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Abstract Platelets have been regarded as static cells that do
not move once they adhere to a matrix. The present study
explored, whether platelets are able to migrate. In contrast to the
current opinion, we found that platelets were mobile, able to
migrate over a surface, and transmigrate through a transwell
membrane and endothelium toward a source of stromal cell-
derived factor 1 (SDF-1). Platelet migration was stimulated by
SDF-1, which led to the downstream activation and phosphor-
ylation of Wiskott—Aldrich syndrome protein. SDF-1 signaling
and subsequent platelet migration could be inhibited by
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CXCR4-receptor blocker AMD3100, pertussis toxin, inhibition
of phosphoinositol 3-kinase (PI3 kinase) with LY294002 or
wortmannin, and disruption of actin polymerization with
cytochalasin B. The potential of platelets to migrate in an
SDF-1-mediated fashion may redefine the role of platelets in
the pathophysiology of vascular inflammation, subsequent
atherosclerotic degeneration, and vascular regeneration.
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Introduction

Once in contact with the endothelium, platelets are activated,
start to roll, adhere loosely, and then adhere firmly. Imme-
diately after firm adherence, platelets start to spread and offer
binding sites to other platelets and circulating cells in the
blood stream. According to the traditional view, the function
of platelets is confined to their role in hemostasis, i.e., pro-
viding the ground for thrombotic and hemostatic processes;
however, once activated or adherent, platelets stay alive and
functionally active for hours and even days [1].

Moreover, activated platelets have recently been discovered
to actively regulate cytoskeletal rearrangement and to upregu-
late the synthesis of proteins and peptides, such as the cytokine
interleukin (IL)-13 [2—4]. Some of these synthesized proteins
are also important for specific platelet functions like adhesion,
cytoskeletal rearrangement, organization of focal adhesion
points and cell spreading, all of which are known to be
involved in the migration of other cell types [5—8]. During
evolution, platelets may have conserved their capability to
migrate from their progenitor cell, the ancient amebocyte. The
amebocyte was the universal blood cell that embodied
multiple functions like host defense, tissue repair, and
hemostasis [9]. So far, little is known about platelet mobility,
and few chemotactic stimuli from infectious or allergic
inflammation have been identified. Platelet migration was
described as a pharmacological readout for toxicity of
pharmaceutical components and in canine ehrlichiosis [10,
11]. Other previous reports demonstrated platelet extravasa-
tion into inflamed tissue and chemotaxis towards N-formyl-
methionyl-leucyl-phenylalanine (fMLP) [12, 13]. Recently,
Pitchford et al. showed the effect of IgE-mediated platelet
extravasation in lung tissue [14].

However, the signaling mechanisms of platelet migration
and the role of stromal cell-derived factor 1 (SDF-1), a potent
chemokine in inflammation which is highly expressed in the
atherosclerotic plaque [15], have not been investigated in
platelets. SDF-1, which is also stored in platelet granules, is
known to induce chemotactic migration in a variety of
cells [16-19], and platelets also express the corresponding
CXCR4-receptor [20]. SDF-1 is also involved in the inter-
action between platelets and stem cells [21].

In this study we identify SDF-1 as a novel, potent mediator
of platelet migration and transmigration and show that SDF-1-
mediated platelet migration is PI3 kinase dependent.

Material and methods
Platelet isolation

Washed platelets were isolated from acid-citrate-dextrose-
anticoagulated human blood of healthy volunteers as
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described previously [3, 4]. Volunteers on medications
were excluded as platelet donors. Analysis of platelet
purity by a whole blood analyzer (Sysmex) and flow
cytometry for CD11b as a neutrophil marker showed no
detection of cells other than platelets. Prior to the platelet
experiments, one sample of every isolated cell population
was measured by flow cytometry for the platelet-specific
markers CD42b and P-selectin to rule out pre-activation.
Platelets were stored in Iscove’s modified Dulbecco’s
medium (IMDM) or phosphate-buffered saline until further
use within 30 min.

