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Abstract

Background—Interaction of resting platelets with exposed components of the subendothelial
matrix is an important early activating event that takes place at sites of vascular injury. Platelet
responses to collagen are mediated by the integrin a2p1 and the glycoprotein (GP)VI/Fc receptor
(FcR)y chain complex, while platelet activation by laminin is mediated by the related integrin,
a6B1, and similarly requires signaling through GPVI/FcRy.

Objective—Because the cell adhesion and signaling receptor, PECAM-1, has previously been
shown to dampen collagen-induced platelet activation, we sought to determine whether PECAM-1
might similarly regulate platelet activation by laminin.

Methods/Results—We found that PECAM-1 became tyrosine phosphorylated on its
cytoplasmic ITIMs following adhesion of either human or murine platelets to immobilized
laminin. While the presence or absence of PECAM-1 had no effect on either the rate or extent of
platelet adhesion or spreading on laminin, PECAM-1 inhibited laminin-induced phosphorylation
of GPVI/FcRy chain ITAMs, activation of its downstream effector, Syk kinase, and suppressed
granule secretion.

Conclusion—Taken together, these data are consistent with previous findings in platelets and
other blood and vascular cells that PECAM-1 functions by modulating ITAM-mediated signaling
pathways that amplify cellular activation.
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INTRODUCTION

Breach of the vascular endothelium results in rapid adhesion of platelets to the underlying
basement membrane — an extracellular matrix sheet composed of glycosaminoglycans, type
IV collagen, fibronectin, von Willebrand factor, and one or more members of the laminin
family of adhesive glycoproteins [1]. Platelet adhesion to collagen, and to a lesser extent,
laminin, initiates a series of biochemical reactions that result in tyrosine phosphorylation of
cytoplasmic enzymes and adaptor proteins, calcium mobilization from cytosolic stores,
polymerization of cytoskeletal proteins that drive shape change and spreading, rapid
conformational activation of cell-surface integrins that enable high-affinity binding to
adhesive ligands, and secretion of the contents of platelet alpha and dense granules (for a
review, see references [2] and [3]). Together, these events constitute primary hemostasis,
and allow formation of a platelet plug designed to prevent blood loss at sites of vascular
injury.

The glycoprotein (GP)VI/FcRy chain complex is a critical mediator of adhesion-induced
platelet activation, operating via GPVI-associated Src-family kinases that, upon ligand
binding, phosphorylate tyrosine residues located within Immunoreceptor Tyrosine-base
Activation Motifs (ITAMs) located within cytoplasmic domain of the FcRy chain.
Phosphorylated FcRy serves as a docking site for the tyrosine kinase Syk which, with the
help of adaptor proteins LAT, SLP76, and Gads, and the tyrosine kinase Btk, activates
phospholipase C (PLC)y2 and/or PLCy1, which via their lipase activity generate lipid
products that support a multitude of cellular activation responses, including calcium
mobilization, platelet spreading, integrin activation, and granule secretion [4].

While many of the biochemical events associated with adhesion-initiated platelet activation
have been elucidated, the identity and mechanism of action of those receptors that set a
physiological threshold for platelet activation and/or return platelets to a resting state is
much less well-understood. Of these, the Immunoreceptor Tyrosine-based Inhibitory Motif
(ITIM) — bearing inhibitory receptor, PECAM-1 is perhaps the best characterized.
PECAM-1 is a 130 kDa member of the Ig-ITIM family that is expressed on platelets,
leukocytes and endothelial cells. In leukocytes, PECAM-1 has been shown, upon co-ligation
with the TCR, to attenuate calcium release from intracellular stores [5], and can also exert its
inhibitory function by suppressing cytokine production [6-9]. In endothelial cells, PECAM-1
has been shown to inhibit apoptotic signals that activate the intrinsic, Bax-mediated pathway
of programmed cell death [10-13]. In platelets, numerous laboratories have demonstrated
that PECAM-1 inhibits low-dose collagen-induced platelet activation — an effect that has
been observed both in vitro and in vivo [14-18]. Interestingly, it appears that PECAM-1 does
so by regulating granule secretion — a key amplifier of platelet activation and thrombus
formation.

