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Abstract Platelet activation during thrombotic events is closely associated with
complement and contact system activation, which in turn leads to inflammation.
Here we review the interactions between activated platelets and the complement
and contact activation systems in clotting blood. Chondroitin sulfate A (CS-A),
released from alpha granules during platelet activation, is a potent mediator of
crosstalk between platelets and the complement system. CS-A activates comple-
ment in the fluid phase, generating anaphylatoxins that mediate leukocyte activa-
tion. No complement activation seems to occur on the activated platelet surface,
but C3 in the form of C3(H,0) is bound to the surfaces of activated platelets. This
finding is consistent with the strong expression of membrane-bound complement
regulators present at the platelet surface. CS-A exposed on the activated platelets
is to a certain amount responsible for recruiting soluble regulators to the surface.
Platelet-bound C3(H,0O) acts as a ligand for leukocyte CR1 (CD35), potentially
enabling platelet-leukocyte interactions. In addition, platelet activation leads to
the activation of contact system enzymes, which are specifically inhibited by anti-
thrombin, rather than by C1INH, as is the case when contact activation is induced
by material surfaces. Thus, in addition to their traditional role as initiators of sec-
ondary hemostasis, platelets also act as mediators and regulators of inflammation
in thrombotic events.
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1 Background

1.1 The Complement System

The complement system is part of the innate immune system and one of the main
effector mechanisms of antibody-mediated immunity. As many as 30 soluble and
membrane-bound glycoproteins are involved in the complement system (Liszewski
et al. 1996; Sunyer and Lambris 2001; Zipfel and Skerka 2009), whose central pro-
tein is complement component 3 (C3).

Complement activation is a target surface-oriented process that is centered
around the activation of C3. C3 can be activated by three activation pathways: the
classical pathway (CP), which in general responds to immune complexes (ICs); al-
ternative pathway (AP), which is triggered by interaction with bacteria, viruses; and
the lectin pathway (LP), which responds to the presence of certain carbohydrates
on microbial surfaces. Once activated, the complement system mediates at least
three traditionally described major functions: opsonization of pathogens, and thus
enhancement of phagocytosis; attraction and activation of phagocytes to the site of
inflammation; and lysis of foreign pathogens by damaging their cell membranes.
Other more recently described functions of the complement system are elimination
of apoptotic cell debris, enhancement of humoral immunity (Molina et al. 1996),
modification of T-cell responses (Kohl 2006), and regulation of tolerance to self-
antigens (Carroll 2000).

The complement system is strictly regulated in solution and on cell surfaces,
such as endothelial cells and platelets, by both soluble and membrane-bound regu-
lator proteins. Deficiencies in complement regulation can cause tissue damage as
a result of uncontrolled inflammation and can contribute to the pathology of many
diseases. Soluble complement regulators include C1 inhibitor (C1INH), factor H,
C4 binding protein (C4BP), and factor I, as well as vitronectin and clusterin. The
membrane-bound complement regulators include complement receptor 1 (CR1),
CD59, membrane cofactor protein (MCP), decay accelerating factor (DAF), and
CRIg (Liszewski et al. 1996; Meri and Jarva 1998; Helmy et al. 2006; He et al.
2008; Zipfel and Skerka 2009).

1.2 The Contact System

In the 1950s, it was observed that blood added to glass tubes clotted and the concept
of contact activation was thus born (Margolis 1958; Waaler 1959). The mechanism
of contact activation was initially studied in plasma or using purified proteins, with
different negatively charged substances such as glass, kaolin, dextran sulfate, ellagic
acid, endotoxins, and glycosaminoglycans (GAGs) to initiate the activation. More re-
cently, studies of the interaction and activation of the contact components on endothe-
lial cells have indicated alternative mechanisms of activation for these components.
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In the presence of a negatively charged surface, factor (F) XII binds to the sur-
face and becomes autoactivated as a result of conformational changes that uncover
its catalytic serine protease region (Miller et al. 1980). This activated surface-bound
form of FXII, o-FXIIa, cleaves and activates plasma prekallikrein and FXI, gen-
erating active plasma kallikrein (KK) and FXIa (Revak et al. 1978). FXIa then
activates FIX, initiating the process of thrombin generation. Plasma KK enhances
contact activation by cleaving both FXII, converting it to FXIla, and surface-bound
o-FXlIla, liberating soluble B-FXIIa, which produces more KK. Thus, contact acti-
vation is an autocatalytic process. KK also cleaves high molecular weight kininogen
(HK), liberating the vasoactive non-apeptide bradykinin (BK) (Mori and Nagasawa
1981). HK is a required cofactor in the contact activation process, since both prekal-
likrein and FXI bind to negatively charged surfaces in conjunction with HK.