Platelet chemotaxis toward a source of SDF-1 analyzed
by light transmission microscopy

The migration model consisted of a fibrinogen-coated
chamber slide (Nunc) with a pellet of low-melting agarose
(1%, 250 ul) in the center of each well. This pellet of
agarose contained a total of 300 ng recombinant SDF-1
(R&D Systems) at the source, generating a maximal
concentration of 300 ng/ml with complete release. We
ensured sustained SDF-1 release from the gel pellet by the
gradual release of a fluorescent dye of equal molecular
weight. Platelets were added at 5x 107 platelets/ml (750 )
of IMDM medium. After 30 min of adhesion, the plates
were washed to remove non-adherent platelets. Platelet
migration was then recorded using an Axiovert 200
polarization microscope (Carl Zeiss Inc., x20 magnifica-
tion) at 30 frames/hour and replayed at ten frames/second.
For the negative control, the platelets were exposed to a gel
matrix without chemokine and recorded accordingly. In an
identical parallel experiment, platelets were recorded at a
greater magnification in a chamber slide using a Cell
Observer microscope (Carl Zeiss Inc., x60 magnification)
with six frames/minute and replayed with 20 frames/
second. To identify surface receptors involved in platelet
migration, platelets were allowed to adhere to a fibrinogen
and collagen surface and exposed to a SDF-1 gradient.
GPIIb/111a receptor was blocked with Abciximab (100 pg/ml;
Eli Lilly and Company), glycoprotein VI (GPVI) (100 pg/ml,
generously provided by Dr. E. Kremmer, Helmholtz-
Zentrum, Miinchen, Germany). In a subset of experiments,
the platelets were fixed afterwards and stained for
immunofluorescent markers. All movies are representative
for at least three independent experiments.

Transwell experiments for platelet transmigration

For transmigration experiments, we used transwell inserts
(24-well, Falcon) separating the upper and the lower
chamber with a membrane with pores that were 0.4 pm in
diameter. The lower chamber contained SDF-1 (100 ng/ml,
R&D Systems), IL-18 (0.02 ng/ml, PeproTech Inc.), tumor
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necrosis factor (TNF)-o« (50 ng/ml, PeproTech Inc.) or
epithelial cell-derived neutrophil-activating peptide 78
(ENA-78) (150 ng/ml; R&D Systems). Platelets (2x10°
platelets/ml, 250 ul) were carefully transferred into the
upper chamber and were allowed to migrate through the
membrane for 8 h. Migration experiments were performed
under cell culture conditions in a stable humidified atmo-
sphere (5% CO,, pH 7.4, 37°C). Afterwards, the platelet
suspension in the lower compartment was stained with an
antibody against glycoprotein Ib (CD42b, platelet specific;
Beckman Coulter). Platelets were counted by flow cytometry
(BD FACSCalibur) in the platelet gate. Flow cytometric
readout was confirmed by the visual counting of platelets
with a hemocytometer.

Images of the boyden chamber membranes were taken
on a Zeiss LSM 5 EXCITER confocal laser scanning
microscope (Carl Zeiss Micro Imaging GmbH, Germany)
with an A-plan 40%/0.65 PH2 ocular.

Where indicated, inhibitors were added to the upper com-
partment, including AMD3100 (5 pg/ml, Sigma-Aldrich),
cytochalasin B (2 pug/ml, Sigma-Aldrich), LY294002 (8 pg/
ml, Calbiochem), wortmannin (2 uM, Calbiochem) as well
as water-soluble and membrane-permeable pertussis toxin
(240 ng/ml, Sigma-Aldrich). AMD3100 was used to specif-
ically block the CXCR4-receptor. Actin polymerization was
inhibited with cytochalasin B. L'Y294002 and wortmannin
were used for inhibition of PI3 Kinase. All experiments
containing dimethyl sulfoxide (DMSO) (AppliChem) or
other solvents were compared to a DMSO/solvent control.
The viability of inhibitor-treated platelets was assured by
trypan blue exclusion and confirmed by MTT assay (data not
shown).

In some transwell experiments, cultured arterial endo-
thelial cells (10° endothelial cells per transwell insert) were
grown on the transwell membrane to confluence. The
endothelial cells were activated with IL-1 (100 pg/ml,
PeproTech Inc.) for 4 h and washed three times with
phosphate-buffered saline. For comparison and validation
of the transmigration assay, equal concentrations of SDF-1
were used for transmigration assays with lymphocytes and
neutrophils. Pore sizes of 3 um for lymphocytes and 5 pum
for neutrophils were used.

