






























































































































































































































































































































































































































































































































































ORIGINAL ARTICLE

Factor XIII supports platelet activation and enhances thrombus
formation by matrix proteins under flow conditions
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Summary. Background: Activated coagulation factor XIII

(FXIIIa) is a transglutaminase that crosslinks fibrin at sites of

vascular injury. FXIIIa also associates with blood platelets,

although its role in platelet function is unclear and requires

clarification. Objectives: To evaluate the ability of FXIIIa to

support platelet adhesion and spreading under conditions of

physiologic flow, and to identify theunderpinning receptors and

signaling events. Methods and Results: Platelet adhesion to

immobilizedFXIIIawasmeasured by fluorescencemicroscopy,

and signaling events were characterized by immunoblotting.

ImmobilizedFXIIIa supported platelet adhesion and spreading

under static conditions through mechanisms that were dually

and differentially dependent on integrins aIIbb3 and avb3.
Platelet adhesion was independent of FXIIIa transglutaminase

or protein disulfide isomerase activity.Moreover, adhesion was

abolished by antibodies that prevented interactionwithFXIIIa,

but maintained when potential interactions with fibrinogen

were blocked. Platelet adhesion to FXIIIa was reduced

significantly by either the specific aIIbb3 antagonist tirofiban

or the selective avb3-blocking antibody LM609, and abolished

when they were used in combination. Importantly, platelet

adhesion was preserved under venous and arterial flow

conditions in which both integrins played essential roles. In

contrast, FXIIIa stimulated the formation of filopodia and

lamellipodia in adherent platelets that wasmediated exclusively

by aIIbb3 and eliminated by the Src-family inhibitor 4-amino-5-

(4-methylphenyl-7-(t-butyl)pyrazolo(3,4-d)pyrimidine, indicat-

ing a tyrosine kinase-dependent mechanism. Crucially, under

conditions of arterial shear, FXIIIa accentuated platelet

recruitment by von Willebrand factor and collagen. Con-

clusions: Our data demonstrate a potential role for FXIIIa in

supporting platelet adhesion at sites of vascular damage,

particularly in association with other thrombogenic matrix

proteins.

Keywords: factor XIII, integrin signaling, platelets, thrombo-

sis.

Introduction

The accrual of blood platelets at sites of vascular injury is an

essential hemostatic response that precludes loss of blood. A

plethora of studies have examined the involvement of extra-

cellular matrix (ECM) proteins such as collagen and von

Willebrand factor (VWF) in platelet–vessel wall interactions,

and inherent adhesive mechanisms have become well estab-

lished [1]. More recently, a number of proteins involved in the

blood coagulation cascade, including protein C and factor XI,

have been shown to support platelet adhesion under flow,

adding a new dimension to our current understanding of the

recruitment of platelets to sites of vascular injury [2,3]. It has

been known for some time that platelets also interact with

FXIII. FXIII is a member of the transglutaminase family of

enzymes, which covalently join substrate molecules through

e(c-glutamine)–lysine crosslinkages [4]. PlasmaFXIII circulates

as a tetramer of two carrier B-subunits (FXIII-B) and two

catalytic A-subunits (FXIII-A). Upon vascular injury, throm-

bin cleaves 4-kDa activation peptides from each of the

A-subunits, allowing their Ca2+-dependent dissociation from

B-subunits and engagement with substrate molecules. A major

role for activated plasma FXIII (FXIIIa) is fibrin-clot stabil-

ization through crosslinking reactions [4,5]. Furthermore, a

small amount of plasma FXIII is absorbed by platelets and

localizes in their a-granules [6]. Following platelet activation,

a-granule FXIII may be released to supplement its concentra-

tion at sites of developing thrombi [6].

Platelets are known to bind FXIIIa through aIIbb3 integrins
[7]. However, platelets from Glanzmann thrombasthenia

patients, which lack functional aIIbb3, maintained an ability

to bind FXIIIa, suggesting the involvement of other, unknown,

receptors [8]. Observations that FXIIIa binds to platelets
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through FXIII-A but not FXIII-B [8] generated considerable

interest in the involvement of these interactions in hemostasis

and thrombosis [4]. However, the physiologic roles of FXIII in

platelet function are largely undefined. FXIIIa at the platelet

surface was ascribed a role in the development of highly

procoagulant �coated� platelets [9], suggesting that it may

accentuate platelet-dependent thrombus formation. Indeed,

investigations by Dardik et al. [10] revealed that in vivo

supplementation of FXIII-deficient patients with FXIII con-

centrate almost doubled the tendency of platelets to associate

with dysfunctional endothelium ex vivo. The investigators

demonstrated that, by binding platelets via aIIbb3, FXIII(a)
facilitated their interactions with endothelial cells. It is thus

possible that FXIIIa may play a role in the pathogenesis of

atherothrombosis, which is characterized by abnormal plate-

let–endothelial associations. However, whether FXIIIa also

enhances platelet adhesion and thrombus formation on ECM

proteins remains unknown. Moreover, its ability to initiate

intracellular signaling in platelets or induce characteristic

platelet responses such as spreading and thrombus formation

under arterial shear has not been characterized.

The aims of the present study were to extend previous

findings by Cox and Devine [7] and Dardik et al. [10], by

determining whether immobilized FXIIIa not only supported

platelet adhesion, but also stimulated spreading responses, and

to elucidate the receptors and signaling mechanisms involved.

