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Key Points The glycoprotein VI (GPVI)-Fc receptor v (FcRy) chain is the major platelet signaling receptor
for collagen. Paradoxically, in a FeCl; injury model, occlusion, but not initiation of thrombus

e Fibrin is a novel ligand for the
platelet collagen receptor,
GPVI, increasing platelet
procoagulant activity.

* Activation of GPVI by fibrin
contributes to thrombus
growth and stabilization.

formation, is delayed in GPVI-deficient and GPVI-depleted mice. In this study, we demon-
strate that GPVI is a receptor for fibrin and speculate that this contributes to development
of an occlusive thrombus. We observed a marked increase in tyrosine phosphorylation,
including the FcRy chain and Syk, in human and mouse platelets induced by thrombin in the
presence of fibrinogen and the allbB3 blocker eptifibatide. This was not seen in platelets
stimulated by a protease activated receptor (PAR)-4 peptide, which is unable to generate
fibrin from fibrinogen. The pattern of tyrosine phosphorylation was similar to that induced
by activation of GPVI. Consistent with this, thrombin did notinduce tyrosine phosphorylation

of Syk and the FcRy chain in GPVI-deficient mouse platelets. Mouse platelets underwent full spreading on fibrin but not fibrinogen, which
was blocked in the presence of a Src kinase inhibitor or in the absence of GPVI. Spreading on fibrin was associated with phosphatidylserine
exposure (procoagulant activity), and this too was blocked in GPVI-deficient platelets. The ectodomain of GPVI was shown to bind to
immobilized monomeric and polymerized fibrin. A marked increase in embolization was seen following FeCl; injury in GPVI-deficient mice,
likely contributing to the delay in occlusion in this model. These results demonstrate that GPVI is a receptor for fibrin and provide evidence
that this interaction contributes to thrombus growth and stability. (Blood. 2015;126(13):1601-1608)

Introduction

Glycoprotein VI (GPVI) is an immunoglobulin superfamily receptor
expressed on the surface of platelets in association with the Fc re-
ceptor vy chain (FcRvy chain). Ligand binding of GPVI results in
receptor clustering and Src kinase-dependent tyrosine phosphory-
lation of the FcR+y chain immunoreceptor tyrosine-based activation
motif. This initiates a signaling pathway involving Src and Syk
tyrosine kinases and various adapter proteins and results in activation
of phospholipase-C y2."

GPVl is the major signaling receptor for the extracellular matrix
protein, collagen,”™ and is also activated by other endogenous li-
gands including laminin,>® adiponectin,” and the immunoglobulin
superfamily protein extracellular matrix metalloproteinase inducer
(EMMPRIN; CD147/Basigin).® GPV1 is also activated by a variety
of exogenous and synthetic ligands including collagen-related
peptide, which consists of glycine-proline-hydroxyproline repeats’;
the snake venom toxin, convulxin'®'"; various artificial peptides
including 4N1-1 and LSARLAF; antisense nucleotides ! 2; and diesel
exhaust particles.'?

GPVI plays a critical role in hemostasis and thrombosis through
integrin activation, supporting adhesion and the initial stages of platelet
aggregation. Despite this, patients and mice deficient in GPVI exhibit
mild or no apparent impairment in hemostasis due to compensatory

pathways of initiation of platelet activation including tissue factor-
driven thrombin generation'* and adenosine diphosphate release from
damaged cells. GPVI also plays a critical role in the maintenance of
a healthy endothelial cell layer, a process known as vascular integrity.'