Confocal microscopy

Washed platelets were allowed to adhere to a fibrinogen
surface (20 pg/ml) on a cover glass or a chamber slide for
20 min and were then fixed with paraformaldehyde (2%)
and permeabilized with TX-100. The adherent platelets
were washed and blocked with 2% bovine serum albumin
for 30 min followed by incubation with the primary
antibody for 2 h at room temperature. Primary antibodies
against P-selectin (CD62P, Santa Cruz), glycoprotein Ib

(CD42b, Santa Cruz), vinculin (Calbiochem), and phospho-
Wiskott—Aldrich syndrome protein (WASP)-antibody
(pSer*®3#8*  Calbiochem) were used in 1:50 dilution.
Chamber slides were then washed and incubated with Cy2
or Cy5-linked secondary antibodies (Dianova). In selected
experiments, the actin cytoskeleton was stained with
rhodamine phalloidin (Invitrogen). Confocal microscopy
was performed using a Zeiss LSM 5 EXCITER confocal
laser scanning microscope (Carl Zeiss Micro Imaging) with
an A-plan 40%/0.65 PH2 ocular.

Western blot

Freshly isolated human platelets were centrifuged for 5 min
at 240 g and the pellet was resuspended in lysis buffer
(50 mM Tris—HCl, pH 7.4, 150 mM NacCl, 1% Trion-X,
0.5% Na,HPO, 0.4% [-mercaptoethanol) containing pro-
tease inhibitor cocktail (Sigma-Aldrich). The protein con-
centration was measured with Bradford (Bio-Rad). Western
blot analysis was carried out according to manufacturer’s
protocol (ECL detection, Amersham), primary antibody:
anti-WASP-phospho, AB1966; Chemicon; secondary anti-
rabbit HRP-antibody: cell signaling.

The statistical analysis of western blots for phospho-
WASP was performed by densitometric measurements, and
the results were shown as logarithmic data of opacity.

Intravital fluorescence microscopy

C57Bl/6J mice were anesthetized by intraperitoneal injection
of midazolam (5 mg/kg body weight; Ratiopharm), medeto-
midine (0.5 mg/kg body weight; Pfizer), and fentanyl
(0.05 mg/kg body weight; CuraMed Pharma GmbH) and
were placed on a heating pad for maintenance of body
temperature between 36°C and 37°C. Polyethylene catheters
(Portex) were implanted into the left jugular vein for
injection of the platelets. After transverse laparotomy, a
segment of the jejunum was gently exteriorized. Segmental
intestinal ischemia was induced by ligation of the supplying
vessels and the segment itself for 1 h. Before ischemia and
after reperfusion (5, 10, 30, 60, 90 min), the fluorescent
platelets were visualized in situ by in vivo microscopy of
four to five non-overlapping, randomly selected regions of
interest with arterioles and venules using a Zeiss Axiotech
microscope (water immersion objective, 20X, W 20X/0.5;
Zeiss) with a 100-W HBO mercury bulb for epi-illumination.
Although platelets accumulated outside the vessel lumen,
intravital microscopy was not able to visualize platelet
infiltrates within the vessel wall directly. Therefore, the mice
were sacrificed, and slices of vessel walls were stained with
an anti-green fluorescent protein (GFP) secondary antibody
to stain for platelet infiltrates. The institutional review board
for animal studies approved these experiments.

@ Springer



1280

J Mol Med (2010) 88:1277—-1288

Statistical analysis

Data are given as mean + SEM. Student’s ¢ test for unpaired
data or ANOVA was applied where appropriate, n denotes
the number of independent experiments, a p value less than
0.05 was considered statistically significant.

Results

Chemotaxis and fast migration of platelets toward a source
of SDF-1

Platelets were exposed to SDF-1 released from a gel matrix
to test the chemotactic effect on platelets and a migratory
platelet response. After 3 h of observation, we found an
accumulation of platelets around the source of SDF-1
(Fig. la, f; ESM movie I), whereas only a few platelets
gathered around the gel matrix without chemokine (Fig. le,
ESM movie II). Throughout the observation, the platelets
remained in the optical focus and stayed in contact with the
surface. ESM movie Il shows an example of a migrating
platelet out of the cohort in a later stage of migration that
migrates towards the source of SDF-1 (top of the picture,
slow migration). We stained the accumulated cells after
fixation (Fig. 1b, c; enlarged segment of Fig. 1a) to identify
platelets with the platelet-specific marker P-selectin (green,
Fig. 1c) and to assure contact of platelets to the surface by
staining for focal adhesions (vinculin, blue) (Fig. 1d).
Platelet chemotaxis and fast migration allows platelets to
travel large distances (200 um/3 h) toward a chemokine
source by periodic focal attachment during which they
gradually become more adherent (Fig. 1F;—F4) and con-
tinue to perform slow, directed migration towards the
chemokine source.