Collagen- and laminin-induced platelet activation have been shown to be mechanistically-
linked via their use of the GPVI/FcRy-chain complex to send activation signals into the cell
downstream of ligand binding to integrins a2pland a6p1, respectively [19]. Because
PECAM-1, has previously been shown to dampen collagen-induced platelet activation, we
sought to determine whether PECAM-1 might similarly regulate platelet activation by
laminin. Our findings provide further support for the notion that PECAM-1 functions to
regulate biochemical and cell biological events that amplify platelet activation responses.
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Laminin from human placenta, bovine serum albumin, tetramethylrhodamine isothiocyanate
(TRITC)-labeled phalloidin, and prostaglandin E; (PGE7) were purchased from Sigma-
Aldrich (St Louis, MO). Soluble calf skin collagen was obtained from BioData (Horsham,
PA) and collagen-related peptide (CRP) was synthesized by the Protein Chemistry Core
Laboratory of the Blood Research Institute, BloodCenter of Wisconsin. Mouse anti-human
PECAM-1 monoclonal antibody (mAb), PECAM-1.3, and rabbit anti-human PECAM-1
polyclonal antibody (pAb), SEW 32-34 have been previously described [5]. Rat anti-mouse
PECAM-1 mAb, 390, was generously provided by Dr. Steven Albelda (University of
Pennsylvania, Philadelphia, PA) and has also been also previously described [20]. Goat anti-
mouse PECAM-1 (clone M-20) pAb and rabbit anti-SHP-2 (clone C-18) pAb were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Unconjugated and fluorescein
isothiocyanate (FITC)-conjugated rat anti—integrin a6 (clone GoH3) mAbs and
phycoerythrin (PE)-conjugated rat anti-mouse integrin a2 (clone 3H1480) mAbs were
obtained from Abcam (Cambridge, MA). Horseradish peroxidase (HRP)-conjugated mouse
anti—phospho-tyrosine (PY-20) was obtained from Zymed (San Francisco, CA). Rabbit anti-
FceRl, anti-FcRy-chain pAbs and mouse anti—phosphotyrosine (clone 4G10) were obtained
from Upstate (Lake Placid, NY). PE-conjugated rat anti-mouse PECAM-1 (clone MEC
13.3) mAb was obtained from BD Biosciences (Franklin Lakes, NJ). The rat anti-mouse
GPVI (clone JAQ1) mAb and PE-conjugated rat anti-mouse integrin allbp3 (clone JON/A)
mADb were purchased from Emfret Analytics (Wirzburg, Germany). JAQ1 antibodies were
further conjugated with Alexa Fluor 647 using a labeling kit (Invitrogen, Eugene, OR).
HRP-conjugated secondary antibodies used for western blot analysis were purchased from
Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). For flow cytometry,
appropriate conjugated and isotype-matched antibodies were purchased either from
Molecular Probes (Invitrogen) or Pharmingen (BD Biosciences). Calcein-AM was
purchased from Molecular Probes and (14C) serotonin was obtained from GE Healthcare
(Piscataway, NJ).

Preparation of murine and human platelets—PECAM-1-deficient mice on a C57BL/
6J background were housed and bred in pathogen-free conditions at the Animal Resource
Facility of the Medical College of Wisconsin. PECAM-1-negative mice were genotyped by
polymerase chain reaction (PCR) and either wild-type littermates or age- and sex-matched
wild-type mice used as a controls. Whole blood was obtained from the inferior vena cava
using a syringe containing 0.1 volume of 3.8% sodium citrate. Blood from healthy human
volunteers was obtained by venipuncture into tubes containing 10% acid-citrate-dextrose
(ACD). Blood samples were diluted 1:5 with modified Tyrodes-HEPES buffer (10 mM
HEPES [pH 7.4], 12 mM NaHCO3, 137 mM NaCl, 2.7 mM KCI, 5 mM glucose, 0.25%
bovine serum albumin [BSA]) and prostaglandin E1 (PGE1) added to a final concentration
of 50 ng/mL. Platelet-rich-plasma (PRP) was obtained following centrifugation for 10
minutes at 300g, transferred into a fresh tube, and platelets pelleted at 700g before
resuspension in modified Tyrodes-HEPES buffer at 2 x 107 platelets per ml for platelet
spreading assays, 1 x 108 platelets per ml for adhesion, flow cytometry, and serotonin
release assays, or 6 x 108 platelets per ml for immunoprecipitation/immunoblot analysis.

