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Summary

Background—Collagen-induced platelet activation is a key step in the development of arterial
thrombosis via its interaction with the receptors glycoprotein (GP)V1 and integrin aof;. Adhesion
and degranulation-promoting adapter protein (ADAP) regulates oy pf3 in platelets and oy o in T
cells, and is phosphorylated in GPVI-deficient platelets activated by collagen.

Objectives—To determine whether ADAP plays a role in collagen-induced platelet activation
and in the regulation and function of of;.

Methods—Using ADAP™~ mice and synthetic collagen peptides, we investigated the role of
ADARP in platelet aggregation, adhesion, spreading, thromboxane synthesis, and tyrosine
phosphorylation.

Results and Conclusions—RPlatelet aggregation and phosphorylation of phospholipase Cy2
induced by collagen were attenuated in ADAP™~ platelets. However, aggregation and signaling
induced by collagen-related peptide (CRP), a GPVI-selective agonist, were largely unaffected.
Platelet adhesion to CRP was also unaffected by ADAP deficiency. Adhesion to the a,fB;-selective
ligand GFOGER and to a peptide (111-04), which supports adhesion that is dependent on both
GPVI and ayp;, was reduced in ADAP™~ platelets. An impedance-based label-free detection
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technique, which measures adhesion and spreading of platelets, indicated that, in the absence of
ADAP, spreading on GFOGER was also reduced. This was confirmed with non-fluorescent
differential-interference contrast microscopy, which revealed reduced filpodia formation in
ADAP~/~ platelets adherent to GFOGER. This indicates that ADAP plays a role in mediating
platelet activation via the collagen-binding integrin a,p;. In addition, we found that ADAP~/~
mice, which are mildly thrombocytopenic, have enlarged spleens as compared with wild-type
animals. This may reflect increased removal of platelets from the circulation.
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Introduction

Platelet activation by collagen is a key step in the initiation of arterial thrombosis [1].
Collagen interacts directly with platelets via glycoprotein (GP)VI and integrin a,p1: GPVI is
the principal collagen signaling receptor on platelets [2], and although a,f4 serves mainly as
an adhesion receptor [3], several studies have suggested that it may also mediate collagen-
induced signaling [4-8].

The response to collagen of GPVI-deficient platelets is weak, like that of Fc receptor y-chain
(FcRy)-deficient (FcRy ") platelets, which also lack GPVI [9,10]. We have previously
shown that collagen induces tyrosine phosphorylation of adhesion and degranulation-
promoting adapter protein (ADAP) in FcRy ™~ platelets[5] to a degree comparable with that
induced in wild-type (WT) platelets by the GPVI-selective agonist collagen-related peptide
(CRP). Phosphorylation of ADAP by collagen in WT platelets was substantially greater [5].
This suggests that, although collagen can regulate ADAP through GPVI signaling, other
pathways may also be important.

ADAP is present in both T cells and platelets [11]. ADAP participates in the regulation of

oy B, following T-cell receptor activation [12-14], in the regulation of a3 on platelets
activated by von Willebrand factor [15], and in mechanotransduction induced by shear
forces exerted on platelets tethered to oy pB3 [16]. It has been reported that ADAP-deficient
(ADAP~") mice have a mild hemostatic deficit [15] and mild thrombocytopenia [14]. In this
study, we found that ADAP participates in collagen-induced platelet responses, mediated via
both GPVI and, especially, ayp;.

