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Soluble glycoprotein VI dimer inhibits platelet adhesion and
aggregation to the injured vessel wall in vivo
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ABSTRACT

Platelet—collagen interactions play a fundamental role in the process of arterial thrombosis. The
major platelet collagen receptor is the glycoprotein VI (GPVI). Here, we determined the effects
of a soluble dimeric form of GPVI on platelet adhesion in vitro and in vivo. We fused the
extracellular domain of GPVI with the human immunoglobulin Fc domain. The soluble dimeric
form of GPVI (GPVI-Fc) specifically bound to immobilized collagen. Binding of GPVI-Fc to
collagen was inhibited competitively by soluble GPVI-Fc, but not control Fc lacking the external
GPVI domain. GPVI-Fc inhibited the adhesion of CHO cells that stably express human GPVI
and of platelets on collagen and attenuated thrombus formation under shear conditions in vitro.
To test the effects of GPVI-Fc in vivo, arterial thrombosis was induced in the mouse carotid
artery, and platelet—vessel wall interactions were visualized by intravital fluorescence
microscopy. Infusion of GPVI-Fc but not of control Fc virtually abolished stable arrest and
aggregation of platelets following vascular injury. Importantly, GPVI-Fc but not control Fc, was
detected at areas of vascular injury. These findings further substantiate the critical role of the
collagen receptor GPVI in the initiation of thrombus formation at sites of vascular injury and
identify soluble GPVI as a promising antithrombotic strategy.
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arterial thrombosis and ischemia of the downstream tissue, precipitating diseases such as

myocardial infarction or ischemic stroke. The first response to vascular injury is adhesion
of circulating platelets to exposed subendothelial matrix proteins, which triggers subsequent
platelet aggregation. Among the macromolecular components of the subendothelial layer,
fibrillar collagen is considered the most thrombogenic constituent, as it acts as a strong activator
of platelets and supports platelet adhesion both in vitro and in vivo (1-3).

F I Yhe disruption of the atherosclerotic plaque initiates a cascade of events culminating in

The platelet membrane proteins, which have been reported to be putative collagen receptors, may
be divided into those which interact indirectly with collagen through collagen-bound von
Willebrand factor (vWf), including GPIba and the integrin oypP3, and those which interact
directly with collagen, including GPVI, the integrin a,fB;, and CD36 (reviewed in (2)). Only
recently has the platelet glycoprotein VI (GPVI) been identified as the major platelet collagen
receptor (4). GPVI is a 60—-65 kDa type I transmembrane glycoprotein, which belongs to the
immunoglobulin superfamily (5, 6). In human and mouse platelets, GPVI forms a complex with
the FcR y-chain at the cell surface (7, 8). Ligand binding to GPVI triggers tyrosine
phosphorylation of the ITAM motif of the Fc receptor y chain initiating downstream signaling
via Syk kinases, LAT, SLP-76, and phospholipase C (9—13). Platelets deficient in GPVI show
loss of collagen-induced adhesion and aggregation in vitro (4, 14). Likewise, function blocking
anti-GPVI monoclonal antibodies attenuate ex vivo platelet aggregation in response to collagen
and collagen-related peptide CRP, which mimics collagen triple helix (15, 16). Recently, we
have provided the first direct in vivo evidence indicating that GPVI is strictly required in the
process of platelet recruitment under physiological shear stress following vascular injury. In
different mouse models of endothelial denudation, either inhibition or absence of GPVI virtually
abolished platelet—vessel wall interactions and platelet aggregation, identifying GPVI as the
major determinant of arterial thrombus formation (3).

This finding indicates that inhibition of GPVI-ligand interactions might represent a promising
strategy to prevent arterial thrombosis in the setting of atherosclerosis. However, antibodies
directed against GPVI have been reported to induce platelet activation (16) and
immunothrombocytopenia, hampering their use in the clinical setting. In the present study, we
evaluated the antithrombotic potential of a soluble form of GPVI. We cloned and characterized a
fusion protein, consisting of the extracellular domain of GPVI and a human C-terminal Fc tag.
The soluble form of human GPVI specifically bound to collagen with high affinity and
attenuated platelet adhesion to immobilized collagen in vitro and to sites of vascular injury in
vivo. These findings identify soluble GPVI as a promising tool in the prevention of arterial
thrombosis in patients with advanced atherosclerosis.

MATERIALS AND METHODS
Animals

Specific pathogen-free C57BL6/J mice were obtained from Charles River (Sulzfeld, Germany).
For experiments, 12-week-old male mice were used. All experimental procedures performed on
animals were approved by the German legislation on the protection of animals.