Quantitative platelet adhesion assays—Adhesion to immobilized substrates was
performed as previously described [14,14], with minor modifications. Briefly, 96 well
Immulon-2HB microtiter plates (Dynex Technologies, Chantilly, VA) were coated overnight
at 4°C with various concentrations of human laminin or calf soluble collagen. After washing
and blocking 3% BSA. Calcein-AM-loaded platelets in modified Tyrodes-HEPES buffer
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containing 2 mM MgCl, were added to each of triplicate wells and incubated at 37°C for 60
minutes under static conditions. Total fluorescence was determined using a fluorescence
plate reader (Cytofluor 4000, PerSeptive Biosystems, Framingham, MA) at 485 nm
excitation and 530 nm emission wavelengths. Wells were rinsed with Tyrodes-HEPES
buffer 3 times and bound fluorescence measured again. Percent adhesion was calculated as
bound fluorescence/total fluorescence x 100.

Immunoprecipitation and immunoblot analysis—700 pl of washed human or
murine platelets (6 x 108/mL) suspended in modified Tyrodes-HEPES buffer containing 2
mM Mg?2* were seeded onto laminin or collagen-coated Corning cell culture dishes (Corning
Inc., Corning, NY) and incubated at 37 °C for the indicated time period. Reactions were
terminated by addition of an equal volume of 2x ice-cold lysis buffer (30 mM HEPES, pH
7.4, 300 mM NaCl, 20 mM EGTA, 0.2 mM MgCl,, 2% Triton X-100 containing 2x
protease inhibitor cocktail (CalBiochem, San Diego, CA), 2x phosphatase inhibitor cocktail
set 11 (CalBiochem), and 4 mM sodium orthovanadate. After 30 minutes on ice, lysates were
precleared with protein G-Sepharose beads before addition of primary antibody. After
overnight incubation at 4°C, immune complexes were captured with protein G-Sepharose
beads, eluted off in reducing SDS loading buffer, and subjected to SDS-PAGE/western blot
analysis. Binding was detected using enhanced chemiluminescence (Amersham, Piscataway,
NJ) and band intensity quantitated using a Kodak 1D imaging system (Scientific Imaging
System, New Haven, CT). The degree of phosphorylation was expressed as a ratio of the
band intensity for the phosphorylated protein relative to protein antigen.

Platelet spreading assays—Washed platelets derived from either wild-type or
PECAM-1-negative mice, or from human blood were resuspended to a concentration of 2 x
107/mL in modified Hepes/Tyrodes buffer containing 2 mM Mg?2*, added to laminin-coated
coverslips, and incubated for the indicated time-points at 37 °C. After a light rinse, adherent
platelets were fixed using 3% paraformaldehyde, permeabilized with 0.1% Triton X-100,
and stained for F-actin using tetramethylrhodamine isothiocyanate (TRITC)-labeled
phalloidin (0.1 ug/ml). Platelets were visualized using a Nikon TE300 inverted microscopy
equipped with a CFI Plan Achromat DL Ph3 100x oil-immersion lens and a Photometrics
SenSys charge-coupled device camera (Photometrics, Tucson, AZ). Eight images,
encompassing a total of 179 — 264 platelets, were randomly chosen for each time-point and
the surface area of each platelet calculated using Metamorph software (Universal Imaging,
Downingtown, PA). All analyses were performed under blinded conditions. Statistical
significance was determined using the Student t-test for unpaired samples and results
expressed at the mean surface area/platelet + SEM. P values of less than 0.05 were
interpreted as statistically significant.