Multiple protease inhibitors, such as C1INH, antithrombin (AT), o.1-antitrypsin,
o2-antiplasmin, protein C inhibitor, and o:2-macroglobulin, are able to inhibit the
enzymes of the contact system (Forbes et al. 1970; Heck and Kaplan 1974; Saito
et al. 1979; van der Graaf et al. 1983; de Agostini et al. 1984; Pixley et al. 1985b;
Meijers et al. 1988; Wuillemin et al. 1995). Most of these proteins belong to the
superfamily of serine protease inhibitors (serpins). Several studies have concluded
that C1INH is the predominant inhibitor of all enzymes of the contact system, fol-
lowed by o-2-macroglobulin, o-2-antiplasmin, and AT (Harpel et al. 1985; Pixley
et al. 1985b; Wuillemin et al. 1995, 1996). GAGs such as heparin and heparan
sulfate enhance the inhibitory effect of AT on all contact enzymes (Holmer et al.
1981; Pixley et al. 1985a; Olson et al. 1993; Gozzo et al. 2003) and have also been
reported to enhance, to a lesser degree, the inhibitory effect of C1INH on KK and
FXITa but not FXIIa (Wuillemin et al. 1996; Gozzo et al. 2006).

In addition to its ability to initiate coagulation, the proteins of the contact system
also participate in the initiation of the inflammatory response via kinin formation
and possibly also via complement activation. Contact system factors have also been
reported to influence fibrinolysis.

1.3 Platelets

Apart from the traditional view of platelets as mediators of hemostasis, evidence is
emerging that platelets and platelet-derived microparticles (PMPs) bring together
complement and contact system activation at the site of thrombotic reactions. For
instance, activated complement components have been demonstrated in many types
of atherosclerotic and thrombotic vascular lesions, and platelets are involved in
many of the inflammatory diseases that are mediated by complement dysregulation
(Torzewski et al. 1997).

Platelets become activated when they contact any thrombogenic surface, such
as injured endothelium or subendothelium, or an artificial surface such as a stent,
vascular graft, or cardiopulmonary or hemodialysis equipment (Gorbet and Sefton
2004). Platelets also respond to stimulation by physiological agonists, including
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thrombin, ADP, collagen, platelet activating factor (PAF), and thromboxane A2
(TxA,). In these situations, platelet activation is initiated by the interaction of an
extracellular stimulus with receptors at the platelet surface (Blockmans et al. 1995).

Under both physiological and pathological conditions, platelet activation in the
human body is triggered by contact with a disrupted vascular wall and subendothe-
lium, which exposes collagen, von Willebrand factor (vWF), and/or fibrin. Platelets
adhere to the subendothelium through the binding of vWF to the glycoprotein re-
ceptor (GP) Ib/IX/V complex present on the platelet surface (Savage et al. 1996).
Binding of vWF is principally mediated through the receptor GPIb (Ruggeri et al.
1983). The binding of collagen and vWF to the receptors activates an intracellular
signaling pathway, which leads to contraction and release of storage granules (Hol-
msen 1989; Colman et al. 1994). The key feature in the extension of platelet aggre-
gates is the presence of receptors on the platelet surface that can respond directly
to some of the released agents, such as thrombin, ADP, and TxA, (Brass 2003).
Aggregation is mediated by fibrinogen, which binds to the integrin GPIIb/IIla on
the platelet surface. When fibrinogen binds to platelets, fibrinogen forms a bridge
between adjacent platelets. The affinity of GPIIb/IIIa for fibrinogen increases as a
result of stimulation by ADP and TxA, which induce as conformational change in
the fibrinogen receptor (Shattil and Newman 2004).

When platelets are stimulated by agonists such as collagen that induce secretion
of granule contents, a trans-bilayer flipping of the membrane phospholipids occurs
that brings procoagulant phospholipids to the platelet surface. The exposed phos-
pholipids greatly accelerate the tenase (FIXa/FVIIIa) and prothrombinase (FXa/
FVa) reactions of the coagulation pathway, resulting in the generation of thrombin,
the most potent platelet agonist (Zwaal et al. 1998; Rand et al. 2003). Thrombin
induces further platelet stimulation, aggregation, and secretion. Thrombin also con-
verts fibrinogen to fibrin, which is deposited around the mass of aggregated plate-
lets and confers stability on the formed hemostatic plug.