Cloning of soluble human GPVI

To generate a soluble form of GPVI, we fused the extracellular domain of human GPVI to the
human Fc domain. In detail, we initially amplified the Fc from a human heart cDNA library
(Clontech, Palo Alto, CA). The primer pairs and the polymerase chain reaction (PCR) conditions
are given in Table 1. The PCR fragment was cloned into the plasmid pADTrack CMV using
Notl/HindIII. For cloning of the extracellular domain of the human GPVI, total RNA from
cultured megakaryocytes was isolated (RNeasy Mini Kit, Qiagen, Hilden, Germany) according
to the manufacturer’s recommendations. Reverse transcription was performed (Omniscript RT
Kit; Qiagen) using 2 pg RNA at 37°C over night. 100 ng of the cDNA was used as a template in
PCR amplification of the human GPVI using the Expand High Fidelity PCR System (Roche
Molecular Biochemicals, Mannheim, Germany) with the primer pairs and PCR conditions given
in Table 1. The PCR fragment was cloned into the plasmid pADTrack CMV Fc¢ with Bglll/NotlI,
generating a plasmid encoding the human extracellular GPVI fused to the human Fc domain,
including a specific hinge region. For cloning of a soluble Fc control fragment lacking the
extracellular domain of GPVI, the leader peptide of CD40 was amplified from a human heart
cDNA library (Clontech, Palo Alto, CA). The PCR fragment was cloned in the plasmid
pADTrack CMV Fc with Kpnl/Notl. The accuracy of all plasmids was confirmed by sequencing
(MediGenomix, Martinsried, Germany).

Generation of the adenoviral constructs Ad-control Fc and Ad-GPVI-Fc¢

The plasmids pADTrack CMV control Fc and GPVI-Fc were linearized with Pmel (New
England Biolabs, Beverly, MA) overnight, dephosphorylated and purified (GFX DNA and Gel
Purification Kit; Amersham Pharmacia Biotech, Uppsala, Sweden). For recombination,
electrocompetent E. coli BJ5183 (Stratagene, La Jolla, CA) were cotransformed with 1 pg of the
linearized plasmid and 0.1 pg pAdeasyl at 2500 V, 200 Q and 25 uFD (E. coli-pulser; Biorad,
Heidelberg, Germany), plated and incubated overnight at 37°C. The colonies were checked after
minipreparation of the plasmid-DNA with Pacl and the positive clones were retransformed in F.
coli DH5a.. The resulting adenoviral plasmid was transfected into HEK 293 cells. After plaque
isolation, recombinant virus particles referred to as Ad-control-Fc and Ad-GPVI-Fc were further
amplified in HEK 293 and stored at —80°C.

Purification of control Fc and GPVI-Fc¢

The culture supernatant of Ad-control Fc and Ad-GPVI-Fc-infected Hela cells was collected 3
days after infection, centrifuged (3800 g, 30 min, 4°C), and filtrated (0.2 um). Soluble control Fc
or human GPVI was precipitated by addition of 1.2 vol ammonium sulfate (761 g/L) and stirring
over night at 4°C. The proteins were pelleted by centrifugation (3000 g, 30 min, 4°C), dissolved
in 0.1 vol PBS and dialyzed in PBS over night at 4°C. The protein solution was clarified by
centrifugation (14000 g, 30 min, 4°C), filtrated (0.2 pm), and loaded on Protein A-columns
(HiTrap ™ Protein A HP, Amersham Pharmacia Biotech AB, Uppsala, Sweden), equilibrated
with binding buffer (20 mM sodium phosphate buffer pH 7.0, 0.02% NaN3). The column was
washed with binding buffer until OD,gp < 0.01 and eluted with eluation buffer (100 mM glycine
pH 2.7). The eluted fractions (900 pl) were neutralized with 100 pl neutralization buffer (1 M
Tris/HCI pH 9.0, 0.02% NaN3), pooled, dialyzed in PBS over night at 4°C, aliquoted and frozen
at —20°C. The column was neutralized by binding buffer and washed with 20% (v/v) ethanol.



After SDS-PAGE, the proteins were detected using Coomassie stain or with peroxidase-
conjugated goat anti-human IgG antibody (Fcy fragment specific; 109-035-098; Dianova,
Hamburg, Germany) (Fig. 14).

Generation of monoclonal antibody against human GPVI

Monoclonal antibodies were generated essentially as described (17). Lou/C rats were immunized
with the adenovirally expressed human GPVI-Fc fusion protein. Screening of hybridoma
supernatants was performed in a solid-phase immunoassay using GPVI-Fc or Fc lacking the
GPVI domain. Screening identified the supernatant of hybridoma 5C4 to bind specifically to
GPVI-Fc but not to Fc lacking the external GPVI domain. The immunoglobulin type was
determined with rat Ig class (anti-IgM) and IgG subclass-specific mouse mAbs. The monoclonal
antibodies were purified using Protein G-Sepharose columns. Antibody specificity of 5C4 was
verified by immunoblotting against GPVI-Fc and control Fc. 5C4 monoclonal antibody detected
adenovirally expressed GPVI-Fc but not control Fc (Fig. 14). Furthermore, human GPVI was
recovered in lysates obtained from human platelets (Fig. 14). In addition, 5C4 binds specifically
to the surface of platelets but not of leukocytes or red blood cells, as demonstrated using flow
cytometry (not shown).