In the early stages of migration (fast migration) platelets
only have few focal adhesion contacts and generate more
adhesion contacts as migration speed slows down. Quanti-
tative correlation revealed that fast migrating platelets on
average had less focal adhesion contacts (1.4+0.1) as
compared to slow migrating platelets with more focal
adhesion contacts (2.4=+0.1).

ESM movie IV shows an example of a migrating platelet
that stays in constant contact with the surface and within the
optical focus while migrating in a well-coordinated manner
with rapid pseudopod extension. Figure 2c illustrates the
focal adhesion contacts of platelets (vinculin, blue) which all
stain positive for the platelet-specific marker P-selectin
(green). Within the platelet population we identified three
groups based upon their migratory activity that are shown in
Fig. 2d. While adherent to a fibrinogen matrix, approxi-
mately 10% of the platelets showed distant migration beyond
5 um, whereas the majority of platelets in the observed

@ Springer

samples showed active movements without traveling beyond
5 um. The remaining platelets (30%) immediately became
fully adherent and did not leave the point of adhesion.
Platelets were more mobile on fibrinogen than collagen. The
cellular activity and ability of platelets to migrate was not
significantly increased when the platelets were exposed to a
SDF-gradient, but significantly, more platelets performed
migration directed towards the SDF-1 source. Arrow
trajectories in Fig. 2a visualize on a cellular level that more
platelets direct their migration towards SDF-1, whereas
platelets without a target chemokine source perform random,
undirected migration. Calculation of the chemotactic index,
defined as movement into the direction of SDF-1 divided by
the total distance traveled, emphasized the increased direc-
tional migration of platelets towards SDF-1 (0.45+0.07
versus 0.25+0.05). Additional activation with thrombin did
not enhance migration; in contrast, thrombin was able to
abolish platelet migration partially (Supplemental Fig. 5)
The GPIIb/IIla receptor appears to be involved in platelet
migration over coated fibrinogen since receptor blockage
with Abciximab resulted in a decreased number of migrating
cells (Fig. 2e). Inhibition of GPVI did not affect platelet
mobility on collagen (Fig. 2e); however, in the transwell
experiments, inhibition of GPIIbllla, GPVI, and GPIb did
not affect platelet transmigration through the transwell
membrane (n=3, data not shown).

SDF-1 leads to gradient-dependent transmigration
of human platelets through porous membranes
and activated endothelium

Different cytokines were tested for their chemotactic effect in
a Boyden-like transwell chamber experiment (0.4 pm pore
size). We found that if SDF-1 was added to the lower
compartment; platelet transmigration was significantly en-
hanced compared to the control medium (Fig. 3a, Supple-
mental Fig. 1). The chemotactic effect of SDF-1 increased
platelet transmigration from 0.7£0.1% to 1.6+0.3% of the
total platelet number (Supplemental Fig. 3). SDF-1-mediated
transmigration was a dose-dependent effect (Fig. 3a, insert).
Other tested cytokines, including IL-13, TNF-&, and ENA-
78 did not affect platelet transmigration (Fig. 3a). The
chemotactic effect of SDF-1 appears to affect the directional
orientation of platelets and is apparently not a matter of
increased platelet activation. Although activation of platelets
with thrombin results in a slightly increased transmigration
on its own, it does not explain the marked increase in
transmigration with SDF-1 (Supplemental Fig. 5).

Platelet migration was effectively inhibited by disruption
of actin polymerization with cytochalasin B (2 pg/ml,
Fig. 3a; ESM movie V). We then tested if platelets could
also pass through endothelium. Endothelial cells were grown
to confluency and platelets were added onto the endothelial
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Fig. 1 Platelet chemotaxis and
fast migration toward a source
of SDF-1. a A platelet migration
model was designed to generate
a gradient of the cytokine
SDF-1. The migration chamber
consists of a fibrinogen-coated
six-well plate with a pellet of
low-melting agarose (1%,

250 pl) containing 300 ng total
SDF-1 in the center of each
well. Platelets (5x107/ml) were
added to the migration model.
Platelets initially migrate with
200 pum/3 hrs (fast migration)
towards a SDF-1 source visible
on the left side of the image (see

also ESM movie I). b Magnified
immunofluorescence staining of
platelets that accumulated
around the SDF-1 source for the
platelet-specific marker
P-selectin (green) and the focal
adhesion marker vinculin (blue)
shows focal platelet adhesion.
Rhodamine phalloidin (red).