Materials and methods

Materials

FcRy ™~ C57/BI6 mice were generated by Professor Takashi Saito (Department of Molecular
Genetics, Chiba University Graduate School of Medicine, Chiba, Japan) [17]; ADAP™/~
C57/BI6 mice were generated by Dr Erik J Peterson (Masonic Cancer Center, University of
Minnesota, Minneapolis, MN, USA) and Professor Gary A Koretzky (University of
Pennsylvania, Philadelphia, PA, USA) [14]; GPVI-deficient (GPVI~~) C57/BI6 mice were
as previously reported [18]; WT C57/BI6 mice were from Harlan (Bicester, UK); Hal/29
(anti-murine ay) and Ha31/8 (anti-murine ay) antibodies were from BD Biosciences
Pharmingen (Oxford, UK); fluorescein isothiocyanate (FITC)-conjugated rat antibodies
against murine oy B3 (Leo.H4), a, (Sam.G4) and GPVI (JAQL), FITC-conjugated rat 1IgG
and non-conjugated anti-GPVI JAQ1 and Six.E10 were from EMFRET Analytics
(Eibelstadt, Germany); Immulon-2HB plates were from Fisher Scientific (Loughborough,
UK); Horm collagen (fibrillar, equine tendon type 1) was from Axis-Shield (Dundee, UK);
lotrafiban was from GlaxoSmithKline (King of Prussia, PR, USA); heparin (Monoparin)
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was from CP Pharmaceuticals (Wrexham, UK); other reagents were from Sigma (Poole,
UK).

Murine platelet preparation

Platelets were from adult mice. Blood was drawn under terminal anesthesia into heparin (5
IU mL™1) and citrate (11 mw). Platelet-rich plasma (PRP) was obtained by centrifugation
(110 x g, 5 min). PRP containing prostaglandin E; (2 pw) was further centrifuged (2000 x g,
6 min). The platelet pellet was resuspended in Calcium Free Tyrode’s (CFT) (137 mu NaCl,
11.9 mm NaHCOg3, 0.4 mm NaHoPOy, 2.7 mm KCI, 1.1 mu MgCl,, 5.6 mu glucose; pH 7.4).

Quantification of platelet glycoprotein levels

Flow cytometry was used to determine surface levels of GPVI, a;,B3, and ay. Five
microliters of FITC-labeled antibody were incubated with 25 pL of 0.5 x 108 mL~1 washed
platelets for 15 min. Platelets were diluted with 400 1AL of phosphate-buffered saline, and
the samples were analyzed with a Becton Dickinson FACSCalibur (Becton Dickinson,
Oxford, UK).

Peptide synthesis

The synthesis of CRP, GPP, 111-04 and GFOGER and the determination of melting
temperatures (7,) by polarimetry have been described previously [19-22]. Sequences and
T values are shown in Table S1. CRP used in aggregation, thromboxane B, (TxB,) and
signaling studies was cross-linked [19].

Platelet aggregation and thromboxane assay

Turbidimetric aggregometry was carried out as previously described [23], with Bio Data
PAP-4 and Chronolog aggregometers. Aggregation was monitored at 37 °C for 6 min
following addition of agonist, after which thromboxane o, (TxA,) production was measured
as its stable metabolite, TxB,, with an ELISA kit (Assay Designs, Ann Arbor, MI, USA).
The platelet count was 2.0 x 108 mL™1 except for aggregation studies in the presence of
cangrelor and ADP, when it was 1.5 x 108 mL™1,

Signaling studies

Signaling methods have been described elsewhere [24]. Briefly, tyrosine phosphorylation of
phospholipase Cy2 (PLCy2) and Syk was measured following immunoprecipitation by the
use of SDS-PAGE and western blotting with anti-phosphotyrosine 4G10 (Millipore,
Watford, UK). Protein bands on scanned images of autoradiographs were quantified with
Avose Protosior CS. The ratio of the phosphorylation signal to the total protein signal was
analyzed in a similar way to the xCELLigence data (see below).

Static platelet adhesion assay

Platelet adhesion was measured by detecting acid phosphatase in platelet lysates [25]. One
hundred microliters of substrate (10 ug mL™1 in 0.01 v acetic acid) were added to 96-well
plates and incubated overnight at 4 °C. Excess ligand was discarded, and the wells were
blocked with 175 pL of 5% bovine serum albumin (BSA) in CFT for 1-2 h. Plates were
washed three times with 175 pL per well of 0.1% BSA/CFT. Platelets were pretreated with
inhibitors 15 min before addition to the wells. Preactivation with U46619 was performed
immediately before addition to the plate. Platelets (1.25 x 108 mL=1, 50 L per well) were
then incubated at room temperature for 1 h. Excess platelets were discarded, and the wells
were washed three times. One hundred and fifty microliters of citrate lysis buffer (3.53 mw
p-nitrophenyl phosphate, 71.4 mw trisodium citrate, 28.55 mw citric acid, 0.1% [v/v] Triton
X-100; pH 5.4) were added for 1 h at room temperature. One hundred microliters of 2 v
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NaOH were added to each well, and absorbance at 405 nm was measured with a Fluostar
Optima plate reader (BMG Labtech, Aylesbury, UK). The relationship between human
platelet number and absorbance has been reported previously [25]: Fig. S1 shows similar
data for mouse platelets.

