anti-GPIb� antibody HIP-1
before perfusion over FKN and control surfaces. The adhesion of untreated
microspheres to control albumin surfaces for each treatment was set to 100%, and
the number of microspheres adhering to FKN for untreated (closed bars) and
anti-GPIb�-treated microspheres (open bars) was evaluated. Results are the mean
� SEM of 3 independent experiments with blood from different donors. **P � .01,
***P � .001 in one sample t test versus adhesion to control surface with identical
treatment.
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a high affinity receptor was recently demonstrated to be mediated
by FKN7 and confirmed in our study. Unexpectedly, we found that,
in contrast to firm platelet adhesion, GPIb�-mediated enhanced
platelet rolling on FKN coimmobilized with VWF was unaffected
by antagonizing the FKN receptor CX3CR1. Platelet rolling,
however, could be completely inhibited by neutralizing the GPIb�
function. Based on these findings, 2 mechanisms might be hypoth-
esized. First, blocking the first step in the adhesion cascade of
flowing platelets to immobilized VWF or FKN coexpressed with
VWF may also prevent all subsequent activation steps that take
place downstream of GPIb�-dependent platelet capturing from
flowing blood. Alternatively, a specific tethering interaction be-
tween immobilized FKN and platelet GPIb� may initiate enhanced
platelet rolling in addition to VWF interacting with GPIb�.

To distinguish between these, we investigated the adhesive
capacity of FKN to GPIb� under physiologic flow using the

extracellular domain of GPIb�, purified and coupled to micro-
spheres, as a simplified substitute for platelets in a flow-based
adhesion assay. GPIb� interacted with immobilized FKN without
requiring the participation of other adhesion ligands, and this
interaction was prevented by preincubating the microspheres with
an anti-GPIb� antibody. In the presence of FKN, significantly more
GPIb� displaying micropheres interacted with VWF at all shear
rates tested, an effect that is specific because it was prevented by
inhibition of GPIb� on the microspheres. Under static conditions,
FKN interacted with GPIb� with nanomolar affinity and FKN did
not compete with VWF for binding to GPIb�.

A growing number of GPIb� binding ligands beyond its main
ligand VWF have been identified in the last decades, such as
thrombin, protein C, Mac-1, P-selectin, thrombospondin, and some
coagulation factors.23 FKN can now be added as a new candidate to
the list of physiologically relevant GPIb� binding ligands.

The FKN binding site in GPIb� appears to lie close to the
N-terminal leucine-rich repeats, amino acids 1 to 59. This has been
mapped to be binding sites of the mAbs 27A10, 12G1, and 12E4,
which blocked FKN binding to GPIb� but did not interfere with
VWF binding.18 Blocking the C-terminal flanking region with
6B4 (amino acids 201-282) prevents VWF binding but did not
influence FKN binding. Interestingly, 24G10 binds to amino
acids 1 to 81, prevents VWF binding, yet does not interfere with
FKN. This is consistent with the hypothesis that an intramolecu-
lar association between the N-terminal region (amino acids
1-81) and the C-terminal flank exists (amino acids 201-268).
AN51 (amino acids 1-38) and SZ2 (amino acids 269-281),19 on
the other hand, had no influence on FKN binding. Therefore, we

Figure 6. Detection of FKN and VWF binding to GPIb� by ELISA. (A) Glycocalicin was immobilized in microtiter plates, and FKN at the indicated concentration was allowed
to bind before VWF and ristocetin addition. Bound VWF (open bars) or FKN (closed bars) was detected with the appropriate antibodies. No binding of VWF to GPIb� was seen
in the absence of ristocetin. The experiment was performed twice, and results presented here are derived from one representative experiment and are presented as mean
� SEM for that experiment performed in triplicate. O.D. indicates optical density. (B) Concentration-dependent binding of FKN to GPIb�. Bound FKN was detected by ELISA as
described in panel A. Shown is the mean � SEM of 3 independent experiments. (C) Mapping of the FKN ligand binding site in GPIb�. Effect of diverse mAbs, with known GPIba
binding site, on FKN binding. Untreated control (labeled) was set to 100%, and the inhibition of the corresponding mAb is shown. Results are shown as mean � SEM of
3 independent experiments. (D) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of FKN and glycocalicin protein interaction pull-down experiments:
recombinant his-tagged FKN was allowed to bind to Ni-NTA agarose and incubated with glycocalicin or buffer. Bound proteins were eluted with imidazole and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and by Western blot analysis with the anti-GPIb� mAb 27A10 to detect the presence of glycocalicin.

Table 3. Binding sites of the mAbs used to characterize the FKN
binding site in GPIba

Clone Binding site, amino acids Reference

AN51 1-35 19

AK2 36-59 19

27A10 35-59 18

12G1 1-59 18

12E4 1-59 18

24G10 1-81 18

HIP-1 59-81 19

6B4 201-268 18

SZ2 269-282 19
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can conclude that the C-terminal domain is essential for VWF
binding and that FKN binding occurs to the N-terminal domain
amino acids 39 to 81.