Human platelets express two protease-activated receptors (PAR), PAR1 and
PARA4, that are proteolytically cleaved and activated by thrombin. PAR1 responds to
thrombin levels of approximately 1 nmol/L, while PAR4 requires a 10-fold higher
thrombin concentration (Brass 2003). Thrombin-mediated activation involves bind-
ing to the ectodomain of the PAR molecule and proteolytical cleavage between
Arg* and Ser*? (Scarborough et al. 1992). This reaction exposes a new amino-ter-
minus, which acts as a “tethered ligand” to activate the receptor. Synthetic thrombin
receptor-activating peptides (TRAP) such as SFLLRN, derived from thesequence
of the new amino-terminus of the cleaved PAR,can mimic thrombin receptor activa-
tion and act as full agonists for plateletactivation (Shankar et al. 1994). TRAP acts
by binding to PAR1, mimicking the N-terminal ectodomain of the receptor, and
thereby activating it without the proteolytic action of thrombin.

ICs are potent activators of the complement system. Therefore, they contribute to
the development of acute and chronic inflammation, which can produce the tissue
damage that is associated with autoimmune diseases such as rheumatoid arthritis
and systemic lupus erythematosus (SLE). ICs are also strong platelet agonists that
bind to Fc receptors FcyRII (CD32) and FcyRIII (CD64), which are expressed on
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the platelet surface (Schattner et al. 1993; McKenzie 2002; Reilly 2003). The FcRy-
chain of CD32 is a common signal transducer with GPVI and CD36, which are
receptors involved in collagen-induced platelet activation. The platelet activation
that occurs in response to the IC-FcyRII interaction is therefore expected to be the
same as that seen in collagen-mediated activation.

1.4 Proteoglycans

In nature, all GAGs except hyaluronic acid are covalently linked to a core protein
to form a proteoglycan (PG). The linkage of GAGs to the protein core involves a
specific trisaccharide composed of two galactose residues and a xylose residue. The
saccharide residues are coupled to the protein core through an O-glycosidic bond to
a serine residue (Gandhi and Mancera 2008). The substituted serine residues in the
core protein are adjacent to glycine, and the Ser-Gly dipeptide seems to be a basic
requirement for recognition by xylosyl transferase enzymes (Kolset and Gallagher
1990). The number of GAG chain substituents on a protein core may vary from one
to over 100, producing wide variation in the type and function of PGs (Kjellén and
Lindahl 1991).

Serglycin is the PG, most commonly found in hematopoietic cells (Kolset et al.
2004). In the various types of blood cells, chondroitin sulfate (CS) is the major
GAG, with CS-A as the dominant form (Kolset and Gallagher 1990; Kolset et al.
2004). Serglycin is stored in the granules of hematopoietic cells, where it is believed
to be involved in the generation of storage granules (Abrink et al. 2004; Grujic et al.
2005; Niemann et al. 2007). In a recent study, Woulfe et al. (2008) have demonstrat-
ed defects in platelet function and aggregation in serglycin-knockout mice(Woulfe
et al. 2008).

1.5 Chondroitin Sulfate (CS)

CS consists of the repeating disaccharide units N-acetyl-p-galactosamine (GalNAc)
and p-glucuronic acid (GlcA). Dermatan sulfate (DS) differs from CS in its frequent
epimerization of glucuronic acid to iduronic acid (Kolset and Gallagher 1990). Both
CS and DS may be sulfated at carbon 2 of the uronic acid and at carbon 4 and/or 6
of the amino sugar (Kjellén and Lindahl 1991). The pattern of sulfation is usually
used to name the CS GAGs: CS monosulfated at carbon 4 is known as CS-4 or CS-
A; CS sulfated in carbon 6 as CS-6 or CS-C; and CS disulfated at carbons 4 and
6 as CS-4,6 or CS-E. DS, formerly known as CS-B, is sulfated at carbon 4 of the
galactosamine and 2 of the uronic acid (Kolset and Gallagher 1990).

CS is the most abundant GAG in human plasma (=70-80%), with CS-A being
the major component (Lamari and Karamanos 2006). It has also been well estab-
lished that CS-A is the predominant GAG in platelets (Okayama et al. 1986), where
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it is stored in the o-granules of platelets and released during the activation and de-
granulation process (Barber et al. 1972; Hagen 1972). It is also rapidly expressed on
the surface of activated platelets (Ward and Packham 1979). The release of CS-A in
response to different agonists, including ADP, collagen, and thrombin, is very rapid
and raises the concentration of plasma CS to 2—4 pg/mL, with considerably higher
concentrations in the immediate vicinity of the platelets (Donato et al. 1994). Un-
like the CS in blood plasma, the CS in platelets is fully sulfated, and its molecular
mass has been estimated to be ~28 kDa (Okayama et al. 1986). This high degree
of sulfation is thought to be linked to immune-related processes and inflammatory
conditions (Uhlin-Hansen et al. 1989).

CS has been shown to bind and interact with C1q (Silvestri et al. 1981; Kirschfink
et al. 1997) and has been implicated as a C1q inhibitor in several studies (Silvestri
et al. 1981; Ghebrehiwet and Hamburger 1982; Galanakis and Ghebrehiwet 1994).
Its binding is thought to be mediated through the globular heads of Clq and to in-
volve ionic interactions (Ghebrehiwet and Galanakis 1993).