Real-time platelet adhesion and spreading

The xCELLigence system (Roche Diagnostics, Burgess Hill, UK) is a label-free technology
that quantifies cell adhesion and spreading in real time [26,27]. It measures electrical
impedance across a pair of gold-plated interdigitated microelectrodes on specialized 96-well
E-plates (Fig. S2). Impedance is reported as a cell index value.

E-plates were substrate-coated as for static adhesion. Fifty microliters of CFT were added to
each well and allowed to equilibrate at 37 °C, and baseline impedance measurements were
recorded. Fifty microliters of washed platelets (2.5 x 108 mL™1) were then added to give a
final platelet count of 1.25 x 108 mL~L. Impedance was recorded every minute for 2.5 h.

Fifty microliters of platelets (2 x 107 mL1) were added to each well of an eight-well glass
slide, coated with the indicated peptide as for the static adhesion assay. The morphology of
adherent and spreading platelets was determined by wide-field differential-interference
contrast microscopy with the transmitted light facility of an Olympus 1X-81 FVV300 confocal
microscope (Olympus, Southend-on-Sea, UK) with a x 60 PlanApo objective and a
numerical aperture of 1.42.

Megakaryocyte migration and apoptosis

Bone marrow was isolated from murine femora and tibiae. Megakaryocytes were cultured
and purified, and migration and polyploidy analysis were carried out as described previously
[28]. Surface levels of GPIb, a, and o, and apoptosis were determined by flow cytometry
[29].

Spleen analysis

Spleens from mice of known age, sex and weight were removed, debrided, and weighed.
Spleens were fixed in 3.6% formaldehyde, mounted, and stained with hematoxylin and
eosin. Megakaryocytes were quantified in each spleen by counting their number in 10
randomly selected high-power (x 60) fields.

Data analysis

Aggregation data were fitted to four-parameter logistic equations [30]. The effect of
genotype on pAsg (—log ECgp) values was assessed with paired £tests and anova.

Analysis of XCELLigence data was performed on integrated cell index values (0-2.5 h).
Analysis of static adhesion data was performed on absorbance values transformed as
previously described [19], to minimize heteroscedasticity. Responses that were not
significantly different from the negative controls, GPP and BSA, were excluded. Data were
analysed by two-way anova With treatment condition as a fixed factor and experimental date
as a random factor. Treatment conditions were grouped into homogeneous subsets with the
Waller-Duncan test (type I/type Il error ratio = 100). Conditions within a subset were
considered to be not significantly different.

Logged spleen weights were analysed with ancova: sex and genotype were fixed factors; age
and body weight were covariates.
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Analyses were carried out with Microsoft Excel 2007 and sess 16.0 for Windows (IBM,
Portsmouth, UK).

Expression of GPVI, asB1, and opB3

Flow cytometry was used to determine the levels of GPVI, a, and oyp83 on WT, ADAP ™/~
and FcRy ™~ platelets (Fig. S3). There were no differences in the levels of a,. The levels of
GPVI were the same on WT and ADAP~~ platelets, and GPVI was undetectable on FcRy ™~
platelets. The level of ay,B3 was 5% lower on ADAP™~ platelets than on WT platelets (P<
0.05). The functional effect of this difference would be minor. Others have found no
significant difference in oyB3 levels [15].

Platelet aggregation, TxB, production, and tyrosine phosphorylation

Aggregation of WT, ADAP~/~ and FcRy ™~ platelets was induced by collagen, the GPVI-
selective agonist CRP, and the TP receptor agonist U46619 (Fig. 1). ADAP~~ platelets
responded normally to CRP and U46619; however, there was a two-fold rightward shift of
the collagen concentration—response curves for rate and extent of aggregation (Table 1). The
time to onset of collagen-induced responses was extended in ADAP~~ platelets. In FcRy ™~
platelets, neither CRP nor collagen induced aggregation, although U46619-induced
aggregation was normal.