We extended our in vitro findings to cell culture models and
induced FKN expression on endothelial cells. Platelet adhesion to
the endothelium was substantially increased after simulation, and
FKN was partially responsible for stable platelet arrest on activated
endothelial cells. Blocking FKN on the endothelium prevented
platelet accumulation, and comparable results were obtained in
blood in which GPIb�-expressing microspheres were substituted
for platelets. The activated endothelium supported platelet adhe-

sion, and endothelial FKN significantly contributed to stable
platelet deposition to the inflamed endothelium. Finally, a similar
FKN-dependent platelet adhesion was demonstrated in intact
human arteries, a system we think is the model most closely
approaching human pathophysiology in vivo. Induction of FKN
in human arteries probably mimics the early stages of atheroscle-
rosis. The FKN coating density in the �-slides was in the same
range of FKN expression on physiologic surfaces. These values
are comparable with the expression of intercellular adhesion
molecule-1, vascular cell adhesion molecule-124 and P-selectin16

on endothelial cells.

Figure 7. Adhesion of platelets to arterial endothelial cells under physiologic flow conditions. (A) Arterial endothelial cells were allowed to grow to confluence in �-slides
and stimulated (closed bars) or not (open bars) with TNF-� and IFN-	 for 20 hours. Human blood platelets in reconstituted blood were perfused at the indicated wall shear rate
as described in Figure 1. The experiment was performed 3 times, and results presented here are derived from one representative experiment and are presented as mean
� SEM for that experiment performed in pentaplicate. (B) Endothelial cells were preincubated with vehicle alone (closed bars), a neutralizing anti-FKN antibody (open bars), or
isotype-matched control (hatched bars) as indicated for 2 hours before perfusion initiation. Shown is the percentage of platelets adhering to stimulated endothelial cells at the
indicated shear rate as percentage of the number of platelets adhering to resting endothelial cells with the respective treatments (dotted line). The results are the mean � SEM
of 3 independent experiments with blood from different donors.*P � .05 in one sample t test versus 100%, which represents the adhesion rate of platelets to resting endothelial
cells. (C) Adhesion of platelets to the endothelium of intact human arteries. Blood was perfused at a wall shear rate of 600 s�1 over human artery, and the number of adherent
platelets after 15-minute perfusion was recorded. Platelet adhesion rates to unstimulated arteries were set to 100% (dotted line). Shown are the relative adhesion rates to
TNF-�- and IFN-	-stimulated arteries with and without a neutralizing anti-FKN mAb. The results are the mean � SEM of 3 independent experiments with blood and arteries
from different donors.*P � .05 in one sample t test versus 100%, which represents the adhesion rate of platelets to resting arteries. (D) Immunohistochemical detection of FKN
in sections of human internal mammary arteries. Representative photomicrographs of the endothelium immunostained for FKN (brown staining) in resting (left panel) and
TNF-�- and IFN-	-stimulated (middle panel) artery segments, counterstained blue with hematoxylin. Also shown is immunohistochemical detection of VWF (right panel). Bar
represents 200 �m in the upper row and 50 �m in the lower row. Images were recorded with a Zeiss AxioObserver Z1 using a 5�/0.16 NA (top row) and a 20�/0.8 NA objective
(bottom row) with an AxioCam MR3 camera (Zeiss) and processed in AxioVision LE 4.8.2.0 and ImageJ 1.45d software.
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Thus, immobilized FKN seems to operate as a molecule capable
of inducing GPIb�-dependent platelet rolling in cooperation with
VWF at 600 s�1, and this finally results in augmented stationary
platelet adhesion. A comparable adhesion characteristic was ob-
served in the FKN-promoted monocyte adhesion at elevated shear.
The presence of additional adhesion-mediating molecules (eg,
vascular cell adhesion molecule-1) was mandatory for initial
leukocyte tethering and before FKN induced arrest at elevated
shear.17 Our results demonstrate an analogous situation in the
FKN-mediated platelet arrest after tethering flowing platelets to
VWF, deceleration, and CX3CR1 independent, but GPIb�-
dependent, rolling of platelets on FKN, concomitant activation via
CX3CR1 with increased avidity of GPIIb/IIIa and finally, enhanced
firm platelet arrest. The function of endothelial FKN on platelets
again was comparable with that on leukocytes: in both cell types,
the activation by FKN is mediated by its cognate receptor
CX3CR1. This is in contrast to the adhesive capacity: in leuko-
cytes, FKN-dependent adhesion is mediated also by CX3CR1,
whereas in platelets, the adhesive capacity was mediated by the
VWF receptor GPIb�. In platelets, activation and adhesion by FKN
were mediated by 2 distinct receptors, whereas in leukocytes
CX3CR1 is the single receptor for FKN binding and mediates
FKN-dependent adhesion and activation. The impact of GPIb� on
the formation of atherosclerosis remains to be fully elucidated
because previous studies have provided conflicting results: block-
ing GPIb� with mAb injection decreased plaque progression,25

whereas GPIb� knockout suggests that the GPIb-V-IX complex is
not essential to the genesis of atherosclerosis.26 However, GPIb
ablation is associated with a more or less severe thrombocytopenia,
so further studies are necessary to demonstrate a specific GPIb�
involvement in atherosclerosis formation, independent of changes
in platelet count or size.

Endothelial VWF27-30 and endothelial FKN9-11,31,32 are both
implicated in the genesis of atherosclerosis, and it is tempting to

speculate that our findings support the view that platelets
interact with endothelial cells in an FKN-dependent manner in
very early stages of that disease. Furthermore, TNF-�, among
other inflammatory cytokines, stimulates the release of VWF
from endothelial cells.33
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