The contribution of GPVI to thrombosis varies according to the
experimental model. This is illustrated by its role in FeCl; and laser
injury models, which is dependent on the level of injury to the vessel
wall and the degree of exposure of the subendothelial matrix.'®"' In
the absence of a breach in the endothelium, thrombus formation is
mediated by endothelial cell activation, leading to tissue factor ex-
posure and thrombin generation.'”*

The focus of research on GPVI in hemostasis and thrombosis has
been on its interaction with collagen. Paradoxically, however, the
time to occlusion rather than initiation of thrombus formation has
been shown to be prolonged in GPVI-deficient and GPVI-depleted
mice following FeCl; injury, suggesting a role for GPVI in thrombus
growth,'® even though collagen is only thought to play a role at the
site of lesion. In the present study, we provide an explanation for this
paradox by demonstrating that GPVI s a receptor for fibrin, which is
generated from fibrinogen by the action of thrombin. Thus, GPVI
is a receptor for both collagen and fibrin and plays a critical role in
thrombus growth and in initiating thrombus formation.
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Methods

Reagents

Human fibrinogen was obtained from Enzyme Research Laboratories (Swansea,
UK). The a-phospho-tyrosine (4G10) monoclonal antibody was from Millipore
(Abingdon, UK). Alexa-488 fibrinogen, Alexa-488 phalloidin, and Alexa-568
phalloidin were from Molecular Probes (Life Technologies, Paisley, UK). The
a-Syk antibody (SC-573) was from Insight Biotechnology (Wembley, UK). The
a-CLEC-2 antibodies (AYP1 and AYP2) have been described previously.?'
Fluorescein isothiocyanate (FITC) Annexin V was from BD Bioscience (Oxford,
UK). FITC-conjugated a-mouse allbB3, o2, CLEC-2 (C-type lectin-like
receptor-2), GPIba,, GPV, GPVI, GPIX, and immunoglobulin (Ig)G antibodies
were from Emfret Analytics (Wiirzburg, Germany). Dasatinib was from LC
Laboratories (Woburn, MA). Protease activated receptor (PAR)-4 peptide (Ala-
Tyr-Pro-Gly-Lys-Phe: AYPGKF) was produced by Alta Bioscience (Birming-
ham, UK). Horseradish peroxidase (HRP)-conjugated secondary antibodies and
enhanced chemiluminescence reagent were from Amersham Biosciences (GE
Healthcare, Bucks, UK). HRP-conjugated secondary antibody for enzyme-
linked immunosorbent assay (ELISA) was from Dako (Ely, UK). The a-GPVI
antibody (1A12) was provided by Dr Elizabeth Gardiner (Melbourne, Australia).
SuperSignal ELISA Pico chemiluminescent substrate was from Pierce (Rock-
ford, IL). All other reagents were purchased from Sigma-Aldrich (Poole, UK).

Mice

Gp6~'~ mice (GPVIKO) were provided by Dr Jerry Ware.? Itga2b ™'~ mice
(allb-deficient mice) have been previously described.>* Wild-type mice
(WT) were generated from breeding of heterozygotes or purchased from
Harlan Laboratories (Hillcrest, UK). All procedures were undertaken with
UK Home Office approval under PPL30/2721 and PPL30/8286.

Washed platelet preparation

Blood was drawn from CO,-asphyxiated mice or from consenting, healthy, drug-
free volunteers into 10% acid citrate dextrose or sodium citrate, respectively. Eth-
ical approval for the donation of blood by volunteers was granted by Birmingham
University Internal Ethical Review (ERN_11-0175). Washed platelets were ob-
tained by centrifugation using prostacyclin and resuspended in modified
Tyrode’s buffer (134 mM NaCl, 0.34 mM Na,HPO,, 2.9 mM KCl, 12 mM
NaHCOs3, 20 mM HEPES (4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid),
5 mM glucose, and 1 mM MgCl,; pH 7.3) as previously described.?* Platelets
were used at 2 X 107/mL for static adhesion or 5 X 10%/mL for other studies.