We demonstrate that immobilized FXIIIa supports platelet

adhesion that triggers signal transduction, leading to spreading

and stable adhesion under physiologic flow. These events

depend on a dual and non-redundant mediation by aIIbb3 and
avb3. Importantly, FXIIIa synergizes with subendothelial

matrix proteins, particularly collagen and VWF, to enhance

platelet recruitment under conditions of arterial shear.

Materials and methods

Reagents

Rabbit monoclonal anti-phospholipase C (PLC)c2 antibody

and mouse monoclonal anti-Syk were from Santa Cruz

(Heidelberg, Germany). Normal mouse IgG, anti-phosphoty-

rosine, anti-LAT, anti-SLP-76, anti-avb3 (LM609) and anti-

b-tubulin mAbs were from Millipore (Watford, UK). Mouse

monoclonal anti-FXIII-A, fluorescein isothiocyanate-conju-

gated goat anti-mouse antibody and rabbit polyclonal

anti-fibrinogen and anti-FXIII-A antibodies were fromAbcam

Plc (Cambridge, UK). Phe-Pro-Arg-chloromethylketone

(PPACK) was from Cambridge Bioscience (Cambridge, UK).

H-Arg-Gly-Asp-Ser-OH (RGDS) and 1,2-bis-(o-aminophen-

oxy)ethane-tetra-acetic acid tetra-(acetoxymethyl) ester (BAP-

TA-AM)were fromCalbiochem (Nottingham,UK). 4-Amino-

5-(4-methylphenyl-7-(t-butyl)pyrazolo(3,4-d)pyrimidine (PP1)

was fromBIOMOLInternational (Exeter,UK).Collagenhorm

reagent was fromNycomed (Zurich, Switzerland). U73122 and

S-nitrosoglutathione (GSNO) were from Tocris Bioscience

(Bristol, UK). Purified VWF was from LFB (Lyon, France).

Heat-inactivated pooled human serum was from Sheffield

University Hospital (Sheffield, UK). Tirofiban (Aggrastat)

was from Iroko Pharmaceuticals (Philadelphia, PA, USA).

pGEX-6P-1 containing the gene sequence for recombinant

FXIII-A (rFXIII-A) was a kind gift fromR. Ariëns (University

of Leeds, Leeds, UK), and was expressed in BL21-Gold DE3

Escherichia coli (Stratagene, CA, USA). Human a-thrombin

and all other reagents were from Sigma (Poole, UK).

FXIII activity

Fibrogammin P (CLS Behring, Sussex, UK) was used as a

purified source of human plasma-derived FXIII. Fibrogam-

min P and human rFXIII-A were activated with human a-
thrombin (10 U mL)1) in the presence of 10 mM CaCl2 for 1 h

at 37 �C. PPACK (20 lM) was then added for 10 min to

inactivate thrombin [10]. Complete inhibition of thrombin

under these conditions was monitored by its diminished ability

to stimulate platelet aggregation and loss of reactivity with a

chromogenic substrate (not shown). Transglutaminase activity

was monitored by measuring crosslinking of biotinylated

amines to fibrinogen, as previously described [11]. To inhibit

transglutaminase activity, FXIIIa was incubated with the

alkylating agent iodoacetamide (3 mM) for 30 min at 20 �C.
Protein disulfide isomerase (PDI) activity was inhibited by

incubation with bacitracin (1 mM) for 1 h at 37 �C [12].

Platelet isolation

The experiments were approved by the Post-GraduateMedical

Institute ethics committee (University of Hull, UK), in

accordance with the declaration of Helsinki. Blood was

obtained from healthy volunteers who had denied taking any

medication for 2 weeks. Washed platelets were prepared with

the prostaglandin E1 method [13]. Autologous red blood cells

(RBCs) were pelleted from whole blood by centrifugation at

200 · g for 20 min at 20 �C. After removal of supernatant,

they were washed twice with wash buffer (10 mM EDTA,

50 mM glucose, 90 mM NaCl, 36 mM citric acid, 50 mM KCl,

pH 6.5), and then once with modified Tyrode�s buffer [13] by
further centrifugation at 800 · g for 12 min at 20 �C. When

required, they were reconstituted to 50% (v/v) with washed

platelets (2 · 108 platelets mL–1, final concentration) in mod-

ified Tyrode�s buffer supplemented with 1 mM CaCl2 and

40 lM PPACK.

Fluorescence microscopy

Wells on glass slides were coated overnight with heat-denatured

FXIIIa (dFXIIIa, 10 U mL)1), FXIII or FXIIIa (both

10 U mL)1), recombinant FXIII (rFXIII) or activated recom-

binant FXIII (rFXIIIa) (both 200 lg mL)1) or fibrinogen

(200 lg mL)1) for 12 h at 4 �C. Unbound protein was

removed by washes in phosphate-buffered saline (PBS), and

uncoated surfaces were blocked by overlay with heat-inacti-

vated human serum albumin (HSA; 5% in PBS) for 30 min at
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20 �C [14]. Washed platelets (5 · 107 platelets mL)1) were

allowed to adhere for 1 h at 37 �C unless stated otherwise. In

some experiments, platelets were preincubated with U73122

(5 lM) to inhibit PLC, BAPTA-AM (20 lM) to chelate

intracellular Ca2+, apyrase (1 U mL)1) to scavenge ADP,

indomethacin (10 lM) to block thromboxane A2 synthesis,

PP1 (20 lM) to inhibit Src-family kinases, GSNO (10 lM) to
inhibit platelet activation, RGDS (500 lM) to broadly inhibit

platelet integrins, tirofiban (2 lM) to specifically inhibit aIIbb3,
or LM609 (20 lg mL)1) to specifically inhibit avb3. Incuba-
tions were performed for 20 min at 37 �C prior to platelet

adhesion. In other experiments, coated wells were overlaid with

polyclonal anti-fibrinogen or anti-FXIII-A blocking antibodies

or control IgG (all 30 lg mL)1 in 10%HSA) for 30 min.Wells

were washed, platelets were allowed to adhere, and adherent

platelets were fluorescently stained for 1 h with tetramethyl

rhodamine isothiocyanate–phalloidin. The slides were observed

with an IX71 fluorescence microscope equipped with an XM10

CCD camera (Olympus, Tokyo, Japan). Images were captured

under · 60 magnification and analyzed with IMAGEJ software

(NIH, Bethesda, MD, USA).