¢ Further magnification shows
that platelets are in contact with
the fibrinogen matrix and have
isolated focal adhesions as a
sign of cell attachment to the
matrix. d Staining for vinculin
(blue) demonstrates just few
focal adhesion points for loose,
fast migrating platelets. Image
shows the same platelets from
a—d. e No platelet accumulation
occurred around a control
(without SDF-1) source visible
on the left side of the image.
(ESM movie II) (x20, magnifi-
cation). The images and movies
represent three independent
experiments. f Gradual accumu-
lation and adhesion of platelets
at the SDF-1 source (F1—F,4)
after which they continue to
perform slow directed migration

monolayer with SDF-1 (100 ng/ml) or control medium in the
lower compartment. Although platelet transmigration de-
creased about eightfold when the porous membrane was
endothelialized, we still found a significant increase in plate-
let transmigration towards SDF-1 through the endothelium
from 0.16+0.01% to 0.23+0.02% of total platelets (Fig. 3b,
Supplemental Fig. 2). This effect was further increased to
0.30+0.02% (Supplemental Fig. 2) if endothelial cells were
activated with IL-13 (100 pg/ml).

SDF-1 30 min
f2

f SDF-1 90 min f SDF-1 180 min
3 4

SDF-1-dependent effects on platelet mobility are mediated
by CXCR4-receptor, G-protein, and PI3 kinase

Figure 4a and b show the inhibitory effects of different
inhibitory substances that target crucial regulatory proteins
in the SDF-1 signaling cascade on SDF-1-mediated platelet
transmigration. With AMD3100, a CXCR4-receptor-
specific inhibitor, platelet transmigration toward SDF-1
could be effectively blocked. Transmigration through the

@ Springer



J Mol Med (2010) 88:1277—-1288

P-selectin P-selectin + actin

STJ-m

Fig. 2 Migration of SDF-1-activated platelets on a fibrinogen and
collagen matrix. a Illustration of directional platelet migration with and
without an SDF-1 gradient. In the presence of an SDF-1 source, more
platelets perform directed migration towards the target source compared
to a control source. Arrows indicate the direction and distance of
migration of the individual platelet. Horizontal bars represent absent or
non-directed migration or mobility. Platelet migration velocity was
0.04-0.25 um/min (slow migration). b Platelets exposed to an SDF-1
source show increased chemotactic activity towards SDF-1 compared to
the control source. The chemotactic index defined the average SDF-1-
directed distance of migration based on the total distance traveled
expressed as a fraction of 1. ¢ Immunofluorescence staining shows the
different groups of platelets ranging from immobile, fully adherent
platelets (*) with classical multifocal adhesions to mobile platelets with
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single focal adhesions at the site of surface contact (arrow). Platelets are
stained with the platelet-specific marker P-selectin (green) and vinculin
(blue) to show focal adhesions. Rhodamine phalloidin (actin, red). d
Relative distribution of total migratory activity per 100 platelets on a
fibrinogen (Fib) or collagen (Coll) matrix; platelets are subdivided into
three groups: significant migration (more than 5 um/2 h), intermediate
migration (below 5 pum), or no migration. (arithmetic means + SEM,
n=3). e Effect of GPIIbllla and GPVI receptor inhibition on platelet
migration based on the amount of mobile platelet. Inhibition of
GPIIbllla with abciximab on fibrinogen resulted in reduced migratory
activity, whereas inhibition of GPVI receptor on collagen had no effect
on platelet migration. Arithmetic means + SEM (n=3). * denotes sig-
nificant difference to control (p<0.05)
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Fig. 3 Platelet transmigration assay. a Effect of different chemokines/
cytokines on platelet migration in a transwell experiment. SDF-1
induced a significant increase in platelet transmigration toward an
SDF-1 gradient. Undirected baseline migration was set as 100% and
relative transmigration was compared accordingly. Classical leukocyte-
derived cytokines like IL-13, TNF-c, and ENA-78 did not significantly
affect platelet migration compared to baseline migration. Cytochalasin B
was used to block actin polymerization and inhibited platelet migration.
Insert, dose dependency of SDF-1-mediated platelet migration. Arith-
metic means £ SEM (n=4), * denotes significant difference to control
(»=<0.05). b Platelets show a significant increase in transmigration toward
an SDF-1 gradient also through an endothelial monolayer (quiescent
endothelium). Transmigration is further enhanced when endothelial cells
are additionally activated with IL-1f3. Undirected baseline migration was
set as 100% and relative transmigration was compared accordingly.
Arithmetic means = SEM (n=3), * denotes significant difference to
control (»p<0.05)