Protein phosphorylation

Washed platelets were pretreated with 9 WM eptifibatide (where stated), 10 uM
indomethacin, and 2 U/mL apyrase or solvent controls. Platelets were stimulated
with thrombin (1 U/mL) or PAR-4 peptide (AYPGKEF; 150 M) at 37°C with
stirring (1200 rpm) in an aggregometer for 60 seconds. Where stated, stimulations
were performed in the presence of fibrinogen (200 w.g/mL) and GPRP (Gly-Pro-
Arg-Pro; 5 pM). Activation was terminated with 2X ice-cold lysis buffer
(300 mM NaCl, 20 mM Tris, 2 mM EGTA, 2 mM EDTA, and 2% IGEPAL CA-
630 [NP-40 equivalent], pH 7.4, plus 2.5 mM Naz;VO4, 100 pg/mL AEBSF
(4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride), 5 wg/mL leupeptin,
5 pg/mL aprotinin, and 0.5 pg/mL pepstatin). Whole cell lysates (WCLs) were
prepared by boiling a sample of lysate with sodium dodecyl sulfate (SDS) sample
buffer. Syk was immunoprecipitated with a-Syk antibody (SC-573) and protein
A-Sepharose beads for 2 hours. The beads were then washed, and proteins were
eluted by boiling in SDS sample buffer. Inmunoprecipitates (IPs) and WCLs
were then separated by SDS-polyacrylamide gel electrophoresis, electro-
transferred, and western blotted. Western blots were imaged with a Licor
Odyssey-FC (Cambridge, UK) or autoradiographic film.

Platelet spreading

Coverslips were coated in the presence of 200 pwg/mL fibrinogen (£5 uM
GPRP) for 60 minutes, followed by washing with phosphate-buffered saline
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(PBS) and then blocking with 5 mg/mL heat-inactivated bovine serum
albumin for 60 minutes. Fibrin-coated coverslips were generated by the
addition of 1 U/mL thrombin for 15 minutes to coverslips that had been in-
cubated with 200 pg/mL fibrinogen for 30 min. Thrombin was neutralized by
addition of 5 U/mL hirudin for 30 minutes. Following coating, coverslips
were washed and blocked with 5 mg/mL heat-inactivated bovine serum
albumin for 60 minutes.

Platelets were spread on fibrinogen or fibrin for 45 minutes at 37°C before
washing with Tyrode’s buffer followed by fixation with paraformaldehyde
(3.7%). Where stated, platelets were preincubated with dasatinib (10 uM) or
hirudin (5 U/mL). For actin staining, platelets were permeabilized with 0.1%
Triton X-100 and stained with Alexa-488 phalloidin for 45 minutes. In some
studies, Alexa-488 fibrinogen was used for fluorescent imaging to monitor
conversion to fibrin, in which case platelets were counterstained with Alexa-
568 phalloidin for 45 minutes. For phosphatidylserine (PS) staining, platelets
were incubated with FITC-Annexin V in Tyrode’s buffer plus 2 mM CaCl,
for a further 15 minutes, followed by fixation and counterstaining for actin
using Alexa-568 phalloidin for 45 minutes. Platelets were imaged on a Zeiss
Axiovert 200M microscope. Platelet surface area was analyzed using ImageJ
(National Institutes of Health, Bethesda, MD).

Flow cytometry

Surface glycoprotein expression was measured in WT and GPVI-deficient
mouse platelets by staining whole blood with selected FITC-conjugated
antibodies and analyzing with a BD Accuri C6 flow cytometer (BD Bio-
sciences, Oxford, UK).

GPVI ELISA

Binding of GPVTI to fibrin/fibrinogen was measured using an adapted version
of a soluble GPVI ELISA.?® Wells of a Nunc Maxisorp micro-titer plate
(Thermo Scientific, Paisley, UK) were coated with fibrin/fibrinogen using the
same protocol as above. Wells were washed 6 times with 100 wL of PBS-
tween (PBS-T) (0.2%), blocked with 1% (w/v) bovine serum albumin for 1
hour at room temperature, and then washed 6 times with PBS-T. GPVI
ectodomain (prepared from N-ethylmaleimide [NEM]-treated plasma) was
added to the wells for 1 hour at room temperature, followed by washing 6
times with PBS-T. A standard curve was generated by a serial dilution of
GPVI ectodomain into GPVI-depleted plasma. Primary antibody (1A12; 1
pg/mL) was then incubated for 1 hour followed by 6 washes. Secondary
o-mouse HRP-conjugated antibody (2.6 pg/mL) was then incubated for 1
hour, followed by 6 washes, followed by 100 wL SuperSignal substrate for 1
minute. Light emission was measured using a Wallac-Victor2 lumines-
cence plate reader (PerkinElmer, Waltham, MA) for 10 s/well. Amounts of
bound GPVI were calculated from the standard curve.