Measurement of platelet adhesion under flow

Platelets (2 · 108 platelets mL)1) were stained with DIOC6

(1 lM) at 37 �C for 10 min reconstituted with autologous

washed RBCs (50% v/v). Flow studies were performed with

glass microslide capillary tubes (Camlab, Cambridge, UK),

coated with FXIIIa (1–10 U mL)1) for 12 h in the presence or

absence of VWF (20 lg mL)1) and blocked with bovine serum

albumin (BSA) (10 mg mL)1) for 1 h. To investigate how

FXIIIa bound to collagen and influenced its ability to support

platelet arrest, collagen (100 lg mL)1) was initially incubated

with FXIIIa (10 U mL)1) for 15 min at 37 �C prior to

immobilization. Platelets were perfused through coated tubes

at the desired shear rate for 4 min. Images of stably adhered

platelets and thrombi were captured by fluorescence micros-

copy and analyzed with IMAGEJ software. Data for adhesion

under flow are presented as surface area coverage (%), as the

software could not fully discriminate between single platelets

and platelet aggregates.Measurement of thrombus volumewas

performed as previously described [15]. Briefly, images of

platelet thrombi were captured by fluorescence and stored in a

24-bit black and white format. Thrombus surface area values

were then multiplied by their corresponding mean gray values,

which coincided with fluorescence intensity. The product was

considered as thrombus volume and measured in arbitrary

units [15–17].

Immunoprecipitation and immunoblotting

Six-well culture plates were coated overnight with dFXIIIa

(10 U mL)1) or FXIIIa (10 U mL)1). Uncoated surfaces were

blocked by overlay with HSA (5%) [14] for 30 min at 20 �C.
Washed platelets (5 · 108 platelets mL)1) were allowed to

adhere to dFXIIIa-coated or FXIIIa-coated wells for 45 min at

37 �C in the presence or absence of receptor antagonists. Non-

adherent platelets were removed, and adherent platelets were

lysed with Laemmli buffer to produce whole cell lysates, or lysis

buffer for immunoprecipitation studies [13]. Syk, LAT, PLCc2
and SLP-76 were then immunoprecipitated as previously

described [13]. Immunoprecipitated proteins were separated

by SDS-PAGE, transferred to polyvinylidene difluoride mem-

branes, immunoblotted with the required antibodies (all

1 : 1000), and then visualized by enhanced chemiluminescence.

Statistical analysis

Results are expressed as means ± standard deviations, and

were analyzed with Student�s t-test or ANOVA for unpaired data

as appropriate. P < 0.05 and P < 0.01 were considered to

indicate statistical significance.

Results

FXIII stimulates spreading of adherent platelets

We first characterized the ability of immobilized FXIII to

support platelet adhesion and spreading under static condi-

tions. Plasma FXIII, in both native and activated states,

supported equal numbers of adherent platelets (782 ± 108 and

712 ± 82 platelets/0.1 mm2 for FXIII and FXIIIa, respec-

tively, P > 0.05) (Fig. 1Aii). At identical concentrations of the

A-subunit, adhesion levels were equally reproducible with

recombinant zymogen and activated enzyme forms (548 ± 92

vs. 608 ± 155 platelets/0.1 mm2 for rFXIII and rFXIIIa,

respectively, P > 0.05) (Fig. 1Aii). Platelets did not bind

denatured FXIIIa, suggesting a dependence on its correct

conformation. Moreover, consistent with previous reports,

platelets did not bind the HSA used to effectively block

uncoated glass surfaces [14]. Platelet adhesion to both FXIII

and FXIIIa was concentration-dependent, and increased as a

function of time, with similar kinetics for zymogen and

activated enzyme forms (not shown).

We observed that adherent platelets on activated and

zymogen FXIII had a fully spread morphology (Fig. 1A),

exhibiting both filopodia and lamellipodia formation. At

60 min, the majority of platelets were fully spread, with

average platelet surface areas of 24 ± 5 and 28 ± 3 lm2

(P > 0.05) for FXIII and FXIIIa, respectively (Fig. 1Aiii).

Similar activation-triggered shape changes were observed in

platelets bound to rFXIII and rFXIIIa (Fig. 1Ai). Thus, under

static conditions, immobilized FXIII and FXIIIa supported

equal levels of platelet adhesion, but also similarly triggered

activation and spreading in adherent platelets.

As FXIII can associate with fibrinogen in plasma [18], we

examined our source of plasma FXIII for contaminating

fibrinogen. Immunoblotting of fibrogammin P with a poly-

clonal anti-fibrinogen antibody failed to reveal the presence

of fibrinogen when compared to a purified fibrinogen control

(Fig. S1Ai). Furthermore, we confirmed the FXIII-A content

of both fibrogammin P and rFXIII-A through immunoblot-
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ting with a specific antibody (Fig. S1Aii). To confirm that

platelets were binding FXIIIa independently of fibrinogen,

specific blocking antibodies to FXIII-A and fibrinogen were

used. Platelet adhesion to FXIIIa was abolished by overlay-

ing the immobilized protein with a polyclonal anti-FXIII-A

antibody, whereas an IgG control had no effect (Fig. 1B).