transwell pores (0.4 pm) to the lower chamber could further
be significantly reduced with pertussis toxin (PTX) which
inhibits G-protein-dependent CXCR4-receptor signaling. It
was also significantly reduced by PI3-kinase inhibitors like
LY294002 and wortmannin (Fig. 4a, b; Supplemental
Fig. 4). Platelet transmigration was further reduced when

the SDF-1 gradient was neutralized with equal cytokine
concentrations in both compartments of the transmigration
chamber (Fig. 4a, b; SDF-1/SDF-1).

SDF-1 increases platelet transmigration by a factor of 2.3

Platelets show a significant 2.3-fold increase in transmigration
toward SDF-1 (Fig. 5). A comparison was made between
SDF-1-induced platelet migration and the chemotactic effect
of SDF-1 on classical chemotactic cells like lymphocytes
(tenfold increase) or neutrophils which are known not to
respond to SDF-1. As a result, following stimulation of
chemotaxis with SDF-1 1.6% of total platelets, 9% of
lymphocytes, and 0.2% of neutrophils (no increase over
baseline) migrated into the lower compartment.

SDF-1 signaling induces WASP phosphorylation

We visualized WASP as a central component of the
migratory apparatus that regulates actin assembly and cell
motility by immunofluorescence. We stimulated platelets
with SDF-1 and stained them for the phosphorylated form
of WASP. We found an increased phosphorylation of WASP
in SDF-1-stimulated platelets (Fig. 6a, b), which could be
confirmed by quantitative Western blot analysis as a
threefold increase above baseline (Fig. 6¢).

Platelets transmigrate into post-ischemic inflamed vessel
walls in vivo

With intravital fluorescence microscopy we compared trans-
migration of eGFP platelets into vascular areas that were
exposed to post-ischemic inflammation to non-inflamed
vascular areas. Vascular inflammation was induced by ligation
of intestinal arteries in mice with the subsequent septic,
inflammatory vascular reaction. Platelets isolated from eGFP
transgenic mice were infused during the reperfusion phase.
We found an accumulation of transmigrated eGFP transgenic
platelets within the vessel wall of inflamed arteries after the
mice had been sacrificed and vessels had been stained with
anti-GFP antibody (Fig. 7).

Discussion

In this study, we disclosed SDF-1-stimulated platelet
migration and characterized the signaling cascade, which
involves PTX-sensitive G-protein and PI3 kinase. We
showed platelet transmigration through a porous transwell
membrane and (activated) endothelium along an SDF-1
gradient in vitro.

We found that SDF-1-activated platelets are able to
migrate on a fibrinogen and collagen surface. Based on
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Fig. 4 PI3 kinase dependence
of SDF-1-induced platelet trans- 250
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b Representative immunofluo-
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transwell chamber. Migrated
platelets at the bottom of the
removed transwell membranes
were stained with rhodamine
phalloidin (red) and the platelet-
specific glycoprotein Ib (blue)
and analyzed by confocal
microscopy

Control

microscopic observations, platelets appear to go through
different stages of adhesion which determine their velocity
of migration during the migration process.

Fast migrating platelets are not firmly adherent and show
just a few isolated focal adhesion points (1.4 focal adhesion
contacts), whereas platelets in later migration stages are
characterized by more focal adhesions and slower migration
(2.4 focal adhesion contacts). The amount of focal adhesion
contacts correlates with the speed of migration.

SDEF-1 exerts a classical chemotactic stimulus and guides
the mobile platelets towards the source of SDF-1. Cell
movement trajectories in Fig. 2a exemplify the increased
directional mobility in the presence of SDF-1, whereas
platelets that are not exposed to the chemokine are almost
as mobile, but lack the directional sense and move
randomly and undirected. Platelet integrin GPIIb/IIla, at
least, partially contributes to a coordinated surface mobility
of platelets on fibrinogen since initial platelet adhesion to
the fibrinogen surface and migratory activity after surface
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contact was reduced with a GPIIb/Illa blocking antibody
(Abciximab) (Fig. 2e). Inhibition of GPVI on collagen did
not affect platelet mobility. Inhibition of neither GPIIbllIa,
GPVI, nor GPIb significantly affected platelet transmigra-
tion in transwell experiments. Further research is needed to
identify critical surface receptors involved in platelet
migration as targets for inhibitory control.