Intravital microscopy

Four- to 5-week-old WT or GPVI KO mice?® were anesthetized, and the
mesentery was exteriorized through a midline abdominal incision. Arterioles
(40-60 pm diameter) were visualized with a Zeiss Axiovert 200 inverted
microscope (X 10) equipped with a 100-W HBO fluorescent lamp source
and a CoolSNAP-EZ camera (Visitron Systems, Puchheim, Germany).
Digital images were recorded and analyzed offline using Metavue software.
Injury was induced by topical application of a droplet of FeCl; from 3-mm?
filter paper saturated with 20% FeCls. The droplet rapidly dissipated
through the vessel. Adhesion and aggregation of fluorescently labeled
platelets (Dylight-488—conjugated a-GPIX Ig derivative) in arterioles were
monitored for 40 minutes or until complete occlusion occurred (blood flow
stopped for >1 minute).

Statistical analysis

Statistical analysis was by analysis of variance with a Bonferroni posttest, or
for the ELISA, a 1-tailed Student 7 test. For in vivo experiments, results are
shown as the mean * standard deviation of a minimum of 6 mice. Statistical
analysis was by Student 7 test.
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Results

Fibrin stimulates tyrosine phosphorylation in human and
mouse platelets through GPVI

The binding of fibrinogen to integrin alIbB3 induces outside-in sig-
naling leading to activation of Src and Syk tyrosine kinases and a
signaling cascade that culminates in activation of phospholipase-C
~v2.2728 In addition, alIbB3 is a receptor for fibrin, which binds to
multiple sites in the allb B-propeller.® It is not known, however,
whether binding of fibrin to the integrin also induces outside-in
signaling. To address this, we compared tyrosine phosphorylation in
human platelets stimulated by thrombin, which stimulates fibrin for-
mation, and by a PAR-4 peptide. The contribution of fibrin polymers to
tyrosine phosphorylation in this assay can be established using GPRP,
which blocks polymerization of fibrin monomers.

Thrombin stimulates tyrosine phosphorylation in human platelets
under aggregating conditions, which is slightly increased in the pres-
ence of added fibrinogen (supplemental Figure 1, available on the
Blood Web site). A similar increase in tyrosine phosphorylation is
induced by the PAR-4 peptide. For both agonists, tyrosine phosphor-
ylation is marginally reduced or unaltered in the presence of GPRP.
These results indicate that fibrin does not play a major role in mediating
tyrosine phosphorylation under aggregating conditions, which is
predominantly mediated through binding of fibrinogen to integrin
allbB3 as previously reported.**>

A role for fibrin in mediating tyrosine phosphorylation may,
however, be masked by outside-in signaling by fibrinogen. To address
this, we performed studies in the presence of eptifibatide, which blocks
the binding of fibrinogen to aIIbB3. Under these conditions, thrombin
stimulates a much smaller increase in tyrosine phosphorylation in
platelet lysates, which is increased significantly in the presence of
fibrinogen, including a band of 72 kDa, which was identified as Syk
by immunoprecipitation and western blotting (Figure 1Ai). (A decrease
in Syk signal in the Syk reprobes corresponds with the increase in
phosphorylated Syk. This is due to the blotting antibody not detecting
phospho-Syk.) In addition, a tyrosine phosphorylated band of 14 kDa
was present in Syk immunoprecipitates, which corresponds to the FcRy
chain. The marked increase in tyrosine phosphorylation, including Syk
and the FcRy chain, is blocked in the presence of GPRP, indicating that
it is mediated by fibrin polymerization. In contrast, tyrosine phosphor-
ylation induced by a PAR-4 peptide (which is unable to generate fibrin)
is not altered in the presence of added fibrinogen or GPRP. A similar set
of results was seen in mouse platelets stimulated by thrombin and by the
PAR-4 peptide in the presence of eptifibatide (Figure 1Aii; data not
shown). These results show that fibrin increases tyrosine phosphory-
lation in human and mouse platelets, including Syk and the FcRy chain.