Assessment of GPVI-Fc binding to immobilized collagen

ELISA plates (Immulon2 HB, Dynex Technologies, Chantilly, VA) were coated over night at
4°C with 1 pg collagen (typl bovine; BD Bioscience, Bedford, MA) in 100 pl coating buffer
(1.59 g/L Na,COs, 2.93 g/LL NaHCO;3, 0.2 g/L. NaNj3, pH 9.6). The plates were washed with 250
pl/well PBS/0.05% Tween 20 (PBST) twice and blocked with 250 pl/well Roti-Block (Roth,
Karlsruhe, Germany) over night. The plates were washed with 250 pl/well PBST twice. Then
3.0, 6.0, 12.5, 25.0, 50.0, or 100 pg/ml GPVI-Fc in PBST were added, and the plate was
incubated for 1 h at room temperature. Where indicated, GPVI-Fc (20 pg/ml) was preincubated
for 10 min with soluble collagen or with Fab fragments of the function-blocking anti-GPVI
monoclonal antibody 5C4. After incubation, the plates were washed five times with 250 pl
PBST, and peroxidase-conjugated goat anti-human IgG antibody Fcy fragment specific (109-
035-098; Dianova, Hamburg, Germany) was added in a dilution of 1:10.000 and incubated for 1
h at room temperature. After fivefold washing with 250 ul PBST, 100 pl of detection reagent
(BM Blue POD Substrate; Roche, Mannheim, Germany) were added and incubated up to 10 min.
The reaction was stopped by the addition of 100 pl 1 M H,SOs, and the plate was measured at
450 nm against reference wavelength 690 nm.

Adhesion of platelets to immobilized collagen under flow

Human platelets were isolated from ACD (acid-citrate-dextrose)-anticoagulated whole blood as
described (18). Washed platelets were resuspended in Tyrodes-HEPES buffer (2.5 mmol/L
HEPES, 150 mmol/L NaCl, 12 mmol/L NaHCO3, 2.5 mmol/L KCI, 1 mmol/L MgCl,, 2 mmol/L
CaClp, 5.5 mmol D-Glucose, 1 mg/mL BSA, pH 7.4) to obtain a platelet count of 2 x
10%cells/ml. Adhesion of platelets to plates coated with immobilized collagen or VWF was
determined in a parallel plate flow chamber in the presence of 0.8 mg/ml GPVI-Fc or control Fc
at defined shear rates of 500 s~ (low shear) and 2000 s™' (high shear). Experiments were



recorded in real time on videotapes and evaluated off-line using Capimage software (Zeintl,
Heidelberg, Germany).

Effect of soluble GPVI-Fc on collagen-induced thrombus formation in flowing whole blood
ex vivo

To determine the effect of soluble GPVI-Fc on thrombus formation in flowing whole blood,
human blood was collected from the antecubital vein of volunteer donors into syringes
containing 0.5 vol heparin. Platelets were labeled in whole blood by incubation with the
fluorescent dye rhodamine-6G (final concentration 0.02 g/dl) for 15 min at 37°C. Although
rhodamine-6G also labels leukocytes, these cells could be readily distinguished from platelets by
their larger size and nuclear morphology. Red cells were not visualized by rhodamine-6G.
Rhodamine-6G-labeled whole blood was perfused over collagen-coated cover slips in a parallel
plate flow chamber in the presence of 0.8 mg/ml GPVI-Fc¢ or equimolar concentration of control
Fc at a defined shear stress of 2000 s™'. The flow chamber was mounted on an inverted
fluorescence microscope (Axiovert, Zeiss, Germany), allowing direct real-time visualization of
the platelet adhesion process. During perfusion, the temperature of the blood was maintained at
37°C using a water bath. All experiments were recorded in real time on videotapes and evaluated
off-line using Capimage software (Zeintl, Heidelberg, Germany). The results are given in square
micrometers of absolute surface coverage of the collagen-coated cover slips with adherent
platelets after 3 min of perfusion.

Generation of GPVI-expressing GPVI-CHO transfectants

The Flp-in system (Invitrogen, Carlsbad, CA) was used to generate the GPVI-Flp-In"-CHO cell
line. In brief, full-length human GPVI was amplified using the primer pairs and PCR conditions
given in Table 1. The PCR product was cloned in the expression plasmid pcDNAS-FRT
(Invitrogen) to get pcDNAS-FRT hGPVIy (full length) using HindIII/Notl. Flp-In" -CHO cells
(Invitrogen) were cotransfected with a 9:1 ratio of the plasmids pOG44:pcDNAS5-FRT hGPVIj.
After 48 h, transfected cells were selected in medium containing 0.5 mg/ml hygromycin B.
Hygromycin-resistant foci were isolated, expanded, and tested for the surface expression of
human GPVI by FACS using FITC-labeled collagen (25ug/ml) (EPC, Owensville, MO) or the
anti-GPVI monoclonal antibody 5C4. Nontransfected Flp-In -CHO cells served as controls.

Adhesion of GPVI-CHO tranfectants to immobilized collagen

To test the adhesion of GVPI-expressing GPVI-CHO tranfectants, 96-well plates were coated
with collagen as outlined above. GPVI transfectants or nontransfected CHO cells (1 x 10’
cells/ml) were allowed to adhere to immobilized collagen in the absence or presence of GPVI-Fc
or control Fc (0.8mg/ml). Thereafter, the wells were washed three times with PBS to remove
nonadherent cells. The adherent cells were then quantified by a colorimetric reaction described
previously (19).