Serotonin release assay—Murine platelets at a concentration of 1 x 108/mL in modified
Tyrodes buffer containing 50 ng/ml PGE; without calcium or magnesium were loaded with
0.2 uCi/ml of [14C] 5-hydroxytryptamine for 1 hour at 37 °C. Labeled platelets were washed
by centrifugation and resuspended in modified Tyrodes buffer containing 2 mM MgCly,
added in triplicate to collagen or laminin-coated microtiter wells. Following incubation for
60 minutes at room temperature, non-adherent platelets were removed and the supernatant
containing the released serotonin counted in a scintillation counter.

Statistical analysis—Data analysis was performed using SigmaPlot for Windows,
version 6.0 (SPSS Inc. Chicago, IL) and/or SAS Learning Edition 4.1 (SAS Institute Inc.
Cary, NC). All results were expressed as mean + SEM. A P-value <0.05 was considered
statistically significant. Quantitative data with normal distributions were compared by
parametric tests, and data with abnormal distributions were analyzed by non-parametric
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tests. Multiple groups were analyzed by analysis of variance (ANOVA) or by Kruskall-
Wallis tests. In the case of significant main effects, post hoc analysis was performed using
Student's t-tests for the ANOVA, or the Wilcoxon test for the Kruskall-Wallis tests.
Comparisons between two groups were performed by Student's t-test or Mann—Whitney U-
tests.

Platelet adhesion to laminin induces tyrosine phosphorylation of PECAM-1

Platelet adhesion to laminin was first described in 1984 by Ill and Ruoslahti [21], and when
performed in the presence of at least 1 mM MgCly, platelets have consistently been observed
to not only adhere, but to undergo cytoskeletally-mediated, laminin-induced cell spreading
as well [19,22]. Similar to these studies, we found that human platelets bound and spread on
immobilized laminin nearly as well as they did on immobilized collagen (Figure 1B), though
the morphology of platelets bound to the two extracellular matrix substrates differed in the
degree of activation-induced spreading, especially at early time points (Figure 1A).

PECAM-1 is thought to function as a negative regulator of collagen-induced platelet
activation [14-17] via ligand binding-induced phosphorylation of its cytoplasmic ITIM
tyrosine, followed by recruitment of the protein-tyrosine phosphatase, SHP-2 [23]. To
determine whether this same negative-feedback pathway might be initiated in response to
platelet adhesion to immobilized laminin, we incubated both human and mouse platelets in
laminin-coated microtiter wells, allowed them to settle, bind, and spread at 37 °C, and
performed immunoblot analysis of cells that were detergent-lysed at various time points up
to one hour. As shown in Figure 2, weak PECAM-1 tyrosine phosphorylation could be
detected as early as 15 minutes, peaking at 45 minutes, and declining by 60 minutes. Similar
to that observed following platelet adhesion to collagen, SHP-2 became associated with the
PECAM-1 cytoplasmic domain following platelet adhesion to immobilized laminin (Figure
3). Laminin, and not contaminants in the laminin preparation, was responsible for activation
of PECAM-1 and its subsequent recruitment of SHP-2, as addition to platelets of the a6p1-
specficic mAb, GoH3 [24], effectively inhibited both responses. Taken together, these data
support the notion that the inhibitory function of PECAM-1 is enlisted in response to platelet
adhesion to multiple components of the extracellular matrix.

The rate and extent of platelet adhesion and spreading on immobilized laminin are
unaffected by the presence or absence or PECAM-1

We employed two different approaches to determine whether PECAM-1 might function to
inhibit platelet adhesion and spreading following exposure to immobilized laminin. In the
first, the rate and extent of spreading of wild-type and PECAM-1-deficient murine platelets
on immabilized laminin was compared. As shown in Figure 4, there was no significant
difference. The second approach took the tact of Cicmil et al. [16] of adding anti-PECAM-1
mAbs to human platelets, either in the presence or absence of secondary anti-mouse
antibodies, to stimulate the inhibitory activity of PECAM-1. As shown in Figure 5, although
mAb PECAM-1.3 was able to induce PECAM-1 ITIM tyrosine phosphorylation, its addition
had no observable effect on either the number of platelets that became adherent to laminin,
or the extent to which they spread following contact.