We used allb-deficient mouse platelets to investigate whether
integrin allbB3 is required for the increase tyrosine phosphorylation
induced by fibrin in the presence of eptifibatide (in view of the pos-
sibility that the increase was mediated by binding of fibrin to a separate
site on the integrin). As shown in Figure 1Bi, tyrosine phosphorylation,
including Syk and the FcRy chain, was again induced by thrombin in
the presence of fibrinogen despite the absence of allb-integrin subunit,
and this was blocked in the presence of GPRP. These results
demonstrate that fibrin stimulates tyrosine phosphorylation of Syk
and the FcRy chain in mouse platelets independent of the major platelet
integrin, allb@3.

The pattern of tyrosine phosphorylation was similar to that in-
duced by activation of GPVI, including phosphorylation of the FcRy
chain. To investigate a possible role for GPVI, we studied the effect
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of thrombin in mouse platelets deficient in GPVI in the presence of
eptifibatide to block binding of fibrinogen to integrin aIIbf33. Plate-
lets from these mice have ~50% of the WT level of the GPVI-
binding partner, the FcRy chain, whereas the level of other major
platelet glycoprotein receptors was similar to that in WT platelets
(supplemental Figure 2). Further, activation of platelets by thrombin
is not altered in GPVI-deficient mice (data not shown), suggesting
that the levels of PAR-4 are unchanged. Fibrin stimulated only a
minor increase in tyrosine phosphorylation in GPVI-deficient plate-
lets and failed to induce phosphorylation of Syk or the FcRy chain
(Figure 1Bii). The minor increase in phosphorylation in platelet
lysates was not altered in the presence of GPRP (Figure 1Bii). These
results demonstrate that the marked increase in tyrosine phosphor-
ylation, including the FcRvy chain and Syk, by fibrin in platelets is
mediated by GPVL.

The podoplanin receptor CLEC-2, which signals through a similar
pathway to that of GPVI, was not phosphorylated (supplemental
Figure 3), ruling out a role for the C-type lectin-like receptor in the
response to fibrin.

Fibrin stimulates platelet spreading and procoagulant activity
via GPVI

We next asked whether activation of GPVI by fibrin could induce
platelet activation. To address this, we monitored spreading of mouse
platelets on a fibrin surface and compared this to spreading on fibrinogen.
To ensure a similar level of coating of fibrin and fibrinogen, coverslips
were coated with fibrinogen prior to treatment with thrombin (hirudin
was later added to block thrombin as described in the methods). We used
Alexa-488 fibrinogen to visualize fibrin and fibrinogen. Fibrinogen
forms a homogenous surface on the coverslip, which was converted to
a heterogeneous network of fibrin following treatment with thrombin.
Large areas of fibrin are easily distinguishable (supplemental Figure 4),
but following longer exposures, smaller areas of fibrin can be seen. Both
large and smaller coatings of fibrin are associated with platelet adhesion
and spreading (Figure 2A; data not shown).

Mouse platelets form actin stress fibers and lamellipodia sheets on
polymerized fibrin but not on fibrinogen, which induces formation of
filopodia and partial lamellipodia (Figure 2B). Actin nodules® and
filopodia can be seen in platelets that have undergone partial spreading,
which is likely to reflect an earlier stage of spreading on fibrin (data not
shown). Spreading on fibrin is blocked by the Src kinase inhibitor
dasatinib but unaltered in the presence of hirudin, demonstrating that it
is not mediated by residual thrombin (Figure 2B). Spreading of platelets
on fibrin was abolished in the absence of GPVI (Figure 2C), dem-
onstrating that fibrin induces spreading through the collagen receptor.
Fibrin also supports full spreading of human platelets (supplemental
Figure 5).