Assessment of tail bleeding time

Wild-type C57BL6/J mice were anesthetized by intraperitoneal injection of a solution of
midazolame (5mg/kg body weight, Ratiopharm, Ulm, Germany), medetomidine (0.5mg/kg body



weight, Pfizer, Karlsruhe, Germany), and fentanyl (0.05mg/kg body weight, CuraMed Pharma
GmbH, Munich, Germany). GPVI-Fc (1 or 2 mg/kg body weight, n=8 each group), control Fc
(n= 8) in an amount equimolar to 2 mg/kg GPVI-Fc or vehicle (n=13) was administered
intravenously. Tail bleeding time was assessed 1 hr after injection of GPVI or control Fc
according to a method reported by others previously (20). In brief, mice were anesthetized and 3
mm of the tail tip was amputated using a scalpel. Thereafter, the tail was blotted with a filter
paper every 15 s until the paper was no longer stained with blood. When necessary, bleeding was
stopped 10 min after induction of the injury to prevent death of the animal.

Preparation of murine platelets for intravital fluorescence microscopy

Murine platelets were isolated from whole blood and labeled with 5-carboxyfluorescein diacetate
succinimidyl ester (DCF) as reported earlier (21). The DCF-labeled platelet suspension was
adjusted to a final concentration of 200 x 10° platelets/250 pl. Adhesion of murine platelets was
assessed prior to and after carotid injury by in vivo video microscopy, as described below.

Carotid ligation and assessment of platelet adhesion and aggregation by intravital
microscopy

Platelet recruitment following endothelial denudation was performed as reported earlier (3). In
brief, wild-type C57BL6/J mice were anesthetized by intraperitoneal injection of a solution of
midazolame (5 mg/kg body weight, Ratiopharm, Ulm, Germany), medetomidine (0.5 mg/kg
body weight, Pfizer, Karlsruhe, Germany), and fentanyl (0.05 mg/kg body weight, CuraMed
Pharma GmbH, Munich, Germany). Where indicated, GPVI-Fc (1 or 2 mg/kg body weight) or
control Fc in an amount equimolar to 2 mg/kg GPVI-Fc was administered intravenously.
Thereafter, endothelial denudation was induced near the carotid bifurcation by ligation of the
vessel until complete cessation of blood flow occurred, as controlled by epi-fluorescence
microscopy. The ligation was removed after 5 min. Following induction of vascular injury
fluorescent platelets (200 x 10250 ul) were infused intravenously via polyethylene catheters
(Portex, Hythe, England) implanted into the right jugular vein. The fluorescent platelets were
visualized in situ by in vivo video microscopy of the right common carotid artery using a Zeiss
Axiotech microscope (20 X water immersion objective, W 20x/0.5, Zeiss) with a 100W HBO
mercury lamp for epi-illumination. All videotaped images were evaluated using a computer-
assisted image analysis program (Cap Image 7.4, Dr. Zeintl, Heidelberg, Germany (21, 22)).
Tethered platelets were defined as all cells establishing initial contact with the vessel wall,
followed by slow surface translocation (at a velocity significantly lower than the centerline
velocity) or by firm adhesion; their numbers are given as cells per square millimeter of
endothelial surface. The number of adherent platelets was assessed by counting the cells that did
not move or detach from the endothelial surface within 10 s. The number of platelet aggregates
at the site of vascular injury was also quantified and is presented per square millimeter. In
addition, the total thrombus area was assessed using Cap Image 7.4.

Scanning electron microscopy

Following intravital videofluorescence microscopy, the carotid artery was perfused with PBS
(37 C) for 1 min in three animals per group, followed by perfusion fixation with phosphate-
buffered glutaraldehyde (1% vol/vol). The carotid artery was excised, opened longitudinally,



further fixed by immersion in 1% PBS-buffered glutaraldehyde for 12 h, dehydrated in ethanol,
and processed by critical point drying with CO,. Subsequently, the carotid artery specimens were
oriented with the lumen exposed, mounted with carbon paint, sputter-coated with platinum, and
examined using a field emission scanning electron microscope (JSM-6300F, Jeol Ltd., Tokyo,
Japan).

Assessment of in vivo GPVI-Fc¢ binding by immunohistochemistry

The remaining carotid arteries obtained from mice treated with GPVI-Fc were shock frozen and
embedded in cryoblocks (medite, Medizintechnik GmbH, Burgdorf, Germany). The binding of
GPVI-Fc to the site of endothelial denudation was determined on 5 um cryostat sections, stained
with peroxidase-conjugated goat anti-human IgG antibody Fcy fragment specific (109-035-098;
Dianova, Hamburg, Germany). Carotid arteries obtained from Fc-treated mice served as controls.

In a separate set of experiments, mice were anesthetized and carotid injury was induced as
described. Thereafter, the carotid artery was opened longitudinally and GPVI-Fc or control Fc
was added to the luminal surface of the carotid artery for 30 min. Thereafter, the carotid arteries
were washed vigorously three times with PBS and incubated with FITC-labeled anti-human IgG
antibody. Subsequently, the arteries were washed three times with PBS and mounted on an epi-
fluorescence microscope.