PECAM-1 negatively regulates laminin-induced amplification pathways leading to granule

secretion

Though PECAM-1 does not appear to control the initial adhesive phenotype of the cell
following exposure to adhesive ligands, signaling downstream of PECAM-1 is thought to
provide negative feedback regulation of amplification events, in particular secretion of
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platelet granules. Thus, we [14] and others [15,16] have shown that PECAM-1-deficient
murine platelets exhibit enhanced secretion responses to the collagen—a2p1—GPVI/
FcRy—Syk—PLCy?2 platelet activation pathway. To determine whether granule secretion
was similarly exaggerated in PECAM-1-deficient platelets exposed to laminin, platelets
from wild-type and PECAM-1 knockout mice were isolated, labeled with 14C serotonin, and
applied to microtiter wells that have been coated with BSA, collagen, or laminin. As shown
in Figure 6, dense granule secretion in response to laminin stimulation was modestly, but
significantly, increased in PECAM-1-deficient, relative to wild-type, platelets. This was not
due to differential expression of the major cell surface receptors known to regulate platelet
responses to collagen, as the expression in PECAM-1-deficient platelets of a6p1 and GPVI
was similar to that found in their wild-type counterparts (Table 1).

Because granule secretion is downstream of the a6B1—GPVI/FcRy chain—Syk signaling
pathway, we next examined whether the time-course of phosphorylation of these proteins
might be influenced by the presence or absence of PECAM-1. As shown in the top panel of
Figure 7A, phosphorylation the FcRy-chain occurred earlier in PECAM-17 versus
PECAM-1*/* platelets following exposure to immobilized laminin. The same was found for
Syk (panels of Figure 7). Taken together with the results presented in Figure 6, these data
suggest that the threshold for laminin-induced platelet activation is normally suppressed by
PECAM-1, similar to that previously observed for platelet responses to collagen.

DISCUSSION

The extracellular matrix is a complex, interdigitating network comprised of
glycosaminoglycans, structural proteins like collagen and elastin, and multi-adhesive
proteins such as fibronectin and laminin. In addition to serving as a repository for cytokines
and growth factors that initiate intracellular signaling, and as a structural scaffold that
maintains tissue integrity, the matrix also provides a substrate for cell migration and
adhesion. As a major constituent of the basement membrane — a specialized sheet-like
structure that either surrounds individual cells or is interposed underneath epithelial and
endothelial sheets - laminin helps to anchor the matrix to surrounding cells via its
association with cell-surface integrins. Of the 24 known integrin pairs, only a331, a6p1,
a7B1, and a6p4 have been shown to bind laminin [25], and of these, the only laminin
receptor expressed on the platelet surface is a6p1 [26], and this integrin has been found to be
one of several that are required for efficient platelet adhesion at sites of vascular injury [27].

Laminin was originally isolated in 1979 from a mouse tumor that produced basement
membrane proteins [28], however rather than existing as a single entity, laminin is now
known to be comprised of a family of proteins consisting of a, 3, and y subunits that
assemble into a disulfide-linked, cruciform shaped heterotrimers capable of interacting with
other extracellular matrix components such as sulfated lipids, heparan sulfate proteoglycans,
and collagen [1]. The 5 known a, 3, and 3y chains assemble into at least 15 different,
tissue-specific laminin trimers that are named according to their chain composition [29].
Thus, a1f1y1 is known as laminin 111, a5p1y1 as 511, and so on. Early studies examining
the ability of platelets to bind to and spread on laminin almost universally employed laminin
111 [21,22,26,30], and while Mg**-dependent adhesion to immobilized laminin has been
commonly observed, the ability to form filopodia and lamellipodia and spread on
immobilized laminin appears to take place only under conditions in which the Mg**
concentration is 1 mM or greater (references[19,22], and this report). In addition, despite the
fact that many studies have examined the interaction of platelets with immobilized laminin
111, the expression of this isoform is highly-restricted, and is in fact not present in the walls
of most blood vessels [1,31]. Laminins 411 and 511, on the other hand, are much more
widely-distributed, produced and secreted by endothelial cells into their basement
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membranes, and stored in platelet a-granules [1,30-32]. Placenta is also a rich source of
laminin 511, highly adhesive to platelets [33], and is the source of laminin used in more
recent platelet activation studies [19,33], including this one.