Importantly, overlaying FXIIIa with an anti-fibrinogen

antibody failed to influence platelet adhesion to FXIIIa,

but blocked adhesion to immobilized fibrinogen. Adding

anti-fibrinogen antibody to platelet suspensions prior to

adhesion also did not affect platelet binding to FXIIIa (not

shown). These data, along with those showing equally

reproducible platelet adhesion to plasma protein-free

rFXIII-A (Fig. 1A), indicate that the observed adhesion

and spreading events on plasma FXIII occurred indepen-

dently of fibrinogen.

Fig. 1. Activated factor XIII (FXIIIa) stimulates spreading of adherent platelets. (A) Wells on glass slides were coated overnight at 4 �C with FXIII or

FXIIIa (10 U mL)1), recombinant FXIII (rFXIII) or recombinant FXIIIa (rFXIIIa) (200 lg mL)1), or heat-denatured FXIIIa (dFXIIIa) (10 U mL)1).

Uncoated surfaces were blocked by overlay with heat-inactivated human serum albumin (HSA) (5%) for 30 min at 20 �C. Washed platelets

(5 · 107 platelets mL)1) were allowed to adhere for 1 h, stained with tetramethyl rhodamine isothiocyanate–phalloidin, and viewed under · 60 magni-

fication. (i) Representative images are shown. Bar: 20 lm. (ii) Platelets were counted and expressed as number of adherent platelets per 0.1 mm2. (iii)

Images were used to determine platelet surface area. (B) As in (A), except that some wells were separately coated with fibrinogen (200 lg mL)1) (light bars)

or FXIIIa (10 U mL)1) (dark bars), and then overlaid with the indicated polyclonal antibody (30 lg mL)1) or left untreated for 30 min at room

temperature prior to platelet adhesion. (B) (i) Representative images are shown. Bar: 20 lm. (ii) Platelets were counted and expressed as number of

adherent platelets per 0.1 mm2. Results are means ± standard deviations of three separate experiments with different blood donors. (C) Platelets were

pretreated with S-nitrosoglutathione (GSNO) (10 lmol mL)1) for 20 min at 22 �C or left untreated (control), and the number of adherent platelets was

determined. Results are means ± standard deviations of four separate experiments with with different blood donors. Fgn, fibrinogen; NS, not significant.

**P < 0.01, *P < 0.05.
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Our data suggested that transglutaminase activity did not

play a role in FXIII-mediated platelet adhesion (Fig. 1Aii).

Under conditions where the transglutaminase activity of

FXIIIa was inhibited by iodoacetamide (3 mM) (Fig. S2A),

platelet adhesion was unaffected (Fig. S2B). Furthermore,

inhibition of a potential �PDI-like activity� of FXIIIa [12] by

incubation with bacitracin (1 mM) also failed to inhibit

platelet adhesion (Fig. S2C). In contrast, adhesion was

significantly diminished by inhibition of platelet activation

with the nitric oxide donor GSNO (10 lmol mL)1)

(Fig. 1C).

FXIIIa supports platelet adhesion under flow conditions

FXIIIa predominates at sites of vascular damage and interacts

with proteins of the ECM [4], thereby potentially playing a role

in platelet recruitment at these sites. Therefore, for the

remaining experiments, we concentrated on the activated form

of the enzyme, using an in vitro flow assay [14] to assess the

stringency of FXIIIa–platelet binding under physiologic levels

of shear. Immobilized FXIIIa, but not BSA, recruited flowing

platelets, leading to stable aggregate formation at a venous

shear rate of 300 s)1 (Fig. 2). This was maintained at arterial

shear (800 s)1), albeit to a significantly lower extent than at

300 s)1 (P < 0.01) (Fig. 2). Thus, immobilized FXIIIa sup-

ports platelet adhesion under physiologic conditions of flow, in

a shear-dependent manner. Under these conditions, adhesion

also occurred independently of transglutaminase activity, and

was reproducible with FXIII and iodoacetamide-treated

FXIIIa (not shown). Importantly, platelet adhesion to FXIIIa

was observed with whole blood under flow (Fig. S5 and

Video S1C).

Roles of aIIbb3 and avb3 in platelet adhesion and spreading on

FXIIIa

We next examined the role of integrins in platelet adhesion to

FXIIIa. The specific aIIbb3 antagonist tirofiban (2 lM) reduced,
but did not eliminate, platelet adhesion to FXIIIa from

941 ± 42 to 566 ± 72 platelets/0.1 mm2 (P < 0.05) (Fig. 3-

Aii), suggesting the involvement of additional receptors. In

contrast, adhesion to fibrinogen in the presence of tirofiban

was almost abolished (Fig. 3C and S3). Integrin avb3 mediates

FXIIIa binding to monocytes [19] and endothelial cells [10],

and we hypothesized that it may also facilitate FXIIIa

interactions with platelets. Specific inhibition of platelet avb3
with the blocking antibody LM609 [20] (20 lg mL)1), but not