Statistical analysis

Comparisons between group means were performed using Mann-Whitney Rank Sum Test. Data
represent mean + s.e.m. A value of P < 0.05 was regarded as significant.

RESULTS
Cloning, viral expression and purification of soluble human and murine GPVI

To generate a soluble form of human GPVI, the extracellular domain of human GPVI was cloned
and fused to the human immunoglobin Fc domain. Adenoviral constructs coding for the GPVI-
Fc fusion protein or control Fc were prepared to generate reasonable amounts of the recombinant
proteins. GPVI-Fc and control Fc were expressed as secreted soluble proteins using the human
Hela cell line to prevent misfolding and nonglycosylation of the expressed proteins. The
recombinant proteins could be isolated with high purity. The molecular mass of GPVI-Fc was
~80 kDa under reducing conditions in SDS-PAGE, as detected by Coomassie blue stain or by
immunoblotting with peroxidase-conjugated goat anti-human Fc antibody or by the anti-GPVI
mAb 5C4 (Fig. 14, upper and middle panel). In contrast, a ~160 kDa protein was identified
under nonreducing conditions (Fig. 14, lower panel), supporting the notion that GPVI-Fc is
present as dimer (23).

Binding of soluble GPVI-Fc¢ dimer to immobilized collagen

Next, we determined the binding of GPVI-Fc dimer to immobilized collagen. Different
concentrations (3.0, 6.0, 12.5, 25.0, 50.0, and 100.0 pg/ml) of the GPVI-Fc fusion protein were
incubated with collagen I-coated plates. Binding to collagen was determined using peroxidase-
conjugated goat anti-human IgG antibody. GPVI-Fc showed a dose-dependent and saturable



binding to immobilized collagen (Fig. 1B). Half maximal collagen binding was observed at a
final GPVI-Fc concentration of 6.0 pg/ml. Binding of GPVI-Fc did not occur to BSA or vWF
(Fig. 1C, left panel), supporting the specificity of GPVI-Fc binding. Moreover, we did not detect
any significant binding of the control Fc protein lacking the external GPVI domain under
identical conditions (Fig. 1C, right panel).

To further address the specificity of GPVI binding, we then tested the ability of solubilized
fibrillar collagen to compete with immobilized collagen for the association with the GPVI-Fc
dimer. Soluble collagen inhibited GPVI-Fc¢ binding to immobilized collagen in a dose-dependent
manner (Fig. 1D). A concentration of 100 pug/ml soluble collagen was required to reduce GPVI-
Fc binding by more than 50%. Similarly, Fab fragments of the anti-GPVI monoclonal antibody
5C4 significantly inhibited GPVI-Fc¢ binding to collagen (not shown). Together, these data
indicated that GPVI-Fc binding to collagen is specific and characterized by high affinity.

Effect of soluble GPVI on platelet adhesion and thrombus formation on immobilized
collagen under flow

GPVI plays a crucial role in the process of platelet recruitment to immobilized collagen (24).
We, therefore, determined the effect of GPVI-Fc on adhesion of human platelets to immobilized
collagen under shear conditions in vitro. As reported by others earlier (25), platelets adhered
firmly to immobilized collagen at both low (500s™") and high (2000s™") shear rates forming
thrombi (Fig. 24). Soluble GPVI-Fc dimer, but not control Fc lacking the external GPVI domain,
significantly attenuated platelet adhesion on immobilized collagen by 37 and 44% at shear rates
of 500 s™' and 2000 s, respectively (Fig. 24). Inhibition was specific since GPVI-Fc did not
affect platelet adhesion on immobilized vWF (Fig. 24).

We then assessed the effects of soluble GPVI-Fc on thrombus formation in flowing whole blood
ex vivo. As illustrated in Fig. 2B, immobilized collagen induced profound thrombus formation in
flowing blood. An area of ~40 x 10’ umz was covered by adherent platelets in the presence of
control Fc lacking the external GPVI domain. This closely resembles the surface coverage that
has been reported by others previously (25), indicating that the control protein per se does not
affect the process of platelet adhesion. In contrast, in the presence of GPVI-Fc the surface area
covered with adherent platelets was substantially reduced to 6 x 10’ um, indicating that soluble
GPVI-Fc inhibited thrombus formation in whole blood by ~84% (P<0.05 vs. control Fc).

Effect of soluble GPVI on adhesion of GPVI-expressing GPVI-CHO transfectants to
immobilized collagen

To further substantiate the specificity of GPVI-Fc-mediated inhibition of GPVI-collagen
interactions, we generated the GPVI-expressing GPVI-Flp-In" -CHO cell line. Platelets and
GPVI-CHO transfectants expressed GPVI at roughly the same density as determined by flow
cytometry (not shown). GPVI transfectants but not control CHO cells avidly bound to
immobilized collagen. In fact, adhesion of GPVI-transfected CHO cells increased 4.5-fold
compared to nontransfected control cells (P<0.05, Fig. 2C). GPVI-Fc¢ significantly reduced
adhesion of GPVI-expressing CHO cells by 71% (P<0.05 vs. vehicle), but not of control CHO
cells. In contrast, control Fc had no effect on the adhesion of either GPVI-expressing or control



CHO cells. This further supports the concept that GPVI-Fc inhibits cell adhesion specifically by
interfering with GPVI-collagen interaction.