1.6 Platelet—Leukocyte Interactions

When platelets are activated in whole blood by various agonists, they form com-
plexes with leukocytes, both granulocytes and monocytes (Jurk and Kehrel 2005).
Such complexes are often detected in patients with stroke, unstable angina pectoris,
or myocardial infections, and may thus be of pathological significance (Marquardt
et al. 2009; Zhang et al. 2007). Platelets and leukocytes interact via direct cell—cell
contact or indirectly via soluble mediators, following the activation of either plate-
lets or leukocytes (Ruef et al. 2008).

Complex formation between activated platelets and leukocytes has been reported
to be mediated by P-selectin, which is expressed on the surface of activated plate-
lets, and its ligand, P-selectin glycoprotein ligand-1 (PSGL-1), on leukocytes. The
interaction of P-selectin with PSGL-1 mediates the initial tethering of leukocytes
to activated platelets through a mechanism resembling the interaction of leukocytes
with endothelial cells (Zarbock et al. 2009). This P-selectin-mediated interaction
induces the activation and up-regulation of f3,-integrin a3, (CD11b/CD18) on leu-
kocytes (da Costa Martins et al. 2006). Firm attachment is subsequently mediated
by the interaction of CD11b/CD18 with various ligands and adhesion molecules on
platelets (Kuijper et al. 1998). GPIIb/Illa expressed on platelets is often considered
to be essential for platelet-leukocyte interactions (Zhao et al. 2003). GPIIb/IIla has
been proposed to interact with leukocytes either by direct binding to CD11b/CD18
or through fibrinogen, which binds to GPIIb/IIla on platelets and CD11b/CD18 on
leukocytes (Lishko et al. 2004). Other proteins that are exposed on platelets and
reported to take part in platelet-leukocyte complex formation are CD40L, which
interacts with CD40 on leukocytes (Zhao et al. 2003), and GPIbc, which binds
to CD11b/CD18 (Ehlers et al. 2003). However, Konstantopoulos et al. (1998) and
Ruef et al. (2008) have shown that platelet—leukocyte attachment occurs indepen-
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dent of GPIIb/IIIa. Thus, the ligand(s) for leukocyte—platelet inteaction via CD11b/
CD18 are still unclear.

Upon activation, platelets shed microparticles (PMPs) from the plasma mem-
brane. PMPs have high procoagulant activity because of the negatively charged
phospholipids exposed on their surface. Various receptors that are present on the
surface of activated platelets are also found on the surface of PMPs, enabling them
to interact with cells (Bode and Hickerson 2000; Forlow et al. 2000). It has been
well established that platelets and PMPs contain tissue factor (TF), which is the
most important initiator of intravascular coagulation (Scholz et al. 2002; Siddiqui
et al. 2002; Camera et al. 2003).

2 Platelet-Complement Interactions

2.1 Activation of Platelets by Complement Activation
Products

Complement and platelets appear to activate each other in a reciprocal manner that
may have physiological and pathological implications. Complement-induced plate-
let activation has been studied since the 1980s, when Sims et al. demonstrated an
increased procoagulatory activity of platelets exposed to sC5b-9 complexes (Sims
and Wiedmer 1991). These observations suggested that the sC5b-9 complex mimics
platelet stimulation by thrombin and other agonists. However, it has been reported
that platelet activation by sC5b-9 is under the control of the complement regula-
tory protein CD59, which is present on the surface of platelets (Sims et al. 1989).
Blocking CD59 with an antibody augments the sC5b-9-mediated procoagulatory
response of platelets.

2.2 Binding of Complement Components to Activated Platelets

Platelets are thought to play a significant role in the activation and regulation of
complement. In agreement with this concept, several studies have shown that com-
plement components bind to platelets (Polley and Nachman 1978; Endresen and
Mellbye 1984; Sandvik et al. 1984). Platelets have also been found to store, secrete,
and express complement proteins and regulators upon activation. It was recently
reported that C3 is present in platelet lysates (Del Conde et al. 2005). Already in
1981, Kenney et al. had shown that platelet homogenates can inhibit the formation
and accelerate the decay of the C3bBb convertase, as a result of the presence of
factor H (Kenney and Davis 1981). Factor H was found to bind to washed human
platelets via thrombospondin-1 (TSP-1) (Vaziri-Sani et al. 2005) or GPIIb/IIla (Mn-
joyan et al. 2008).
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Complement activation has previously been reported to occur on the surface of
activated platelets (Del Conde et al. 2005; Peerschke et al. 2006). Del Conde et al.
(2005) reported an activation of complement and deposition of C3b on activated
platelets that was dependent on P-selectin expression and mediated by the AP. Us-
ing an assay with platelets fixed to microtiter plates, Peerschke et al. (2006) dem-
onstrated a complement activation involving CP components that was due in part
to the expression of the receptor for the globular heads of Cl1q (gC1qR) on the sur-
face of activated platelets. However, there is somelack of congruity between these
observations and the previously demonstrated abundant expression of the mem-
brane-bound complement regulators DAF (Nicholson-Weller et al. 1985), MCP (Yu
et al. 1986), and CD59 (Morgan 1992) and the interactions of soluble regulators as
C1INH (Schmaier et al. 1993), clusterin (Tschopp et al. 1993), and factor H with
the activated platelet surface. One would have expected to see a well-controlled
complement equilibrium on the surface of platelets under physiological conditions,
as supported by the following examples that illustrate the critical importance of
physiological complement regulation:

1. A potential role for the complement system in the thrombotic episodes associ-
ated with paroxysmal nocturnal hemoglobinuria (PNH) has been postulated on
the basis of the increased sensitivity of platelets to activation by sC5b-9 com-
plexes as a result of a diminished surface expression of CD59 on their surfaces
(Wiedmer et al. 1993). Similarly, a correlation between complement activation
and thrombotic events has been demonstrated in various autoimmune conditions,
including SLE, and antiphospholipid syndrome (Peerschke et al. 2010).

2. Platelet activation and a lowering of platelet counts have also been noted in
atypical hemolytic uremic syndrome (aHUS). aHUS is associated with muta-
tions in the C-terminus of factor H (Zipfel et al. 2001); this relationship would
suggest that dysregulation of the complement system plays a crucial part in the
pathogenesis of aHUS. Stahl et al. (2008) have shown that aHUS patients with
a mutated factor H have higher levels of deposition of C3 and C9 on platelets
than do healthy controls. Combining aHUS patient sera containing mutated fac-
tor H with normal platelets results in complement activation and the activation
and aggregation of platelets. These reactions can be abrogated by preincubation
of the platelets with normal factor H or when normal serum is used (Stahl et al.
2008). Karpman et al. (2006) have suggested that the binding of factor H to
human platelets can protect them from complement activation.

The choice of anticoagulant used in studies of the interaction between platelets
and complement is of utmost importance. Most of the previous studies have been
performed in citrated blood, where complement function is impaired to a certain
extent. Similarly, heparin even at low doses interferes with complement. In order to
avoid these side effects, we have developed a model system using blood containing
the specific thrombin inhibitor lepirudin in which the plateles are activated byTRAP
(Mollnes et al. 2002). By doing so, we can stimulate the platelets in whole blood via
PAR1 without inducing clot formation.
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In a recent study, using this system designed to elucidate how complement com-
ponents bind to platelets, we used flow cytometry to monitor the binding of com-
plement proteins to activated platelets in platelet-rich plasma (PRP) and in whole
blood (Hamad et al. 2010b). Clq, C4, C3, and C9 were found to bind to the ac-
tivated platelets in both PRP and whole blood. However, binding of complement
components does not necessarily mean that these components are bound as a result
of complement activation: In fact, blocking complement activation completely by
using EDTA or at the level of Clq with an inhibitory antiglobular head C1g-85
monoclonal antibody (mAb) or C3 with Compstatin did not affect the binding of
C3 or C9. Western blot analysis of platelet surface-associated C3 and flow cytom-
etry using mAbs specific for different conformational forms of C3 showed that the
bound C3 consisted mainly of C3(H,0), with no C3b present. This result indicated
that the bound C3 was non-proteolytically activated and therefore that complement
activation does not take place on the surface of activated platelets under physiologi-
cal conditions. The transition from C3(H,0) to iC3(H,0) confirmed that regulation
of C3 function by factor I is fully active on the platelet surface. This form of C3 was
able to bind soluble CR1 (CD35), indicating that it may act as a receptor ligand.

2.3 Complement Activation Triggered by CS-A Released
from Activated Platelets

It is well known that complement is activated in clotting blood, and significantly
higher levels of complement activation products, for example, C3a and sC5b-9, are
found in human serum than in EDTA-, heparin-, or lepirudin-anticoagulated blood.
So how does platelet activation lead to complement activation? We addressed this
issue in a recent study, which showed that clotting, initiated by either the TF path-
way or the contact activation system, could trigger fluid-phase complement activa-
tion, as identified by the generation of C3a and sC5b-9 (Hamad et al. 2008). The
level of complement activation was highly correlated with the generation of throm-
bin, that is, the formation of thrombin—AT (TAT) complexes.