TxB, levels were determined 6 min after addition of agonist in the aggregation samples
(Fig. 1). CRP-induced and collagen-induced TxB, production were reduced by
approximately 50% in ADAP~/~ as compared with WT platelets, and were undetectable in
FcRy ™~ platelets. U46619 induced no detectable TxB, production. We investigated the
possibility that reduced TxA, synthesis was responsible for the reduction in collagen-
induced aggregation in ADAP~/~ platelets. In the presence of aspirin (100 pw), there
remained a significant reduction in collagen-induced aggregation in ADAP™~ platelets (P <
0.01). CRP-induced aggregation was the same in WT and ADAP~'~ platelets in the absence
and presence of aspirin (Fig. 2A,B).

We further examined the effect of ADAP deficiency in the absence of the influence of
released ADP and TxA,. ADP was inhibited with cangrelor (P2Y 1, receptor antagonist, 1
pm) and adenosine 3',5'-diphosphate (A3P5P: P2Y; receptor antagonist, 1 mw). TxA,
synthesis was blocked with aspirin (100 pw). A lower platelet count (1.5 x 108 mL™1) and
higher concentrations of collagen (50 ug mL™1) and CRP (10 ug mL™1) were used to
overcome the effects of the inhibitors. The response to collagen was significantly lower in
ADAP~~ platelets. There was also a significant effect on CRP, although this was
proportionately smaller than for collagen (Fig. 2C,D).

CRP-induced and collagen-induced tyrosine phosphorylation of Syk and PLCy2 were
measured in WT and ADAP~~ platelets (Fig. 3). There was no change in the
phosphorylation of Syk in ADAP~/~ platelets. Phosphorylation of PLCy2 induced by
collagen (10 g mL1) was substantially attenuated in ADAP~/~ platelets. A small reduction
in PLCy2 phosphorylation induced by CRP (10 ug mL~1) was not statistically significant
(Fig. 3B).

Static adhesion of ADAP~/~ and FcRy~/~ platelets

Platelet adhesion is dependent on direct interactions with ligands and secondary activation
processes. These processes were investigated with collagen, CRP, GFOGER (a1-selective
ligand [22]), and 111-04, a peptide that supports a,p;-dependent and GPVI-dependent
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adhesion [19] (Fig. 4). Adhesion to BSA and GPP (data not shown) was indistinguishable
from that of FcRy ™/~ platelets to CRP.

Adhesion to CRP was unaffected by a,-blocking or ay-blocking antibodies, but was reduced
by lotrafiban (o3 antagonist) and EDTA. There was no significant effect of ADAP
deficiency on platelet adhesion to CRP. Preactivation of lotrafiban-treated platelets with
U46619 did not increase binding to CRP.

Adhesion to GFOGER was significantly reduced in both ADAP~/~ and FcRy ™~ platelets.
Lotrafiban reduced adhesion of WT but not ADAP~/~ or FcRy ™~ platelets, suggesting that
the greater binding of the WT platelets was attributable to aypB3-mediated interactions.
Preactivation of lotrafiban-treated platelets with U46619 increased binding of WT,
ADAP~~ and FcRy ™~ platelets to similar levels as that of control WT platelets, indicating
that ADAP and FcRy participate in activatory signaling following adhesion to GFOGER.

Adhesion of FcRy ™~ platelets to 111-04 was substantially reduced. Residual binding was
blocked by the a»-blocking antibody, showing that adhesion to 111-04 is dependent on both
GPVI and aypB;. Adhesion of ADAP~~ platelets was also reduced. Lotrafiban attenuated
binding of WT but not ADAP™~ or FcRy ™~ platelets. Adhesion of the three genotypes was
the same for U46619-activated lotrafiban-treated platelets.