Interestingly, mouse platelets underwent full spreading on fibrin
in the presence of GPRP, which prevents polymerization of fi-
brin (Figure 3A). This demonstrates both fibrin monomers and fibrin
polymers are able to induce full spreading of platelets, indicating that
they share the epitope for binding to, and activation of, GPVI. The
inhibitory effect of GPRP on GPVI activation in suspension studies as
shown in Figure 1 is likely to be due to loss of avidity (and therefore the
ability to crosslink GPVI) rather than loss of binding to fibrin. This is
overcome by presentation of fibrin monomers on a 2-dimensional
surface. We modified a previously described ELISA assay® to verify
that monomeric and polymerized fibrin bind to GPVI. Using this assay,
we observed a similar level of binding of the ectodomain of GPVI to
fibrin monomers and fibrin polymers (Figure 3B). In contrast, GPVIdid
not bind to immobilized fibrinogen (Figure 3B).
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Figure 1. Fibrin stimulates tyrosine phosphoryla-
tion in a GPVI-dependent manner. Platelets from (Ai)
human, (Aii) mice, (Bi) allb-deficient mice, and (Bii)
& = o GPVI-deficient mice were stimulated with thrombin
(1 U/mL) or PAR-4 peptide (150 wM) in the presence of
eptifibatide and, where shown, fibrinogen (200 pg/mL)
and GPRP (5 p.M). Stimulations were stopped after (A)
1 or (B) 3 minutes with the addition of 2 lysis buffer.
A sample of the WCL was removed, and the remaining
lysate was used to IP Syk. WCLs and IPs were sep-
arated by SDS-polyacrylamide gel electrophoresis and
western blotted for pTyr, Syk, and the FcRy chain,
which coprecipitates with Syk. The results are shown
as representative of 3 experiments.
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During the latter stages of platelet activation, phosphatidylserine
(PS) is exposed on the outer leaflet of the plasma membrane and
provides a negatively charged, procoagulant surface for the generation
of thrombin. This process is important for thrombus formation in vivo
as it generates thrombin on the platelet surface, which serves both as
a positive feedback step in platelet activation and mediates conversion
of fibrinogen to fibrin, thereby stabilizing the thrombus. As fibrin gen-
eration is an integral part of this positive feedback loop, and activation
of GPVlIis associated with PS exposure, we determined whether fibrin
induces PS exposure in platelets by measurement of binding of FITC-
conjugated Annexin V.** Fibrin induced a threefold increase in
number of PS-exposing platelets compared with fibrinogen, which
was inhibited in GPVI-deficient platelets (Figure 4A). Thus, fibrin
stimulates PS exposure through activation of GPVIL.

Time to occlusion but not initiation of thrombus formation
following FeCl; injury is diminished in GPVI-deficient platelets

The observation that GPVI is a receptor for fibrin raises the question
as to whether the delayed occlusion in a FeCls injury model'® is due
to loss of activation of GPVI by fibrin rather than by collagen, which
is not present in the growing thrombus. To address this, we studied
thrombus formation by intravital fluorescence microscopy following

80— | 80— pecl) =
58—!.- WB: 4G10 53_--. WB: 4G10
46— T 46—

WB: 4G10

so_ WB: Syk

FeClz-injured mesenteric arterioles in GPVI-deficient mice. The
onset of aggregation occurred at similar times after injury in WT and
GPVI-deficient mice, indicating that it was likely to be mediated
by endothelial cell activation rather than by exposure to collagen
(Figure 4B; supplemental Video). Complete vessel occlusion was
observed within 20 minutes in WT vessels'® (data not shown). In
contrast, vessel occlusion was markedly delayed or absent in GPVI-
deficient mice, and constant embolization was seen (Figure 4B;
supplemental Video). The rate of embolization from thrombi of
>10 wm was increased by 6.6-fold in GPVI-deficient mice. Conse-
quently, most vessels remained open or occlusion was significantly
delayed. These results demonstrate a critical role for GPVIin throm-
bus stabilization relative to thrombus initiation in this model of
FeCl; injury.