Our hypothesis was that CS-A released from activated platelets was acting as
a trigger of complement activation. To test this hypothesis, we incubated platelet-
poor plasma (PPP) with exogenously added CS-A, either commercially available
or in the form of platelet supernatants. Generation of C3a and sC5b-9 increased in
a dose-dependent fashion, and digestion of either CS-A or the platelet supernatants
with chondroitinase ABC totally abrogated the reaction.

To further investigate the role of CS-A in complement activation, we immobi-
lized CS-A on microtiter plates; after adding plasma or serum to the wells, we were
able to detect the binding of Clq. As a functional verification of this binding reac-
tion, we quantified the complement activation that occurred in C1q depleted-serum,
with or without the addition of purified Clq, by measuring the binding of C3 frag-
ments. No binding was seen in the C1g-depleted serum, but activation was restored
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by the addition of purified C1q. These results suggest that complement is activated
via the CP and that Clq serves as the recognition molecule for CS-A. CS-A has
previously been suggested to act as a specific C1q inhibitor in plasma (Silvestri
et al. 1981; Ghebrehiwet and Hamburger 1982). These results were obtained by
measuring the ability of CS to inhibit C1qg-specific hemolytic activity. We demon-
strated that this inhibition is accomplished by CP activation, depleting the plasma
of intact complement components and thereby inhibiting the hemolytic activity of
Clq (Hamad et al. 2008).

In addition, CS-A-triggered complement activation induced the activation of
monocytes and granulocytes, as indicated by the expression of CD11b and the for-
mation of complexes between platelets and monocytes/granulocytes. Both CD11b
expression and platelet—leukocyte conjugate formation were significantly inhibited
by the addition of the complement inhibitors Compstatin or C5aR antagonist.

2.4 Interaction Between Clq, Complement Regulators,
and CS-A

Subsequently, we further characterized the binding of Clq and the complement
regulators C1INH, C4BP, and factor H to CS-A exposed on the surface of activated
platelets or immobilized on various matrices (Hamad et al. 2010a). C1q was shown
to be the main protein that specifically bound to CS-A. After depletion of C1q from
the serum, binding of C4BP and factor H to immobilized CS-A as well as to acti-
vated platelets was increased, while C1INH binding was absent.

This binding was inhibited by soluble CS-A or by a CS-A-specific mAb, thereby
linking the binding of Clq, C4BP, and factor H to exposure of CS-A on activated
platelets. The need for large amounts of soluble CS-A or anti-CS-A mAb to inhibit
the binding of C1q to activated platelets indicated that the binding of C1q to CS-A is
multivalent. Clq contains six globular heads, each of which contains a single bind-
ing site for CS-A. The affinity between a monomeric globular head and CS-A is not
known, but assuming that it is similar to that of IgG (=10° M) (Kishore et al. 1998),
the avidity (i.e., the combined affinities of all of the globular heads binding to CS-A)
would be strong enough to explain the extremely high binding of C1q to CS-A.

In addition, CS-A-bound Clq was also shown to amplify the binding of model
IC to both microtiter plate-bound CS-A and to activated platelets, suggesting a role
for activated platelets in IC diseases.

2.5 Model for the Interaction Between Platelets
and Complement

Physiological consequences of the platelet-mediated complement activation de-
scribed in Sects. 2.2-2.4 above were an increased expression of CD11b on leuko-
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cytes and an increased generation of platelet-leukocyte complexes (Hamad et al.
2008). Platelets apparently participate in this mechanism through at least two dif-
ferent mechanisms: the generation of C5a and subsequent activation of leukocytes,
and the binding of ligands C3(H,0)/iC3(H,0) for the CD11b/CDI18 integrin on
their surface.

The steps involved in the progression from platelet activation to complement
activation and inflammation, as deduced from our model, can be summarized as
follows: During the activation phase (1) platelets are activated and release CS-A in
the form of serglycin and PMPs; (2) CS-A binds Clq and activates complement in
the fluid phase, generating C3a and C5a; (3) complement components, including
C3(H,0), are deposited on the surface of the activated platelets. During the effec-
tor phase (1) leukocytes become activated and up-regulate surface CD11b/CD18,
which may enable (2) subsequent binding of platelets and PMPs via C3(H,0) or
other ligands.

3 Interactions of Cells and Cellular Components
with the Contact Activation System

3.1 Cell-Induced Contact Activation

The idea that contact activation might occur in the vicinity of platelets was raised
in the 1960s, when data indicating the presence of activated FXII and FXI on the
platelet surface were published (Iatridis and Ferguson 1965; Iatridis et al. 1964). In
the 1980s, it was reported that isolated platelets in buffer systems containing puri-
fied proteins could promote the activation of FXII (Walsh and Griffin 1981a,b).
Washed platelets have been shown to bind HK and FXI in a zinc-dependent manner
(Greengard and Griffin 1984; Greengard et al. 1986; Bradford et al. 1997). Apart
from the observation that FXIIa binds to washed platelets via GPIb, which com-
petes with HK (Bradford et al. 1997, 2000; Joseph et al. 1999), little has been pub-
lished regarding the direct binding of FXII to platelets and platelet-triggered contact
activation. Recent work using blood plasma has only demonstrated that platelets are
able to amplify the contact activation induced by a negatively charged substance or
material, such as high molecular weight dextran sulfate (Johne et al. 20006).