IgG control, reduced platelet adhesion to FXIIIa (941 ± 42 to

480 ± 91 platelets/0.1 mm2, P < 0.01). Five-fold higher con-

centrations of tirofiban or LM609 had no additional effect (not

shown). Importantly, when used in combination, these inhib-

itors abolished adhesion to FXIIIa (Fig. 3Ai,ii). Inhibition of

aIIbb3 and avb3 had divergent effects on FXIIIa-mediated

platelet spreading. Whereas spreading was maintained follow-

ing avb3 blockade (27 ± 4 lm2 as compared with 31 ± 1 lm2

for the presence and absence of LM609 [P > 0.05]), it was

abolished following inhibition of aIIbb3 (8 ± 2 lm2 as com-

pared with 31 ± 1 lm2 for the presence and absence of

tirofiban [P < 0.05]) (Fig. 3Aiii). Consistent with the experi-

ments performed under static conditions, under flow, FXIIIa-

mediated adhesion was reduced significantly by tirofiban

(P < 0.01) or LM609 (P < 0.01), and abolished when they

were used in combination (Fig. 3B). As with the IgG control,

treating platelets with a blocking antibody against glycoprotein

(GP)1b, Mab6D1 (20 lg mL)1), had no effect on adhesion to

FXIIIa under either static or flow conditions (not shown).

These findings suggest that platelet adhesion to FXIIIa is

dually dependent on aIIbb3 and avb3, whereas platelet spread-
ing and potentially stable adhesion are driven by aIIbb3. In
contrast to the results obtained with FXIIIa, inhibition of avb3
had no effect on adhesion to fibrinogen (Fig. 3C). As the two

proteins can associate in plasma, we investigated whether their

differential integrin binding influenced platelet accrual. Fibrin-

ogen-bound FXIII dose-dependently increased platelet recruit-

ment by immobilized fibrinogen under physiologic flow

(Fig. 3D). Thus, FXIII can enhance fibrinogen-mediated

platelet accrual.

Fig. 2. Activated factor XIII (FXIIIa) supports platelet adhesion under

flow. Washed platelets (2 · 108 platelets mL)1) were stained with DiOC6

(1 lM), reconstituted blood was perfused over immobilized FXIIIa

(10 U mL)1) for 4 min at the indicated shear rate, and platelet deposition

was then viewed by fluorescence microscopy. Images were captured under

fluorescence using CELL^P imaging software. Magnification: · 60. (A)

Representative images are shown. Bar: 20 lm. (B) Data are shown as

percentage area coverage and are means ± standard deviations of five

separate experiments with different blood donors. BSA, bovine serum

albumin. **P < 0.01.
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FXIIIa supports adhesion and spreading through a

Src-kinase-dependent pathway

Stable platelet adhesion and spreading via aIIbb3 requires

tyrosine kinase-dependent signals involving Src and Syk [21].

We examined the role of the signaling proteins required for

outside-in signaling. Consistent with a tyrosine kinase-depen-

dent mechanism, the Src-family kinase inhibitor PP1 (20 lM),
but not its inactive analog (not shown), reduced platelet

adhesion to FXIIIa from 762 ± 40 to 143 ± 77 platelets/

0.1 mm2 (P < 0.01) and abolished spreading (27 ± 1 to

11 ± 3 lm2; P < 0.01) (Fig. 4A). Furthermore, adhesion to

FXIIIa increased tyrosine phosphorylation of a broad range of

proteins in whole cell lysates from FXIIIa-adherent platelets,

with themost prominent bands being observed at 27, 36, 40, 48,

55, 72 and 130 kDa (Fig. 4B, arrows). These phosphorylation

events were abolished by RGDS, consistent with integrin-

mediated signaling. Using immunoprecipitation, we found that

Fig. 3. Platelet adhesion to activated factor XIII (FXIIIa) is dually dependent on aIIbb3 and avb3. (A) Washed platelets (5 · 107 platelets mL)1) were

treated with tirofiban (2 lM), LM609 (20 lg mL)1), IgG control antibody (20 lg mL)1), or H-Arg-Gly-Asp-Ser-OH (RGDS) (500 lM), or left untreated
(control), for 20 min, allowed to adhere to immobilized FXIIIa or heat-denatured FXIIIa (dFXIIIa) (both 10 U mL)1) for 1 h at 37 �C, stained with

tetramethyl rhodamine isothiocyanate–phalloidin, and viewed by fluorescence microscopy. (i) Representative images taken under · 60 magnification. Bar:

20 lm. (ii) Platelets were counted and expressed as number of adherent platelets per 0.1 mm2. (iii) Images were used to determine platelet surface area. The

results are from three separate experiments with different blood donors. (B) Washed platelets (2 · 108 platelets mL)1) were treated with the appropriate

receptor antagonists and stained with DiOC6 (1 lM), and reconstituted blood was perfused over immobilized FXIIIa for 4 min at a shear rate of 300 s)1.

Images were used to calculate platelet surface area coverage. (C) As in (A), except that platelets were allowed to adhere to immobilized fibrinogen

(200 lg mL)1). The results are from three separate experiments with different blood donors. (D) As in (B), except that FXIII (5 and 10 U mL)1) or heat-

denatured FXIII (dFXIII) (10 U mL)1) were allowed to bind to fibrinogen (1 mg mL)1) through a 15-min preincubation at 37 �C prior to coating of

tubes. Uncoated surfaces were blocked by overlay with bovine serum albumin (BSA) (10 mg mL)1) for 30 min at 20 �C prior to blood perfusion at 800 s)1

for 4 min. The results are from three separate experiments with different blood donors. Fbg, fibrinogen; HSA, human serum albumin; NS, not significant.