We visualized the phosphorylation of WASP, a crucial
component of the migratory apparatus under SDF-1
exposure. WASP is activated by SDF-1 stimulation in
lymphocytes [22, 23] and activates the actin-related protein
(Arp) 2/3 complex via Rho-GTPases [24, 25]. We could
show that SDF-1 increased phosphorylation of WASP in
human platelets (Fig. 6). These effects have also been
shown during cell migration in other cells [22, 24]. SDF-1
is a particularly interesting chemokine since few chemo-
tactically active substances are known in platelets, and
SDF-1 is highly expressed in atherosclerotic plaques [15],
which emphasize its role in vascular inflammation.
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Fig. 5 SDF-1-induced migration of platelets, lymphocytes, and
polymorphonuclear neutrophils (PMNs). Comparison of the trans-
migration of platelets, lymphocytes, and PMNs toward SDF-1
(100 ng/ml). Transmigration was calculated against the individual
control of each cell type and expressed as relative increase (x-fold).
Lymphocytes and platelets show a significant increase in transmi-
gration toward SDF-1 with relative increase of tenfold and 2.3-fold,
respectively. Percentage of transmigration cells based on total cell
number is given. Neutrophils do not show a significant increase in
transmigration. Arithmetic means £ SEM (n=3), * denotes signifi-
cant difference to control (p<0.05)

We also tested whether platelets have also the potential
to transmigrate through a porous membrane and through the
endothelium. In a Boyden-like transwell chamber experi-
ment, different cytokines were placed into the lower
compartment. The actual pore size (0.4 pum) that was used
is about five times smaller than the size of a regular platelet
to exclude passive passage. SDF-1 led to a dose-dependent
increase in platelet transmigration compared to the control
medium. In contrast to SDF-1, other cytokines like IL-1f3,
TNF-o (for which platelets lack specific receptors), and
ENA-78, did not affect platelet transmigration. Thus,
platelet migration appears to be specifically mediated
through a limited number of chemokines. The SDF-1 effect
does not appear to be a matter of activation since classical
platelet activators such as thrombin failed to induce a
significant increase in platelet transmigration. On the contrary,
excessive thrombin activation appears to negatively affect
transmigration based on the relative decrease in transmigra-
tion with thrombin/SDF-1 compared to SDF-1 alone. We
conclude that the SDF-1 effect is indeed a chemotactic signal
that affects the directional orientation of the cell (steering
wheel) rather than the intrinsic migratory activity (engine).
Furthermore, when the directing SDF-1 gradient was neutral-
ized, platelet transmigration was reduced. We compared
platelet transmigration under the influence of SDF-1 to other

mobile cells like lymphocytes and neutrophils to validate our
transmigration assay. It appears that only few platelets
perform complete transmigration towards SDF-1 (1.6% of
total platelets) compared to classical migrating cells such as
lymphocytes; however, the abundance of platelets in the blood
stream still represents a remarkable volume of migrating cells.

The transmigration of platelets through endothelium as
a physiological barrier was significantly enhanced when
compared to the control (0.16% versus 0.23% of platelets).
We mimicked an inflammatory milieu by stimulating the
endothelium with IL-13, which indeed further facilitated
platelet transmigration through the activated endothelium.
The capability of platelets to transmigrate through endo-
thelium suggests that platelets are able to invade the vessel
wall. Although the amount of platelets that passes through
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- SDF-1

+ SDF -1

b
WASP-P sl 4
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Fig. 6 SDF-1 induces phophorylation of WASP, an important
regulatory element of actin rearrangement and mobility. a Immunofluo-
rescence staining and confocal microscopy of WASP phosphorylation in
human platelets under SDF-1 exposure. Rhodamine phalloidin (red),
WASP-P (green). b Representative western blot of increased SDF-1
induced WASP phosphorylation of four independent experiments. ¢
Quantitative analysis of WASP phosphorylation by densitometry (Lg
opacity) (n=4, * denotes significant difference, p<0.05)
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Fig. 7 Platelets transmigrate into areas of post-ischemic vascular
inflammation in vivo. Platelets invade the vessel wall of mesenteric
artery after systemic inflammation. Transgenic eGFP platelets were
transfused into murine mesenteric artery after the vessel had been
exposed to systemic inflammation during intestinal ligation in vivo.