The interaction between cells and the proteins of the contact system has thus
far focused on endothelial cells. Both HK and FXII bind to human umbilical vein
endothelial cells (HUVECsS) in a zinc-dependent manner (Reddigari et al. 1993;
Schousboe 2001). The urokinase plasminogen activator receptor (u-PAR), gC1qR,
and cytokeratin 1 have all been reported to be important for the binding of both HK
and FXII (Herwald et al. 1996; Joseph et al. 1996, 2001; Mahdi et al. 2002). FXII
is slowly auto-activated when bound to endothelial cells (Shibayama et al. 1998).
Prekallikrein can also be activated, initiating bradykinin generation independent of
FXII on endothelial cells (Rojkjaer et al. 1998; Rojkjaer and Schmaier 1999). The
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assembly of contact proteins on the cell receptors on endothelial cell membranes
has been thought to provide a physiological negatively charged surface for activa-
tion, and it has been suggested that this FXII-independent activation does not initi-
ate coagulation but rather functions as a mediator of vascular biology, above all via
the generation of BK (Schmaier 1997, 1998, 2008).

In in vitro systems, several negatively charged surfaces have been shown to
bind and activate FXII, and many biological substances also promote FXII auto-
activation, but it has been difficult to identify such activating compounds in the
intravascular compartment in non-disease states. Negatively charged phospholipids
and sulfatides expressed in platelets may be expected to activate FXII, but this phe-
nomenon has never been convincingly shown in vivo (Schousboe 1988).

Extracellular nucleic acids, particularly RNA, enhance coagulation and have
been found to be associated with fibrin-rich thrombi, thereby contributing to arte-
rial thrombus formation in mice (Kannemeier et al. 2007). FXII binds to and is
auto-activated on extracellular RNA, and therefore contact activation has been sug-
gested as a mechanism by which RNAs can exhibit their procoagulant properties
(Kannemeier et al. 2007). Thus, extracellular RNA derived from damaged or ne-
crotic cells, particularly under pathological conditions or in severe tissue damage,
may represent an in vivo inducer of FXII-mediated contact activation.

Another recently proposed mechanism for the in vivo activation of FXII is the
release of inorganic polyphosphate from dense granules during platelet activation
(Ruiz et al. 2004). Inorganic polyphosphate has been shown to accelerate blood
clotting by triggering FXII activation and promoting FV activation in in vitro mod-
els (Smith et al. 2006).

FXII is also activated by mis-folded protein aggregates, and increased levels of
FXIIa and KK have been found in the blood of patients with amyloidosis (Maas
et al. 2008). In addition, heparin derived from human mast cells activates FXII,
inducing contact activation, and is thought to be responsible for the generation of
kinins in allergic reactions (Noga et al. 1999).

3.2 Platelet-Induced Contact Activation

Studies in the 1970s and 1980s have shown that isolated platelets in buffer sys-
tems containing purified proteins can promote the activation of FXII (Walsh and
Griffin 1981b) and that platelets are able to amplify the contact activation induced
by a negatively charged substance or material (Johne et al. 2006). Nevertheless,
the contact activation system was considered to have no significance for normal
hemostasis. This view has been challenged by the results of our analysis of the in-
teraction between platelets and contact proteins (using the TRAP-mediated activa-
tion of platelets in lepirudin-treated PRP and whole blood in the system described
above) and the influence of this interaction on platelet aggregation and clot forma-
tion (Bédck et al. 2010).
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In our study, TRAP-mediated activation of platelets in lepirudin-treated PRP led
to the formation of FXIla—C1INH, FXIla-AT, FXIa—C1INH, and FXIa—AT com-
plexes in plasma in the presence of a TF-inhibitory mAb, demonstrating that activa-
tion of these proteins had occurred as a consequence of specific platelet activation.
The presence of FXII, FXI, prekallikrein, and HMWK on activated platelets was
then demonstrated by flow cytometry. Furthermore, using chromogenic substrates,
we showed that the bound FXIIa, FXIa, and KK possessed enzymatic activity.