**P < 0.01, *P < 0.05.
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Fig. 3. Continued
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adhesion to FXIIIa stimulated tyrosine phosphorylation of

Syk and its downstream target SLP-76 (Fig. 4C), two proteins

that play critical roles in signaling by aIIbb3 [21]. In contrast,

LAT remained in its unphosphorylated state, distinguishing the

signaling cascade from that downstream of GPVI [22] (not

shown). We could not detect phosphorylation of tyrosine

residues when platelets were stirred with FXIIIa in suspension

(not shown). To dissect the roles of aIIbb3 and avb3 in signaling

events induced by immobilized FXIIIa, we compared the

pattern of tyrosine phosphorylation of whole cell lysates from

adherent platelets treated with tirofiban and LM609. Tyrosine

phosphorylation of platelet proteins was unaffected by inhibi-

tion of avb3, whereas blockade of aIIbb3 restricted it to basal

levels (Fig. 4D).

Fig. 4. Platelet adhesion and spreading on activated factor XIII (FXIIIa) is tyrosine kinase-dependent. (A) Washed platelets (5 · 107 platelets mL)1)

were treated with 4-amino-5-(4-methylphenyl-7-(t-butyl)pyrazolo(3,4-d)pyrimidine (PP1) (20 lM) or 0.01% dimethylsulfoxide (vehicle control)

for 20 min, allowed to adherefor 1 h to immobilized FXIIIa (10 U mL)1), and viewed by fluorescence microscopy. (i) Representative images

taken under · 60 magnification. Bar: 20 lm. (ii) Adherent platelets were counted and expressed as number of adherent platelets per 0.1 mm2.

(iii) Images were used to determine platelet surface area. The results are from four separate experiments with different blood donors.

*P < 0.05, **P < 0.01. (B) Washed platelets (5 · 108 platelets mL–1) were allowed to adhere to immobilized FXIIIa (10 U mL)1) or heat-

denatured FXIIIa (dFXIIIa) (10 U mL)1) in the presence of apyrase (1 U mL)1) and indomethacin (10 lM) for 45 min at 37 �C. In some

cases, platelets were treated with H-Arg-Gly-Asp-Ser-OH (RGDS) (500 lM) before adhesion. Adherent-platelet lysates were immunoblotted for

phosphotyrosine (pTyr). The results are from four separate experiments with different blood donors. (C) As in (B), except that Syk, SLP-76

and LAT were immunoprecipitated from lysates, separated by SDS-PAGE, and immunoblotted against each respective protein and

phosphotyrosine. The results are from three separate experiments with different blood donors. (D) As in (B), except that platelets were

treated with tirofiban (2 lM), LM609 (20 lg mL)1), or IgG control antibody (20 lg mL)1), or left untreated (control), for 20 min at 37 �C
prior to adhesion to FXIIIa (10 U mL)1). The blot is representative of three separate experiments with different blood donors. IB,

immunoblotting; IP, immunoprecipitation.
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FXIIIa-mediated platelet adhesion and spreading requires the

mobilization of intracellular Ca2+

As the mobilization of intracellular Ca2+ through PLCc2 is

vital for integrin-mediated adhesion and spreading [23], we

examined its role in FXIIIa-stimulated platelet adhesion. The

intracellular Ca2+ chelator BAPTA-AM (20 lM) significantly
reduced platelet adhesion to FXIIIa from 762 ± 40 to

123 ± 26 platelets/0.1 mm2 (P < 0.01) (Fig. 5Aii) and pre-

vented spreading. We next used the PLC inhibitor U73122

(5 lM), which completely abolished stable platelet adhesion

(Fig. 5Aii). Consistent with these data, PLCc2 was tyrosine-

phosphorylated, suggesting its activation [24], when platelets

adhered to FXIIIa (Fig. 5B). These data suggest that adhesion

to FXIIIa leads to activation of PLCc2, which mobilizes the

intracellular Ca2+ that is required for spreading.

FXIIIa enhances platelet recruitment by the ECM under

arterial flow conditions

The exposure of ECM proteins such as collagen and collagen-

bound VWF at sites of vascular injury leads to rapid activation

Fig. 5. Phospholipase C (PLC)c2-mediated intracellular Ca2+ mobilization is required for stable platelet adhesion and spreading on activated

factor XIII (FXIIIa). (A) (i) Washed platelets (5 · 107 platelets mL–1) were treated with 1,2-bis-(o-aminophenoxy)ethane-tetra-acetic acid

tetra-(acetoxymethyl) ester (BAPTA-AM) (20 lM) or U73122 (5 lM) for 20 min, allowed to adhere to immobilized FXIIIa (10 U mL)1) for

1 h, stained with tetramethyl rhodamine isothiocyanate–phalloidin, and viewed by fluorescence microscopy. Bar: 20 lm. (ii) Platelets were

counted and expressed as number of adherent platelets per 0.1 mm2. (iii) Surface areas of adherent platelets were measured with IMAGEJ

software. The results are from four separate experiments with different blood donors. **P < 0.01. (B) Washed platelets (5 · 108 platelets mL–1)

were allowed to adhere to the wells of a six-well plate coated with heat-denatured FXIIIa (dFXIIIa) (10 U mL)1) or FXIIIa (10 U mL)1) in

the presence of apyrase (1 U mL)1) and indomethacin (10 lM) for 45 min. PLCc2 was immunoprecipitated from adherent-platelet lysates, and

immunoblotted for PLCc2 and phosphotyrosine (pTyr). Blots are representative of three separate experiments with different blood donors. IP,