Discussion

Until now, the focus on the role of GPVI in hemostasis and throm-
bosis has been on the onset of response because of expression of
the ligands collagen and laminin in the subendothelial matrix.
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Figure 2. Fibrin stimulates spreading in a GPVI-dependent manner. Fibrinogen was coated onto glass coverslips and converted into fibrin by treatment with thrombin.
Hirudin was used to neutralize any residual thrombin before washing and blocking. (A) Alexa-488 fibrinogen was used to visualize fibrin formation. Platelets (2 x 107/mL) were
allowed to spread on coated coverslips, followed by actin staining with Alexa-568 phalloidin. Scale bar, 5 um. (B) Platelets (2 x 107/mL) were allowed to spread on
nonfluorescent fibrinogen or fibrin-coated coverslips, followed by actin staining with Alexa-488 phalloidin. Where shown, platelets were preincubated with dasatinib (10 wM) or
hirudin (5 U/mL). Scale bar, 5 um. (C) WT or GPVI KO platelets were allowed to spread on fibrinogen or fibrin-coated coverslips, followed by actin staining with Alexa-488
phalloidin. Scale bar, 5 um. The results are shown as mean =+ standard error of the mean (SEM) of 3 experiments. **P < .01; ***P < .001.

Strikingly, however, a marked delay in vessel occlusion rather than in
initiation of thrombus formation is seen in mice deficient in GPVI in
aFeCl; injury model, indicating a role for GPVI in thrombus growth. '
In the present study, we identify fibrin as a novel ligand for GPVI. We
speculate that loss of this interaction mediates the delay in vessel
occlusion and the increase in embolization in GPVI-deficient mice
following topical FeCl; injury.

The interaction of fibrinogen with platelets is dependent on sus-
tained activation of the integrin through the platelet adenosine di-
phosphate receptor P2Y,*° but becomes irreversible over time as
a result of conversion to fibrin. Fibrin is formed from fibrinogen by
the action of the protease thrombin. Thrombin exposes a site of in-
teraction allowing the fibrin monomers to polymerize. These are then

A Fibrin + B
GPRP

crosslinked by factor XIlla, forming covalently linked polymers.
Fibrin polymers stabilize the growing thrombus through cross-
linking of surface receptors, including integrin allb3, and by clot
retraction, which links the integrin to the platelet cytoskeleton. The
interaction of fibrin and fibrinogen with alIbf3 is mediated through
distinct epitopes. Fibrinogen binds to allbB33 via the carboxy-terminal
peptide sequence of the yC-peptide (GAKQAGDV). In contrast, fibrin
binds to the integrin through a unique sequence in the yC-peptide,
ATWKTRWYSMKK, which binds to the aIIb B-propeller.”®*° The
distinct roles of these epitopes are illustrated by the differential effects
of mutation of these sequences on adhesion and clot retraction.*”-3®
In the present study, we show that fibrin but not fibrinogen activates
GPVI, thereby indicating the presence of additional functional

*
20 —
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Fibrin Fibrin

+ GPRP

Fibrinogen

Figure 3. Fibrin polymerization is not essential for platelet spreading or GPVI binding. (A) Fibrinogen was coated onto glass coverslips and converted into fibrin by
treatment with thrombin. GPRP (5 pM) was used to inhibit polymerization of fibrin monomers. Hirudin was used to neutralize any residual thrombin before washing and
blocking. Platelets (2 X 107/mL) were allowed to spread, followed by actin staining with Alexa-488 phalloidin. Scale bar, 5 um. The results are representative of 3 experiments.
(B) Fibrinogen was coated onto the wells of Nunc Maxisorp plates and converted into fibrin by treatment with thrombin. GPRP (5 M) was used to inhibit polymerization of
fibrin monomers. The ectodomain of GPVI was incubated, and following washing, adherent GPVI was detected with a HRP-conjugated antibody. The results are shown as

mean = SEM of 3 experiments performed in duplicate. *P < .05; **P < .01.
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differences between the closely related matrix proteins. Further
work is required to establish the structural basis of this.