Adhesion to collagen was reduced in FcRy ™~ platelets. The reduction in binding of
ADAP~/~ platelets was not statistically significant. Lotrafiban had no significant effect on
binding. Preactivation of lotrafiban-treated platelets with U46619 restored FcRy ™~ binding
levels to that observed with WT and ADAP~~ platelets. In the presence of the a,-blocking
antibody, ADAP deficiency further reduced adhesion as compared with WT platelets.

Static adhesion of GPVI~/~ and FcRy~/~ platelets

We have previously observed reduced adhesion of FcRy ™~ platelets to GFOGER [19]. This
suggests that FCRy may contribute to asf; function or that GFOGER may interact with
GPVI. To investigate this, we compared the adhesion of WT, GPVI~/~ (which express FcRy
[18]) and FcRy™/~ (which do not express surface GPVI [9]) platelets.

WT and FcRy ™~ platelets bound as described above. GPV1~/~ platelets showed a pattern of
adhesion identical to that of FcRy ™/~ platelets. This included partial inhibition of adhesion to
GFOGER and substantial attenuation of binding to 111-04 (Fig. S4). These data suggest that
GFOGER interacts weakly with GPVI.

Real-time adhesion and spreading

Adhesion and spreading were measured in real time for 2.5 h with the xCELLigence system.
Baseline responses caused by the settling of WT, FcRy ™~ and ADAP~/~ platelets on BSA
(data not shown) and GPP were indistinguishable. There was a strong response on CRP with
WT and ADAP~/~ platelets, but only a baseline response for FcRy ™~ platelets. On collagen
and 111-04, the response of ADAP~/~ platelets was reduced and that of FcRy~/~ platelets was
substantially inhibited. On GFOGER, ADAP~~ and FcRy ™/~ platelets were inhibited,
although the ADAP~/~ response was significantly lower than the FcRy ™~ response (Fig. 5).

We examined the morphology of WT and ADAP~~ platelets adhering to CRP and
GFOGER, using video microscopy. On CRP, both genotypes bound rapidly and efficiently.
Bound platelets were motile and spread actively forming lamellipodia. They also formed
microaggregates. By contrast, platelets were less reactive on GFOGER and less likely to
spread and form lamellipodia. They did not form microaggregates. On GFOGER, WT
platelets were more active than ADAP™~ platelets, producing more filopodia (Fig. SSA-D).
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Thrombocytopenia and splenomegaly in ADAP—/~ mice

ADAP~~ mice had platelet levels 60-70% of those in WT and FcRy ™~ mice (Fig. S6A),
consistent with previous reports of thrombocytopenia [14]. Thrombocytopenia can be
associated with splenomegaly. For mice over 10 weeks old, spleens from ADAP~~ mice
were 61% heavier than WT spleens and 42% heavier than FcRy ™~ spleens (Fig. S6B).
Histological examination revealed increased numbers of megakaryocytes in ADAP~/~
spleens as compared with WT spleens (Fig. S7). Levels of ay, oy, and GPIb were the same
in WT and ADAP~/~ megakaryocytes isolated from bone marrow (data not shown). We
observed no differences in ploidy, migration or levels of apoptosis between WT and
ADAP~~ megakaryocytes (data not shown).

Discussion

Collagen-induced platelet activation is important in the initiation of arterial thrombosis [1],
and is mediated primarily via the GPVI-FcRy-PLCy2 signaling pathway [2]. Integrin a1
supports platelet adhesion to collagen. In FcRy ™'~ platelets, weak collagen-induced signaling
involving ADAP [5] suggests that a,f; mediates collagen-induced outside-in signaling.
Given that ADAP contributes to the regulation of oy B3 in platelets [15] and of o 2 in T
cells [13], we hypothesized that it may also play a role in the regulation of af;.

Our data show that ADAP deficiency selectively attenuates collagen-induced aggregation
and phosphorylation of PLCy2. The minimal effect on CRP-induced and U46619-induced
aggregation suggests that, under these experimental conditions, o pB3 inside-out signaling is
not substantially affected. Both collagen-induced and CRP-induced TxB, release was
attenuated, suggesting a role for ADAP in the regulation of TxA, synthesis. Although
reduced TxA, synthesis may contribute to the inhibitory effect of ADAP deficiency on
collagen-induced aggregation, inhibition was still evident in the presence of aspirin,
indicating that this could be only a partial explanation. With ADP blocked, aggregation in
response to both collagen and CRP is substantially attenuated [31], requiring the use of
higher agonist concentrations. ADAP™/~ platelets were less responsive to collagen, but also
showed a slightly reduced response to CRP. This is consistent with GPVI-mediated
regulation of ADAP as previously shown [5].