The major findings of the current investigation are that, in addition to the activation events
that have been described in many studies to take place following platelet exposure to
immobilized laminin [19,21,22,26,30,32,33], a negative feedback inhibitory pathway
mediated by PECAM-1 also becomes enlisted, most likely to moderate the effects of
laminin-induced platelet activation in the absence of overwhelming exposure to this
extracellular matrix protein. Thus, following exposure of platelets to immobilized laminin
511 in the presence of 2 mM MgCl,, PECAM-1 was found to become tyrosine
phosphorylated on its cytoplasmic ITIM tyrosines and recruit the protein-tyrosine
phosphatase SHP-2 to the inner face of the plasma membrane (Figures 2 and 3), where it
presumably downregulates the GPVI/FcRy chain—Syk activation pathway (Figure 7)
leading to dampened granule secretion (Figure 6). These findings, therefore, expand the
scope of PECAM-1's regulatory function to include not only platelet activation by collagen
[14-17] and VWF [34], but now laminin as well.

All the experiments were performed under static conditions, and therefore the kinetics of
platelet activation, and of PECAM-1-regulation of this process differ from those found
under in vivo conditions of flow. For example, laminin-induced tyrosine phosphorylation of
PECAM-1, Syk, and the FcRy chain was observed only after 15-30 minutes of incubation in
microtiter wells (Figures 2 and 7), while we have previously shown that PECAM-1 exerts
its inhibitory effect on thrombus formation in vivo in only 5-10 minutes following vascular
injury. This no doubt reflects the time needed for enough platelets to settle onto the
immobilized matrix under static conditions to measure their cumulative activation, while in
vivo, platelets are continuously forced onto exposed thrombogenic surfaces by the
abundance of red cells that force their margination, resulting in a much faster activation
response. The reductionist approach taken in the present manuscript to examine regulation
of adhesion-initiated signal amplification and control under static conditions, while perhaps
not fully able to mimic kinetics that take place in the vasculature, nonetheless reveal the
contribution of laminin to platelet granule secretion, and the ability of PECAM-1 to regulate
this process.

Given that collagen and laminin each employ GPVI to activate platelets, why are all of the
effects of PECAM-1 on collagen-induced platelet activation not also seen with laminin? The
answer is likely due to the multivalent nature of collagen, which is able to activate platelets
in solution, whereas soluble laminin, a much weaker agonist, is without effect unless first
immobilized. Thus, while we and others have shown that PECAM-1 dampens low-dose
collagen- or CRP-induced platelet aggregation as well as dense granule secretion [14,35], in
the present manuscript we were only able to evaluate its effects on granule secretion and a
two key upstream signaling events leading to granule secretion.

A common theme emerging in the field of platelet activation is that large, adhesive ligands
present in the extracellular matrix engage platelet receptors that are able to co-opt one or
more transmembrane adaptor molecules that contain cytoplasmic ITAM tyrosine residues.
These tyrosines become phosphorylated by Src-family kinases shortly after platelets
encounter one or more components of the extracellular matrix, resulting in the assembly of
kinase-containing protein complexes that mediated feed-forward amplification loops. ITIM-
bearing receptors, due to their ability to recruit tyrosine and lipid phosphatases, have been
increasingly observed to moderate such activation events [36-38], and PECAM-1 regulation
of laminin-induced platelet activation is therefore just the latest example. Future
characterization of activatory/inhibitory receptor pairs involved in the regulation of
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thrombosis, hemostasis and the inflammatory response may yield important new clues
leading to improved intervention and management of these clinically important conditions.
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Figure 1. Human platelets adhere to immobilized laminin and collagen, but spread with different
morphology