the endothelial barrier is about eightfold less than without
endothelium; the large quantity of platelets in the blood
stream could still generate a significant, long-term invasion
of platelets into the vessel wall. Previous reports demon-
strated platelet chemotaxis towards fMLP in vitro [12] and
extravasation into inflamed tissue [13]. Pitchford et al.
showed the effect of IgE-mediated platelet extravasation in
lung tissue [14]; however, the role of SDF-1 in platelet
migration and the underlying signaling mechanisms of
chemokine-mediated platelet migration have not yet been
described. SDF-1 is of particular interest since platelets
themselves store SDF-1 in intracellular granules and could
thus subsequently attract other platelets or inflammatory cells
to the vessel wall after transmigration to augment the chemo-
attractant effect. In contrast to fMLP, SDF-1 is physiological
and is a more specific chemotactic agent in cell—cell inter-
action. Most of all, SDF-1 is involved in vascular inflamma-
tion and was found in atherosclerotic plaques [15].

So far, the SDF-1 signal transduction pathway and
extended SDF-1 function have not been examined in platelets.
In other cells, binding of SDF-1 to the chemokine receptor
CXCR4 activates PI3 kinase [26] and induces aggregation in
platelets [15]. PI3 kinase in turn regulates further down-
stream kinases like phosphoinositide-dependent kinase 1
(PDK1). PDK1 was shown to be involved in migration of
endothelial cells [27].

We thus focused on the SDF-1 signaling pathway with
regard to platelet migration. To examine crucial components
of the SDF-1 signaling pathway on different levels of
regulation, we analyzed the CXCR4-receptor level, G-
protein level, and PI3 kinase level. SDF-1-induced transmi-
gration could be effectively blocked in platelets on the
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Mesenteric arteries that had been exposed to vascular inflammation
(ischemic) showed increased accumulation of transmigrated GFP-
labeled platelets within the vessel wall compared to control tissue
without exposure to inflammation (non-ischemic)

receptor level with AMD3100, a CXCR4-receptor-specific
inhibitor, as shown in other cells [28, 29]. PTX and PI3-
kinase inhibitors like LY294002 and wortmannin, all
reduced the transmigration of platelets significantly
(Fig. 4a). In most cells, PTX affects signaling on the G-
protein level downstream of the CXCR4-receptor by an
ADP-ribosylation of G-protein subunits; however, in intact
platelets, PTX has been shown to be unable to ADP-
ribosylate the G-protein o subunit [30]. In parallel, several
other reports [15, 31, 32] have demonstrated that PTX alters
platelet activity, but probably by signaling mechanisms
independent of ADP-ribosylation of G-protein « subunits.
It therefore remains unclear by what exact mechanisms PTX
disrupts G-protein-coupled intracellular signaling pathway in
platelets.

Inhibition of PI3 kinase has also been successfully used
to inhibit cell migration in other cells [33]. SDF-1-mediated
transmigration proved to be a gradient-dependent process
since neutralization of the SDF-1 gradient with equal
amounts of chemokine on both sides reduced transmigration.
With intravital microscopy, we tested the ability of murine
platelets to transmigrate into the vessel wall of inflamed
blood vessels after intestinal artery ligation in vivo. Although
platelets accumulated outside the vessel lumen, intravital
microscopy was not able to visualize platelet infiltrates
within the vessel wall directly. Therefore, the mice were
sacrificed and slices of vessel walls were stained with an
anti-GFP secondary antibody to stain for platelet infiltrates.
We found accumulation of GFP-labeled platelets in areas of
the post-ischemically inflamed vessel wall compared to non-
ischemic vessel areas. The increased subendothelial accu-
mulation of platelets in this animal model suggests a
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transient invasion of platelets into areas of ischemia and
inflammation that could reveal a new functional role of
platelets in vascular biology. Since platelets appear to have
the capacity to transmigrate through intact or minimally
inflamed endothelium, they could function as pilot cells that
guide further platelets or inflammatory cells like monocytes
or stem cells.

In summary, SDF-1-mediated platelet migration is a novel
and as yet uncharacterized phenomenon. SDF-1-mediated
platelet transmigration involves signaling through PI3
kinase. Furthermore, transient platelet migration into the
vessel wall could contribute to vascular mechanisms during
the initiation of atherosclerosis and vascular regeneration.
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