Both EDTA and lotrafiban reduced platelet adhesion to CRP, probably by inhibiting CRP-
induced aypB3-mediated platelet—platelet interactions and/or by reducing platelet spreading
and hence attachment [32]. By contrast, ADAP deficiency had little effect. Hence, aypp3
function was not substantially altered in the absence of ADAP under these conditions. This
is consistent with the limited effect of ADAP deficiency on CRP-induced platelet
aggregation.

The reduced adhesion of FcRy ™~ platelets to GFOGER and its restoration by U46619 shows
that GFOGER promotes platelet activation. The similar levels of adhesion of GPVI~/~ and
FcRy ™~ platelets (Fig. S4) argue against a role for FCRy in a,B; function, as has been
suggested for aypB3 [33]. Alternatively, the (GPP)s sequences flanking GFOGER may
interact weakly with GPVI, this interaction being facilitated by strong binding of GFOGER
to apPBy. Isolated GPVI did not bind to GFOGER but bound weakly to (GPP)1g [19],
probably supported by interacting adjacent GPVI molecules. In peptides with shorter (GPP)g
flanking sequences, these interactions would not occur [34]. Hence, isolated GPVI would
not bind to (GPP)s, because of the lower affinity of GPP for GpVI (as compared with GPO
[34]). However, when a,B4 supports binding to GFOGER, weak interactions between GPVI
and (GPP)s might occur, inducing platelet activation. The anti-murine GPVI antibody JAQ1
[9] blocked CRP adhesion, but, contrary to expectations, increased binding of WT platelets
to GFOGER. The non-blocking anti-GPVI antibody Six.E10 also increased binding to
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GFOGER (Fig. S8) suggesting that weak activation induced by limited antibody-induced
cross-linking of GPVI can augment adhesion to GFOGER. This supports our view that weak
stimuli can promote adhesion to GFOGER. By contrast, GFOGER does not induce platelet
activation when applied in suspension [6,35]. Evidence that GFOGER interacts with GPVI
is limited to adhesion assays conducted over long time periods.

Platelet adhesion to 111-04 is strongly dependent on both GPVI and a,p4, but is also
dependent on aypB3 (Fig. 4). The level of adhesion of ADAP~/~ platelets was intermediate
between those of WT and FcRy ™~ platelets, although preactivation with U46619 revealed a
uniform capacity to bind to 111-04. The patterns of adhesion to GFOGER and 111-04 were
similar; however, FcRy was relatively more important for adhesion to 111-04. GFOGER
supports better binding to a,p; than GROGER, which is found in 111-04 [20].

Adhesion to collagen was only abolished by EDTA or by the a,-blocking antibody in
FcRy ™~ platelets. Adhesion of ADAP™~ platelets to collagen in the presence of the oi,-
blocking antibody was intermediate between that of WT and FcRy ™/~ platelets. Hence, under
these circumstances, a role for ADAP in adhesion mediated by GPVI and a,;,B3 became
evident.

The xCEL Ligence data revealed an important functional defect of ADAP~/~ platelets.
Responses on GFOGER were slower than on other ligands. This is consistent with
observations of more extensive spreading and lamellipodia formation by murine platelets on
CRP [32] than on GFOGER [6]. Both FcRy™~ and ADAP™'~ platelets had reduced
responses on GFOGER, although the inhibition was greater for ADAP~~ platelets. As
platelet sedimentation and total adhesion were similar, the differences in response must be
attributable to the extent to which the platelets spread. These conclusions are supported by
the observation of reduced filopodia formation of ADAP~/~ platelets on GFOGER as
compared with WT platelets (Fig. S5).