In our initial experiments, we asked whether fibrin stimulates
tyrosine phosphorylation in human and mouse platelets through integrin
ollbB3. Under aggregating conditions, fibrin polymerization is as-
sociated with a relatively minor increase in tyrosine phosphoryla-
tion, most likely because this is masked by fibrinogen-dependent
ollbB3-outside-in signaling. Consistent with this, tyrosine phos-
phorylation is dramatically reduced by the aIlbf33-blocker eptifiba-
tide, which blocks binding of fibrinogen but not fibrin to the integrin.
Tyrosine phosphorylation is markedly increased, however, in the
presence of added fibrinogen and eptifibatide following stimulation
by thrombin but not a PAR-4 peptide, with the FcR+y chain and Syk
being identified as major phosphorylated proteins. Studies on
mouse platelets deficient in the integrin subunit aIIb confirmed that
phosphorylation is independent of integrin allbR3.

An increase in FcRvy chain and Syk phosphorylation is indicative
of GPVI activation. Consistent with this, tyrosine phosphorylation of
the FcRy chain and Syk by fibrin was abolished in GPVI-deficient
platelets, which express 50% of the WT level of the FcRy chain and
normal levels of the other major platelet glycoprotein receptors. The
increase in phosphorylation was blocked by GPRP, demonstrating that
it is mediated by fibrin polymers and not by monomeric fibrin. How-
ever, both immobilized monomeric and polymerized fibrin induce
spreading of platelets, demonstrating that polymerization is not essential
for binding and activation of the glycoprotein receptor. Further, ac-
tivation of GPVI by immobilized fibrin leads to PS exposure, which
is also abolished in GPVI-deficient platelets. This suggests that on a
monolayer, the avidity of the fibrin surface is able to support GPVI
activation in the absence of crosslinking of fibrin. In solution, fibrin
requires polymerization to induce clustering and activation of GPVIL.

0
Fibrinogen Fibrin
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Figure 4. GPVI KO platelets have reduced PS
exposure and reduced thrombus stability. (A) WT
Fkk or GPVI-deficient platelets were allowed to spread on
[=R4) fibrinogen or fibrin-coated coverslips, followed by in-
: e cubation with FITC-Annexin V. Actin was counterstained
with Alexa-568 phalloidin to count total number of ad-
herent platelets (data not shown). Scale bar, 20 um. The
results are shown as mean + SEM of 3 experiments. (B)
Representative fluorescent images before and after
injury. Asterisk indicates vessel occlusion. Emboliza-
tion rate was determined by counting embolized thrombus
fragments (size > 10 wm) after an initial thrombus had
formed (thrombus size = 10 pm). Observation period:
40 minutes or until vessel occlusion. The results are shown
as mean = standard deviation of =6 mice. ***P < .001.

aowr
@l GPVIKO

Confirmation of binding of GPVI to both monomeric and polymerized
fibrin was shown using a modified ELISA.

This study therefore adds to the growing number of ligands of the
collagen receptor on platelets, which includes the endogenous proteins,
laminin, adiponectin, and EMMPRIN, as well as a range of miscel-
laneous exogenous ligands including small charged peptides, sulfated
sugars, antisense nucleotides, and diesel particles.'*"?

This work is of significance with regard to the delay in occlusion and
increased embolization that is seen following FeCl; injury in GPVI-
deficient mouse platelets, which we speculate is due to loss of platelet
activation by fibrin and a corresponding reduction in aggregation and
PS exposure and therefore reduced thrombin generation. Following
submission of this manuscript, Mammadova-Bach et al*’ demonstrated
that fibrin supports thrombin generation in human platelets through
activation of GPVI. We therefore propose that activation of GPVI by
fibrin plays a key feedback role in promoting coagulation and thrombin
formation during hemostasis and thrombosis.

These findings add to the potential significance of GPVI as an
antithrombotic target***! by extending its role to the propagation of an
occlusive thrombus. This unexpected role, coupled with its relatively
minor role in hemostasis as shown by the mild bleeding seen in GPVI-
deficient human and mouse platelets,”>*>*® indicates that targeting the
binding of fibrin to GPVI may prevent vessel occlusion at sites of
arterial thrombosis, without causing a major bleeding diathesis.
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