Effect of soluble GPVI on platelet counts, bleeding time and platelet adhesion in vivo

We have reported recently that GPVI is essentially involved in platelet adhesion to
subendothelial collagen fibrils following vascular injury in vivo. Correspondingly, inhibition of
GPVI by a monoclonal antibody or lack of GPVI virtually obliterated initial platelet recruitment
and platelet aggregation following endothelial denudation in the mouse carotid artery (3). In the
present study, we addressed the effect of a soluble form of GPVI on several aspects of platelet
function in the mouse in vivo.

Animals were treated with 1 mg/kg or 2 mg/kg GPVI-Fc or equimolar doses of control Fc
lacking the external GPVI domain. Infusion of GPVI-Fc or control Fc even at the highest dose of
2 mg/kg did not have significant effects on peripheral platelet counts (534+88, 894+155 and
894+223x10° plts/ul after infusion of control Fc or 1 mg/kg and 2 mg/kg GPVI-Fc dimer,
respectively, P=0.196). By contrast, the GPVI-Fc fusion protein, but not the control Fc, induced
a moderate prolongation of tail bleeding times by 11 (1mg/kg) and 21% (2mg/kg) compared with
control animals (Fig. 34). The absolute bleeding times were 6.9 + 0.2, 4.8 + 0.9 min in PBS or
control Fc-treated mice, respectively, and 7.2 = 0.1 and 9.7 = 0.2 min in mice treated with 1
mg/kg or 2 mg/kg GPVI-Fc. Correspondingly, bleeding times have been reported to be
moderately increased in GPVI-depleted mice (26). Likewise, genetic loss of GPVI produced a
moderate (albeit not significant) prolongation of mean tail bleeding times (27). In contrast,
bleeding times were consistently higher than 10 min in acetylsalicylic acid (ASA)-treated
animals (Smg/kg per day orally) (Fig. 34).

Next, we addressed the effects of GPVI-Fc on platelet recruitment in a mouse model of carotid
injury using intravital fluorescence microscopy. Animals were treated with 1 mg/kg or 2 mg/kg
GPVI-Fc or an equimolar amount of control Fc lacking the external GPVI domain as described
above. After infusion of GPVI-Fc or control Fc, endothelial denudation of the mouse carotid
artery was induced by vigorous ligation as reported previously (3). Ligation of the carotid artery
consistently caused complete loss of the endothelial cell layer as confirmed by scanning electron
microscopy (Fig. 3B). Platelet adhesion was directly visualized and quantified using in vivo
fluorescence microscopy (21, 22). In control (Fc-treated) mice, numerous platelets were tethered
to the vascular wall within the first minutes after endothelial denudation. Platelets establishing
contact with the subendothelium exhibited initially a slow surface translocation, which is
frequently followed by subsequent firm platelet adhesion and platelet aggregation (5.494 + 874
adherent platelets/mm2 and 114 + 17 platelet thrombi/mm?®) (Fig. 3B). In contrast, in the presence
of GPVI-Fc¢ platelet recruitment to the site of vascular injury was dramatically attenuated. Firm
platelet adhesion was reduced by 49 and 65% following administration of 1 mg/kg or 2 mg/kg
GPVI-Fc, respectively (P < 0.05 vs. control). Likewise, aggregation of adherent platelets was
virtually absent in animals treated with 2 mg/kg GPVI-Fc fusion protein (P<0.05 vs. control Fc,
Fig. 34—C). Scanning electron microscopy also clearly demonstrated that platelet adhesion and
aggregation following endothelial denudation of the common carotid artery was substantially
reduced in GPVI-Fc-treated, but not in Fc-pretreated mice (Fig. 3D). To confirm the presence of
GPVI-Fc at the site of injury, the carotid arteries were excised following in vivo microscopy and
processed further for immunohistochemistry using peroxidase-conjugated goat anti-human IgG



antibodies. In GPVI-Fc-treated mice GPVI-Fc was detected at the luminal aspect of the site of
vascular damage (Fig. 3F). Similarly, ex vivo incubation of injured carotid arteries showed
specific binding of GPVI-Fc but not of control Fc to the site of injury (Fig. 3F). Together, these
data demonstrate that GPVI-Fc¢ specifically binds to sites of vascular injury in vivo and prevents
subsequent platelet recruitment.

DISCUSSION

Following rupture of the atherosclerotic plaque, exposure of subendothelial collagen is the major
trigger that initiates platelet adhesion and aggregation at the site of injury, followed by arterial
thrombosis (1, 28, 29). The platelet glycoprotein GPVI, which has been cloned recently (5, 6),
has been identified to be the major platelet collagen receptor (4), mediating platelet adhesion
both in vitro (24) and under (patho-)physiological conditions in vivo (3). This identifies the
inhibition of GPVI as a promising strategy to prevent platelet recruitment and arterial thrombosis
in patients with advanced atherosclerosis.