There are two ways of understanding the role of a4 in the platelet—collagen interaction.
First, a3, may play an adhesive role with no outside-in signaling: activation is mediated by
GPVI, and this interaction is facilitated by a,f3;-mediated adhesion to collagen [36].
Blockade of a,B1 would modify signaling by disrupting the GPVI-collagen interaction, as
predicted by the original two-site two-step model [37]. Second, a,f; may also mediate
signals. Blockade of a,f3; would modify platelet function by disrupting the GPVI-collagen
interaction, and also by eliminating a,[1 signaling. Previous reports [4-8] and the present
data support a role for a,p; signaling. On GFOGER, ADAP~~ platelets had a lower
XCELLigence response than FcRy ™~ platelets, despite similar levels of static adhesion. This
indicates reduced spreading. Reduced adhesion of FcRy ™~ as compared with WT platelets is
probably caused by a loss of weak GPVI signaling. As the GPVI-FcRy pathway is
functional in ADAP~/~ platelets, this shows that spreading on GFOGER is mediated, at least
in part, by a,[1 outside-in signaling involving ADAP.

Although selective ligands such as CRP and GFOGER are valuable, certain responses do not
solely represent the nominal receptor-ligand interaction. For example, a significant
component of the adhesion response to CRP is aypB3-dependent. The recognition that
GFOGER may induce weak activation of GPVI under certain experimental conditions has
implications for the interpretation of data indicating that a,f;-mediated signaling, as
induced by GFOGER, is similar to that mediated by GPVI [6].

Our observation of splenomegaly provides further information about ADAP™~ mice. The
mechanisms underlying splenomegaly and thrombocytopenia remain unknown; however, it
is possible that the two phenomena are connected. Furthermore, although low platelet counts
alone may not account for changes in bleeding time in normal mice [38], mild
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thrombocytopenia [14], defects in aypB3 function [15,16] and defects in collagen-induced
platelet activation may all contribute to the increase in rebleeding time observed in
ADAP~~ mice [15].

Kasirer-Friede et al. [15] reported limited findings on aggregation, but they did show the
effect of ADAP deficiency on ADP-induced, protease-activated receptor 4 ligand-induced
and convulxin-induced FITC—fibrinogen binding. However, although there was a 75%
reduction in FITC—fibrinogen binding induced by 10 uw ADP, the only aggregation defect
reported occurred at 2-5 puw ADP, at which concentrations aggregation was present but
reversible, as compared to the wild type. These observations highlight the difficulty in
comparing different techniques, as the substantial reduction in fibrinogen binding had such a
minimal effect on aggregation. By contrast, our data reveal a selective effect of ADAP
deficiency on collagen-induced aggregation, clearly implicating a,f; in the platelet
activation process induced by collagen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Aggregation of wild-type, ADAP~/~ and FcRg™" platelets and thromboxane B, release
induced by CRP, collagen and U46619. Aggregation (A-I) and thromboxane B, (TxB>)
production (J-L) induced by collagen-related peptide (CRP) (A, D, G, J) collagen (B, E, H,
K) and U46619 (C, F, I, L) in wild-type (WT), adhesion and degranulation-promoting
adapter protein-deficient (ADAP~~) and Fc receptor y-chain-deficient (FcRy ") platelets.
Platelet aggregation is reported as rate (A—C), extent after 6 min (D-F), and the reciprocal of
the time from the addition of agonist to the onset of the response (G-I) (mean + standard
error of the mean: 7= 9 for aggregation; 7= 5 for TxB, production).
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Effect of aspirin, cangrelor and A3P5P on the aggregation of WT and ADAP™/~ platelets
induced by CRP and collagen. (A, B) The effect of aspirin (100 uw) on collagen-induced and
collagen-related peptide (CRP)-induced aggregation in wild-type (WT) and adhesion and
degranulation-promoting adapter protein-deficient (ADAP™7) platelets (2 x 108 mL™1). (C,
D) The effects of cangrelor (1 pm), A3P5P (1 mwm) and aspirin (100 pw) on collagen-induced
(50 ug mL1) and CRP-induced (10 pg mL™1) aggregation in WT and ADAP~/~ platelets
(1.5 x 108 mL™1). The extent of aggregation after 6 min is shown (mean + standard error of
the mean: n=5-7). *P< 0.05; **P< 0.01; ***P < 0.001. NS, not significant.
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Tyrosine phosphorylation of phospholipase Cy2 (PLCy2) and Syk in wild-type (WT) and
adhesion and degranulation-promoting adapter protein-deficient (ADAP™-) platelets
stimulated with collagen or collagen-related peptide (CRP) at 1 or 10 pg mL™1 for 6 min at
37 °C. (A) PLCy2 and Syk were immunoprecipitated and separated by SDS-PAGE. (B)
Signal quantification by densitometry (mean + standard error of the mean [SEM]: n= 4) of
phosphorylation divided by total protein. Statistical analysis was performed by anova with the
Waller-Duncan post hoc test. Homogeneous subsets are indicated. Data within the same
subset are not significantly different from each other. Syk phosphorylation was unchanged
in ADAP~~ platelets. PLCy2 phosphorylation induced by 10 pug mL™1 collagen was
significantly attenuated in ADAP~'~ platelets. Coll, collagen; IP, immunoprecipitation; WB,
western blot.
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Fig. 4.