immunoprecipitation.
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and retention of platelets [25]. We hypothesized that, as FXIIIa

could support adhesion alone, it may supplement platelet

recruitment by other matrix proteins. We co-immobilized a

fixed concentration of VWF (20 lg mL)1) with a range of

FXIIIa concentrations (1–10 U mL)1). At a shear rate of

800 s)1, immobilized VWF (20 lg mL)1) supported adhesion

of single platelets that covered 8.9% ± 0.1% of the VWF-

coated surface. However, platelet surface coverage was

increased significantly when VWF was immobilized together

with FXIIIa (Fig. 6). Maximal effects were observed with

FXIIIa (10 U mL)1), where surface area coverage was

increased from 8.9% ± 0.1% (VWF alone) to

15.0% ± 1.6% (P < 0.05). Importantly, there was a clear

contrast between single platelets bound on a VWF surface and

platelet aggregates observed on a VWF/FXIIIa surface

(Fig. 6A and Video S1A).

Factor XIII binds to collagen [26], which may allow FXIIIa

to be immobilized at sites of vascular damage, thereby

promoting platelet adhesion. Using methodology provided in

the data supplement (Data S1), we observed that FXIIIa, but

not zymogen FXIII, bound to collagen (Fig. S4), and then

examined how this influenced platelet adhesion to collagen.

Under our experimental conditions, collagen (100 lg mL)1)

alone supported the deposition of robust platelet-rich thrombi,

resulting in a mean thrombus volume of (3.7 ± 0.1) ·
105 arbitrary units. Importantly, collagen-bound FXIIIa facil-

itated a significant increase in the volumes of stable thrombi to

(6.7 ± 0.5) · 105 arbitrary units (P < 0.05) (Fig. 7C), with-

out influencing surface coverage (Fig. 7B). Crucially, this

required the correct protein folding of FXIIIa, as heat-

denatured FXIIIa could not enhance the effects of collagen

(P > 0.05).

Discussion

Although associations between platelets and FXIIIa are

recognized, the physiologic consequences of these interactions

are poorly defined. The aims of our study were three-fold:

first, to investigate the ability of immobilized FXIIIa to

support adhesion and spreading under static and flow

conditions; second, to determine the molecular mechanisms

underpinning platelet adhesion; and third, to examine

whether FXIIIa could act cooperatively with other thromb-

ogenic proteins to enhance platelet accrual under flow. Our

results confirm those of Dardik et al. [10], who showed that

platelets could bind both FXIII and FXIIIa. However, the

Fig. 6. Activated factor XIII (FXIIIa) enhances platelet thrombus formation by von Willebrand factor (VWF). Reconstituted blood was perfused over

immobilized FXIIIa (10 U mL)1) or VWF (20 lg mL)1) either alone or co-immobilized with increasing concentrations of FXIIIa (1–10 U mL)1) for

4 min at 800 s)1, and then viewed by fluorescence microscopy. Images from eight random fields of view were captured under fluorescence, with CELL^P

imaging software (magnification: · 60). (A) Representative images are shown. Scale bar: 20 lm. (B)Data shown aremeans ± standard deviations of three

separate experiments with different blood donors. NS, not significant. **P < 0.01, *P < 0.05.
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data presented here also greatly extend that work by

demonstrating several key factors, including the fact that

FXIIIa supports adhesion independently of transglutaminase

and PDI-like activity, induces a tyrosine kinase signaling

pathway downstream of aIIbb3, and supports platelet accrual

under physiologic conditions of flow.

Platelet adhesion and spreading on FXIIIa occur through

collaborative binding by aIIbb3 and avb3. Previous studies used
the antibody 7E3 [7], or its humanized derivative abciximab

[10], and eptifibatide [27] in attempt to specifically demonstrate

the critical role of aIIbb3 in binding FXIIIa. However, unlike

tirofiban, all three inhibitors also block avb3 [28]. Thus,

conclusions from these studies overlooked the potential

contribution of avb3. Using tirofiban for its strict specificity

for aIIbb3, we found that this integrin was only partially

responsible for platelet binding to FXIIIa, with LM609

revealing that avb3 was needed for maximal adhesion. Platelet

adhesion to FXIIIa was only effectively abolished when both

integrins were blocked. It is noteworthy that platelet avb3 has
been shown to possess an affinity 150-fold greater than aIIbb3
for at least one common ligand [29]. Thus, despite its lower

copy number, it is an important mediator of platelet adhesive

events. Although FXIIIa-mediated adhesion depends on both

receptors, platelet spreading, required for stable adhesion

under flow, is mediated solely by aIIbb3. Together, these data
suggest a model whereby aIIbb3 reinforces avb3-mediated

platelet adhesion to FXIIIa through signaling events that lead

to spreading. FXIIIa stimulates platelet spreading through a

tyrosine kinase-dependent mechanism downstream of aIIbb3,
resulting in the tyrosine phosphorylation and activation of a

number of proteins, including Syk, SLP-76, and PLCc2,
leading to the Ca2+ mobilization required for platelet activa-

Fig. 7. Activated factor XIII (FXIIIa) is immobilized on collagen and enhances its thrombogenic capacity. FXIIIa (10 U mL)1) or heat-denatured

FXIIIa (dFXIIIa) (10 U mL)1) were bound to collagen (100 lg mL)1) through a 15-min preincubation at 37 �C prior to coating of tubes.

Reconstituted blood was perfused through the coated tubes for 4 min at 800 s)1, and thrombus formation was viewed by fluorescence microscopy.