In the present study, we generated and characterized a soluble form of GPVI, GPVI-Fc, and
tested its inhibitory activities on platelet adhesion in vitro and in vivo. We show that GPVI-Fc is
secreted by Hela cells predominantly as a dimer with a molecular mass of ~160 kDa.
Consistently, Miura and co-workers recently reported that GPVI-Fc is present as a dimer, in
which two GPVI-Fc molecules are cross-linked by disulfide bonds formed from the Cys in the
Fc domain of each molecule (23). Importantly, only the dimeric form of GPVI, but not
monomers of the extracellular domain of GPVI, has been reported to exhibit collagen binding
affinity and to attenuate collagen-induced platelet aggregation (23). Such enhancement of ligand
affinity induced by receptor dimerization has been reported for several immunoglobulin-like
receptors and is consistent with the concept that GPVI is also present as a dimer on the platelet
surface (30).

We performed binding assays to define GPVI-Fc-collagen interaction. Soluble dimeric GPVI
binds to immobilized collagen in a saturable manner. GPVI-Fc¢ binding to fibrillar collagen was
highly specific, since it did not occur to immobilized vWF or BSA. Further, GPVI binding to
immobilized collagen could be inhibited by soluble collagen. High concentrations of soluble
collagen were required to block GPVI-Fc binding, indicating the fusion protein binds
immobilized collagen with high affinity. Correspondingly, a high association and dissociation
constant (Kp ~5.8 x 1077 M) has been reported for the GPVI-collagen interaction (23).

Soluble GPVI-Fc has been demonstrated earlier to attenuate platelet activation and aggregation
in response to collagen or convulxin, a snake toxin, which binds to GPVI with high affinity (6,
23, 31). Apart from platelet aggregation, GPVI is critically involved in the process of platelet
adhesion to collagen (3, 24). Therefore, in the present study, we tested the effects of GPVI-Fc on
platelet adhesion under physiological flow conditions in vitro and in vivo. We show that soluble
GPVI-Fc inhibits platelet adhesion and thrombus formation under low and high shear conditions
in vitro. In addition, we demonstrate for the first time in vivo that soluble GPVI-Fc attenuates
stable platelet adhesion and platelet aggregation following endothelial denudation of the mouse
carotid artery. Several lines of evidence support the notion that GPVI-Fc inhibits platelet
adhesion specifically by interference with GPVI-collagen interaction: 1) GPVI-Fc did not affect
platelet adhesion on immobilized vWF, 2) only GPVI-Fc, but not control Fc, lacking the



extracellular GPVI domain affected platelet adhesion in vitro and in vivo, and 3) GPVI-Fc (and
not control Fc) attenuated adhesion of stable GPVI-transfectants, but not of control CHO cells,
which do not express GPVI.

Together, our present findings clearly identify GPVI-Fc as a promising tool to attenuate arterial
thrombosis following vascular injury. In this context, it appears important to note that GPVI-Fc
is targeted to the exposed subendothelium at the site of vascular injury, as demonstrated by
immunohistochemistry (Fig. 3E and F). This implicates that inhibition of GPVI-collagen
interactions are likely to be restricted to the site of vascular injury, whereas a prolonged systemic
inhibition of platelet function is limited by the short in vivo half-life of unbound GPVI-Fc
(unpublished data). This is in striking contrast to other antiplatelet regimens, e.g., the
administration of monoclonal antibodies directed against GPVI, which inevitably leads to
systemic inhibition of GPVI on all circulating platelets distal from the site of injury predisposing
to undesired bleeding episodes. In addition, anti-GPVI mAbs may eventually induce immune
thrombocytopenia or a complete loss of GPVI on circulating platelets (14, 26), hampering their
use in clinical practice, while GPVI-Fc administration did not affect platelet counts. Hence, it is
appealing to speculate that the GPVI-Fc therapy might be associated with a lower risk of clinical
hemorrhage, compared with anti-GPVI mAb-based strategies. Correspondingly, we show here
that at doses sufficient to reduce platelet adhesion, the soluble form of GPVI only moderately
prolonged tail bleeding times.

In conclusion, the results of this study provide the first evidence that GPVI-Fc, a soluble, dimeric
form of GPVI, attenuates platelet adhesion under flow in vitro and following endothelial
denudation in the carotid artery of mice in vivo. This further supports the concept that
GPVI-collagen interactions play a central role in all major phases of thrombus formation, that is,
platelet tethering, firm adhesion, and aggregation at sites of arterial injury (e.g., during acute
coronary syndromes). Although the data obtained in mice cannot be directly extrapolated to the
situation in humans, the profound antithrombotic protection that was achieved by GPVI-Fc¢ hints
to the importance of selective pharmacological modulation of GPVI-collagen interactions to
control the onset and progression of pathological arterial thrombosis predominantly or even
exclusively at sites of vascular injury.
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Table 1

PCR product | Forward primer Reverse primer Cycles Annealing Plasmid
temperature name

[n] [°C]

Fc 5’ -cgcggggceggcecgegagtccaaatcttgtgacasaac-3° | 5’ -gcgggaagctttcatttacccggagacagggag-3’ 20 58 Control Fc

CD40L leader |5 - gcggggggtaccaccatggttegtetgectetge-3’ 5’ - gcgggggeggecgecgggtggttctggatggac-3’ 24 56

sequence

Human GPVI |5 -gcggggagatctaccaccatgtctccatccccgacce-3' 5’ -cgcggggcggcecgecgttgeccttggtgtagtac-3' 24 54 GPVI-Fc