(A) Visualization of platelets bound to immobilized matrix proteins. Washed human
platelets resuspended at 1 x 108/mL in 2 mM MgCl, and 0.5 mM CaCl, were seeded on
surfaces pre-coated with either human placental laminin 511 or soluble calf-skin collagen.
After 30 minutes at 37°C, unbound platelets were removed, adherent platelets fixed with 3%
paraformaldehyde, and visualized using Hoffman modulation contrast. Results shown are
representative of three separate experiments. Note that platelets bind well to immobilized
laminin, but do not spread as well as they do on immobilized collagen. (B) Quantitation of
platelet adhesion to immobilized matrix proteins. Washed human platelets were loaded with
Calcein AM and seeded onto microtiter wells that had been pre-coated with the indicated
concentrations of human laminin or collagen. After a 60 minute incubation at 37°C, the
percentage of adherent platelets was calculated by taking fluorescence measurements both
before and after removal of unbound platelets. Data shown represents mean values + SEM
from three independent experiments performed using triplicate wells.
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Figure 2. PECAM-1 becomes tyrosine phosphorylated following adhesion of human and mouse
platelets to immobilized laminin

Washed platelets were resuspended at a concentration of 4 x 108/mL in Tyrodes buffer
containing 2 mM MgCl, and 0.5 mM CaCl, and added to culture plates that had been pre-
coated with 50 pg/mL of laminin 511. Platelets were allowed to settle, bind, and spread at
37°C for the indicated times, and then detergent lysed and subjected to immunoprecipitation
analysis using mAbs PECAM-1.3 for human platelets and 390 for murine platelets. Western
blots were developed using the anti-phosphotyrosine mAb PY20 (top panels) and anti-
PECAM-1 polyclonal antibodies SEW32-34 (human) and M-20 (mouse) to visualize antigen
loading. Maximal phosphorylation of PECAM-1 at the 45 minute time point reflects the
time needed for platelets to settle, make contact with the immobilized laminin, and activate
the platelets. The result shown is representative of three separate experiments.

J Thromb Haemost. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crockett et al.

Page 13

Figure 3. Tyrosine-phosphorylated PECAM-1 recruits SHP-2 following adhesion to immobilized
laminin

Top panel: Washed human platelets were added to laminin-coated tissue culture plates as
described in the legend for Figure 2 and incubated for 30-45 minutes at 37°C. Wells coated
with 1 mg/ml BSA or 50 pg/mL collagen served as negative and positive controls,
respectively. Platelets were then lysed and subjected to immunoprecipitation/western blot
analysis as in Figure 2. SHP-2 was detected in the co-immunoprecipitates using polyclonal
antibody C-18. The result shown is representative of three individual experiments. Middle
and bottom panels: Quantitative analysis of PECAM-1 tyrosine phosphorylation and SHP-2
binding following platelet adhesion to immobilized laminin. Band intensity was determined
using a Kodak Molecular Imaging Densitometry System. PECAM-1 tyrosine
phosphorylation levels are expressed as the ratio of PY20:PECAM-1 antigen. Data were
normalized to values obtained from resting platelets adherent to BSA. Data from three
independent experiments were analyzed by the Wilcoxon rank sum test and represented as
mean + SEM. *P < 0.05. Similar results were obtained for murine platelets (not shown).
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Figure 4. Rate and extent of spreading of wild-type versus PECAM-1-deficient platelets on
immobilized laminin
Washed platelets isolated from the anticoagulated whole blood of wild-type or PECAM-1-

deficient mice were seeded on laminin-coated coverslips in the presence of 2 mM Mg** and
incubated for 15, 30, 45 or 60 minutes at 37°C. Adherent platelets were fixed,

permeabilized, stained with TRITC-labeled phalloidin, and visualized by fluorescence

microscopy. Left panels — representative images taken over a 60 minute period. Upper right
panel - Quantitation of platelet spreading from eight randomly chosen fields (~200 platelets/
field) using Metamorph software. Data represent the mean £ SEM from three independent
experiments. Statistical significance was determined using the Student t-test for unpaired

samples.
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Figure 5. PECAM-1 engagement-induced inhibitory signaling does not affect platelet adhesion or
spreading on immobilized laminin