(A) Representative images of stable thrombi formed on each surface are shown. Bar: 20 lm. (B) IMAGEJ software was used to measure percentage

surface area coverage. (C) Volumes of thrombi formed on each surface were measured as previously described [15]. The results are from four separate

experiments with different blood donors. NS, not significant. *P < 0.05.
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tion. Consistent with this, platelet inhibition by GSNO

markedly reduced stable adhesive contacts with FXIIIa. In

contrast, avb3 did not participate in the signaling events, in line

with its redundancy in the spreading process.Despite the ability

of FXIIIa to stimulate spreading, it is notable that it did not

induce aggregation or tyrosine phosphorylation in platelet

suspensions (not shown). This explains, in part, why previous

studies have not reported signaling events induced by this

enzyme. Furthermore, signal transduction induced solely by

immobilized FXIIIa may suggest a unique mechanism that

allows it to promote platelet activation only when it is localized

at sites of vascular damage. Thus, in addition to identifying a

potentially new platelet receptor for FXIIIa, we provide the

first evidence that FXIIIa activates platelets through tyrosine

kinase-dependent signaling.

It is possible that FXIIIa, through mediating both platelet

adhesion and activation, could contribute to platelet recruit-

ment at sites of vascular injury. In plasma, FXIII can

associate with fibrinogen, an important ligand for aIIbb3. We

demonstrate that platelets can bind FXIII independently of

fibrinogen, as we excluded its presence from our plasma-

purified FXIII preparation, and platelets adhered to plasma

protein-free recombinant FXIII-A. Binding to FXIII, but not

to fibrinogen, was reduced by inhibition of avb3. This is

consistent with descriptions of a minor platelet role for avb3
in binding fibrinogen [29]. Importantly, it suggests that

different, non-redundant mechanisms control platelet binding

to the two proteins. In fact, we observed that fibrinogen-

bound FXIII increased platelet binding to immobilized

fibrinogen under physiologic flow, suggesting that FXIII

can collaborate with fibrinogen in mediating platelet accrual.

Although these data appear to contradict those of Nagy et al.

[27], who reported that platelet–FXIII interactions were

wholly dependent on fibrinogen, they are supported by a

report from Cox and Devine [7], who also demonstrated that

washed platelets and, indeed, purified aIIbb3 could bind

FXIIIa in the absence of fibrinogen, with this being enhanced

by its presence. Nevertheless, both studies examined interac-

tions with platelets in suspension using flow cytomery,

whereas immobilized FXIIIa was used in the present study,

which limits comparison of results.

Under high shear, VWF-mediated platelet tethering retards

flowing platelets, allowing their activation in response to

exposed collagen [25]. Platelet adhesion is then strengthened by

integrin-mediated spreading, which is facilitated by various

plasma proteins. We observed that, at high shear, the presence

of surface-immobilized FXIIIa led to platelet aggregate

formation, which was unobservable on VWF alone, indicating

that FXIIIa can act in concert with VWF to arrest flowing

platelets. Perhaps more importantly, FXIIIa bound to collagen

enhanced the ability of this key matrix protein to form platelet-

rich thrombi. By binding collagen exposed at sites of vascular

injury, FXIIIa, like VWF, may increase platelet recruitment by

supplementing the number of platelet-binding sites available

per collagen fiber. This enhances the thrombotic potential of

collagen by supplementing activatory signal transduction

through the long-lived, integrin-mediated �outside-in� signaling
that is essential for maintaining interplatelet contacts within

platelet aggregates and initiating clot retraction [25]. Thus,

FXIIIa promotes the thrombogenic effects of key ECM

proteins, thereby illustrating its potential role alongside other

plasma and matrix proteins in propagating platelet activation

at sites of vascular damage.

The present study raises the possibility of a physiologic role

for FXIIIa in supporting platelet accrual and spreading

through multiple integrins. Although FXIIIa does not induce

platelet aggregation, FXIII-A-deficient mice exhibit elongated

tail bleeding times [30] and markedly diminished clot

retraction [31], suggesting a potential role for FXIII in

platelet-dependent thrombosis. In humans, FXIII(a) involve-

ment in platelet aggregation is less clear. Whereas investiga-

tors in an early study found that platelets aggregated

normally in response to ADP, ristocetin, and collagen [32],

a more recent study revealed diminished responses to ADP

and epinephrine by platelets from three FXIII-A-deficient

patients [33]. We speculate that the interaction of platelets

with FXIIIa may have particular relevance at vascular injury

sites, where it could potentiate the thrombogenic effects of

exposed collagen and VWF and immobilized fibrinogen.

Recent evidence from large clinical studies suggests that

elevated plasma FXIII antigen and activity levels may be risk

factors for myocardial infarction [34] and peripheral vascular

disease (PVD) [35]. Taken together with the increasingly

established involvement of platelets in the pathogenesis of

cardiovascular disease [25], observations that patients with

PVD have circulating platelets bound to more FXIII than

healthy controls [36] suggest that platelet–FXIII(a) interac-

tions may have pathologic consequences in humans. Thus, we

identify FXIII/FXIIIa as a novel component of the growing

numbers of proteins, including CD40, thrombospondin, FXI

and protein C, localized to areas of vascular damage, that

activate blood platelets through multiple integrated signaling

pathways. Like FXIIIa, such proteins may play modest

roles in platelet-mediated primary hemostasis, but they may

contribute significantly to vascular occlusive pathologies. The

involvement of platelet–FXIIIa interactions in pathologic

thrombosis thus requires further investigation.
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