Static adhesion of wild-type, adhesion and degranulation-promoting adapter protein-
deficient (ADAP™") and Fc receptor y-chain-deficient (FcRy ") platelets to collagen-
related peptide (CRP), GFOGER, collagen, or 111-04. Platelets were either untreated (control
[CTRL]) or pretreated with lotrafiban (LOT: 10 pw), U46619 (U4: 2 uw), EDTA (2 mw), anti-
ay Hal/29 (2 ug mL) ), or anti-o; Ha31/8 (2 ug mL™1). Platelets incubated in wells coated
with bovine serum albumin (BSA) or GPP showed absorbance levels equal to those of
FcRy ™~ platelets on CRP. Data labeled ‘B’ are not significantly different from responses on
BSA/GPP. These data were omitted from subsequent statistical analysis. The remaining data
were transformed to equalize the variance, and analyzed with anova and the Waller—Duncan
post hoc test. For each peptide, homogeneous subsets are indicated. Data within the same
subset are not significantly different from each other. SEM, standard error of the mean.
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Fig. 5.

Real-time adhesion and spreading of wild-type (solid line), adhesion and degranulation-
promoting adapter protein-deficient (ADAP~") (dashed line) and Fc receptor y-chain-
deficient (FcRy ") (dotted line) platelets to GPP (B), collagen-related peptide (CRP) (C),
GFOGER (D), collagen (E), or 111-04 (F). The xCELLigence system measured impedance
every minute for 2.5 h, reported as a cell index value. Lines and shaded area = mean +
standard error of the mean: 7= 6. (A) shows the area under the curve (0-2.5 h) for each
condition. Statistical analysis was performed by anova With the Waller—-Duncan post hoc test.
Homogeneous subsets (1-8) are indicated.
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Table 1

ECsq values for the rate and extent of aggregation induced by collagen-related peptide (CRP), collagen and

U46619 in wild-type (WT), adhesion and degranulation-promoting adapter protein-deficient (ADAP~-) and
Fc receptor y-chain-deficient (FcRy ") platelets

CRP Collagen U46619
(ug mL™") (wg mL™") (um)

Rate of aggregation: mean ECg value (95% CI)

WT (7=9) 1.1 (0.78-1.6) 1.0(0.83-12)  0.43(0.28-0.66)
ADAP- (n=9) 1.4 (1.1-1.7) 26(L7-39)  0.68(0.42-1.1)
FcRy™~ (n=5) NR NR 051 (0.27-0.94)

P-value 021" <0.0001 " 0.067

Extent of aggregation: mean ECsg value (95% CI)

WT (7=9) 0.63 (0.39-1.0) 0.89 (0.78-1.0)  0.38 (0.25-0.57)
ADAP™- (n=9) 0.69 (0.44-1.1) 21(18-25)  0.58(0.37-0.93)
FcRe™- (n=5) NR NR 0.45 (0.29-0.68)

P-value 071" <0.00001 " 0017

ClI, confidence interval; NR, not recorded. Statistical comparison of pAgQ values (- log EC5Q) was carried out with paired
*

rtests

F
Or ANOVA.
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