(ext. domain)

Human GPVI| |5 -gccaccatgtctccatccecgaccgee-3 5'-ctatgaacataacccgeggctg-3 35 60 GPVIy

(full length)
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Figure 1. Characterization of GPVI-Fc. (a) upper panel: GPVI-Fc and control Fc lacking the extracellular GPVI domain were used for SDS-PAGE under reducing
conditions. Coomassie blue stain (left) and immunaoblotting with peroxidase-conjugated goat anti-human Fc antibody (right) identified GPVI-Fc with a molecular
mass of :80kDa. Middle panel: Immunoblotting of Fc, GPVI-Fc, or human platelets using the anti-GPVI monoclonal antibody 5C4. 5C4 detected both adenovirally
expressed GPVI-Fc fusion protein and platelet GPVI, but not the control Fc. Lower panel: Molecular mass under reducing (right) and non-reducing (left)
conditions. While the molecular mass of GPVI-Fc was ~80 kDa under reducing conditions, an :160 kDa protein was identified under non-reducing conditions. (b-d)
Characterization of GPVI-Fc collagen interactions. (b) Binding assays using different concentrations of soluble GPVI-Fc and immobilized collagen (10ug/ml) were
performed to define GPVI-Fc-collagen interactions. Bound GPVI-Fc was detected by anti-Fc mAb antibody (dilution 1:10.000) and is given relative to the binding
observed at 10ug/ml GPVI-Fc. GPVI-Fc bindsto collagen in a saturable manner. Mean + s.e.m., n=6 each GPV-Fc concentration, asterisk indicates significant
difference compared with 0 ug/ml GPVI-Fc, P < 0.05. (c, left panel) shows binding of GPVI-Fc (20 pg/ml) to various substrates. Binding of GPVI-Fc to BSA
(10ug/ml) or vWF (10ug/ml) is given as percentage of GPV1 binding to immobilized collagen. Binding of GPVI-Fc did not occur to BSA or vWF, supporting the
specificity of GPVI-Fc binding. Mean + s.e.m., asterisk indicates significant difference compared with collagen, P < 0.05. (c, right panel) illustrates binding of
GPVI-Fc (20 pg/ml) or Fc (20 pg/ml) to immobilized collagen (10 pg/ml). Bound GPVI-Fc or Fc was detected by anti-Fc mAb antibody (dilution 1:10.000) and is
given relative to the binding observed with GPVI-Fc. Only GPVI-Fc, but not Fc or anti-Fc mAb binds to immobilized collagen. Mean + s.e.m., n=8 each group,
asterisk indicates significant difference compared with GPVI-Fc binding, P < 0.05. (d) GPVI-Fc (20 pg/ml) was preincubated for 10 min with different
concentrations of soluble collagen. After incubation the plates were washed and GPVI-Fc binding was detected by peroxidase-conjugated goat anti-human IgG
antibody (dilution 1:10.000). GPVI-Fc binding is given relative to the binding observed in the absence of soluble collagen. Soluble collagen inhibits GPVI-Fc
binding to immobilized collagen in a dose-dependent manner. Mean + s.e.m., n=3 each collagen concentration, asterisk indicates significant difference compared
with O ug/ml collagen, P < 0.05.



Fig. 2

Figure 2. GPVI-Fc inhibits GPVI-dependent adhesion and thrombus formation on immobilized collagen under flow conditions. (a) Human platelets
(2x10°cells/ml) were isolated from whole blood (for details see “materials and methods”). Plates were coated with immobilized collagen (10pg/ml) or VWF
(10ug/ml). Platelet adhesion to the coated plates was determined in aparallel plate flow chamber in the presence of GPVI-Fc or Fc lacking the extracellular GPVI
domain (0.8mg/ml). Inhibition of platelet adhesion by GPVI-Fc is given. GPVI-Fc significantly attenuated platel et adhesion on immobilized collagen at shear rates
of 500sec and 1000sec™, respectively. In contrast, GPVI-Fc did not affect platelet adhesion on immobilized VWF. Mean + s.e.m., n=4 each group, asterisk
indicates significant difference compared with control Fc, P < 0.05. The lower panels show representative microscopic images (Bars represent 20um). (b)
Rhodamine-6G-label ed whole blood was perfused over collagen-coated cover dipsin aparalel plate flow chamber in the presence of 0.8mg/ml GPVI-Fc or
equimolar concentration of control Fc at a shear rate of 2000 s*. Thrombus formation was assessed by fluorescence microscopy and is given as pm? absolute
surface coverage of the collagen-coated cover dips with adherent platelets after 3min of perfusion. The right panels show representative microscopic images. (c)
GPV I-expressing GPVI-CHO-Flp-In cells or non-transfected CHO-FIp-In control cells (1 x 10° cells'ml) were allowed to adhere to immobilized collagen in the
absence or presence of GPVI-Fc or control Fc (0.8mg/ml). The adherent cells were then quantified by a colorimetric reaction (for details see “materials and
methods”). The panelsin the right show representative microscopic images.