(A) 3 x 108 human platelets/ml were incubated with 5 pg/mL mAb PECAM-1.3 for 10
minutes in the presence or absence of F(ab"), fragments of anti-mouse 19gG Fc and subjected
to immunoprecipitation/western blot analysis. GoH3, a specific mAb for the integrin ag
subunit, was used as a negative control. Note that binding and cross-linking of mAb
PECAM-1.3 on the platelet surface was able to induce tyrosine phosphorylation of
PECAM-1. (B) Effect of antibody-induced inhibitory signaling on platelet spreading on
immobilized laminin. Resting human platelets were treated with GoH3 or mAb PECAM-1.3
and cross-linked (Pecam-1 XL) as described in panel A and the platelets added to culture
dishes that had been the indicated concentration of laminin. After 30 minutes at 37°C,
unbound platelets were removed and the remaining bound platelets were fixed, stained, and
analyzed. Panels C and D - The number and mean surface area of adherent platelets from
three independent experiments were quantitated from 8 randomly chosen fields of 50 — 300
platelets each, analyzed using Metamorph software, and expressed as the mean £ SEM. Note
that although PECAM-1.3 was effective in initiating inhibitory signaling (panel A), this had
no effect on platelet adhesion or spreading.
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Figure 6. PECAM-1 regulates laminin-induced granule secretion
Washed platelets obtained from age- and sex-matched wild-type or PECAM-1-deficient
mice were labeled with 1#C-serotonin and added in triplicate to wells pre-coated with either
2% BSA, 50 pg/mL of collagen, or 50 pg/mL of laminin. In some cases, platelets were
preincubated with 5 pg/mL of GoH3 10 minutes before seeding onto immobilized laminin.

After 60 minutes at 37°C, the amount of 14C-serotonin that had been released into the
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culture media was determined by scintillation counting and expressed as the mean = SEM.
Data shown is representative of two independent experiments. * P < 0.001.
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Figure 7. Early activation of the GPVI /FcRy-chain—Syk platelet activation pathway in
PECAM-1-deficient platelets

Murine platelets were added to laminin-coated microtiter wells for the indicated times,
lysed, and subjected to western blot analysis using the indicated antibodies. Panels A and B -
PECAM-1 delays laminin-induced FcRy-chain phosphorylation. A representative
immunoblot is shown in (A), and cumulative quantitative data derived from three
independent experiments is shown in (B). Panels C and D - PECAM-1 affects the kinetics of
laminin-induced Syk phosphorylation. A representative immunoblot is shown in (C), with
cumulative quantitative data derived from three independent experiments is shown in (D).
Note that PECAM-1 appears to set a higher threshold for platelet activation, as both the
FcRy chain and Syk become phosphorylated earlier in PECAM-1-deficient platelets.
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Table 1

Expression of select membrane glycoproteins on the surface of wild-type and PECAM-1-deficient platelets

Glycoprotein PECAM-1+/+ platelets PECAM-1-/- platelets

Integrin a6p1 32+3 28+1

Integrin a2p1 60 + 13 61+20
GPVI 46 2 44 £2
PECAM-1 21+4 2+2

*Washed platelets at 1 x 108/ml were incubated with 5 ng/ml of the indicated antibody for 15 min at room temperature and then analyzed on a BD
LSR 11 flow cytometer. Values shown are the median fluorescence intensity of triplicate determinations. With the exception of PECAM-1, none of
the other differences were significant.
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