We also found that clotting triggered either by the TF pathway or in a shear force
model (Nilsson et al. 1998) generates substantial amounts of FXIIa—AT and FXIa—
AT, demonstrating that contact activation occurs in clotting blood. The amount of
FXIIa—AT was found to correlate with both thrombin activity and TAT complexes,
indicating that it contributes to thrombin formation. Neither FXIIa—C1INH nor
FXIa—C1INH complexes were detected, suggesting that C1INH did not primarily
regulate these enzymes in clotting blood. In PRP, TRAP-activated platelets exhib-
ited shorter clotting times than did non-activated controls. Addition of the specific
FXIIa inhibitor corn trypsin inhibitor (CTI) prolonged the clotting time, whereas a
TF-blocking mAb had no effect.

In summary, our study demonstrated that FXII-mediated contact activation oc-
curs on the surface, or in the vicinity, of activated platelets and contributes to plate-
let aggregation and clot formation. The low levels of contact system proteins on the
platelet surface, combined with the substantial formation of FXIla—AT and FXIa—
AT in plasma, suggest that FXII is activated on the surface or in the vicinity of the
platelets and then released into the fluid phase. Activated platelets may thus consti-
tute a nidus for contact activation inside the blood vessels and can recruit proteins
of the contact system into the clot formation process.

In a related study, we demonstrated that the regulation of FXII-mediated contact
activation differs between material-induced activation and physiological activation
by activated platelets (Béck et al. 2009). When platelets were activated in lepirudin-
treated whole blood and PRP by TRAP, ADP, collagen, or shear force, we detected
FXIIa—AT, FXIa—AT, and low amounts of KK—AT, but no C1INH-complexes, in the
resulting plasma. Thus, the platelet-induced activation of FXII resulted in activa-
tion of both FXI and prekallikrein. In contrast, contact activation triggered by ka-
olin, glass, or inorganic polyphosphate in PPP, PRP, or whole blood generated high
amounts of FXITa—C1INH. Regardless of which activating compound was used,
low or only negligible amounts of FXIIa—AT were generated.

The effects of polyphosphate were also analyzed using the shear force model
with non-anticoagulated blood. As was seen for lepirudin-treated blood, polyphos-
phate produced a strong activation of FXII, as detected by high levels of FXIla—
C1INH, but no further activation of FXI or prekallikrein occurred. A remarkable
difference between platelet-induced and material-induced FXII activation was that
CTI totally abolished the generation of FXIIa—C1INH after activation with glass,
kaolin, or polyphosphate, but the generation of FXIIa—AT after platelet activation
was only decreased to some extent.

Finally, we measured contact activation enzyme—serpin complexes in samples
from patients treated for severe trauma (e.g., after traffic accidents). Blood was
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drawn at admission to the hospital and at repeated time points for up to 10 days.
At the time points closest to the trauma, the highest amounts of FXIIa—AT and
FXI-AT were detected, and the levels subsequently decreased. The levels of these
complexes were correlated with the amounts of thrombospondin-1 that were re-
leased by activated platelets. In contrast, FXIIa—C 1INH complexes were found days
after admission, when FXIla—AT levels had disappeared. No association between
FXIIa—C1INH and TSP-1 was found. FXIIa—C1INH appeared later in the treatment
and may be generated on artificial surfaces such as extracorporeal circuits and af-
ter treatments involving biomaterials, for example, plasma expanders (dextran) or
intravenous lipids.

In conclusion, in this study (Béck et al. 2009) we demonstrated that contact acti-
vation triggered by activated platelets is regulated by AT and by C1INH on artificial
material surfaces. Also, the inhibition of FXIIa by CTI seems to differ according to
the specific activation site. CTI had minor effects on platelet-mediated contact ac-
tivation, and the activation of the contact enzymes is being studied in such models,
AT complexes should be assessed, rather than C1INH complexes. Since enzyme—
AT complexes, which are correlated with TSP-1, are generated during platelet-
mediated contact activation, FXIla—AT should be considered an interesting new
biomarker candidate for platelet activation.

4 Conclusions

Recent studies demonstrating that activated platelets trigger both complement and
contact system activation have raised questions about the extent to which these
cascade systems are involved in thrombotic diseases. The focus of this review
article is the crosstalk between platelets and the cascade systems in clotting blood.
CS-A released by activated platelets is a major mediator of complement activa-
tion, ultimately resulting in inflammation and leukocyte activation. C3 binds to
the surface of activated platelets independent of complement activation and with
the thiolester disrupted, enabling interaction with leukocyte CR1. In addition, ac-
tivated platelets also trigger the contact system, thereby accelerating the clotting
process. This process leads to the generation of enzyme—AT complexes, but no en-
zyme—C1INH complexes. We propose that these complexes, in particular FXIla—
AT, could be useful as markers for platelet activation. In conclusion, in addition to
their traditional role in hemostasis, platelets have been shown to have many other
functions, including involvement in the regulation of the complement and contact
systems.
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