1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Adv Exp Med Biol. 2008 ; 632: 81-91.

Platelet Mediated Complement Activation

Ellinor I. B. Peerschke, Ph.D.,
Department of Pathology, The Mount Sinai School of Medicine, New York, NY

Wei Yin, Ph.D., and
Department of Mechanical and Aerospace Engineering, Oklahoma State University, Stillwater, OK

Berhane Ghebrehiwet, D.V.M., D.Sc.
Departments of Medicine and Pathology, Stony Brook University, Stony Brook, NY

Abstract

The complement system comprises a series of proteases and inhibitors that are activated in cascade-
like fashion during host defense (Makrides 1998). A growing body of evidence supports the
hypothesis that immune mechanisms, including complement activation, are involved in
inflammatory conditions associated with vascular injury (Acostan, Qin, and Halperin 2004;
Giannakopoulos, Passam, Rahgozar, and Krillis 2007), and disseminated intravascular coagulation
associated with massive trauma (Huber-Lang, this volume). We propose that platelets and platelet
derived microparticles focus complement to sites of vascular injury where regulated complement
activation participates in clearing terminally activated platelets and microparticles from the
circulation, and dysregulated complement activation contributes to inflammation and thrombosis.
Given the central role of platelets in hemostasis and thrombosis, it is not surprising that activated
complement components have been demonstrated in many types of atherosclerotic and thrombotic
vascular lesions (Torzewsjki, Bowher, Wlatenberger, and Fitzsimmons 2007; Niculescu, Niculescu,
and Rus 2004).

Complement Activation on Platelets

Evidence for direct activation of both classical and alternative pathways of complement on
platelets is emerging (Del Conde, Cruz, Zhang, Lopez, and Afshar-Kharghan 2005; Peerschke,
Yin, Grigg, and Ghebrehiwet 2006). For example, P-selectin, a platelet alpha granule
membrane protein that contains a short consensus repeat domain common to many complement
binding proteins (Kansas 1996), has been identified as an activator of the alternative
complement cascade on platelets (Del Conde et al. 2005). In addition, platelet alpha granules
contain Factor D, the serine protease that cleaves Factor B of the alternative pathway to its
active form (Davis 39, and Kenney 1979).

Platelets also express binding sites for classical complement components, most notably for
C1q (Peerschke and Ghebrehiwet 1997; Peerschke, Reid, and Ghebrehiwet 1994. C1q
interactions with platelets trigger a variety of cellular and biochemical responses that may
contribute to inflammation and thrombosis. For example, the C-terminal collagen like domain
of C1q binds to the 60kDa platelet calreticulin (CR) homologue, cC1gR (Peerschke et al.
1997). This interaction is associated with induction of GPIIb-I11a, platelet aggregation, P-
selectin expression, and generation of platelet procoagulant activity (Peerschke, Reid, and
Ghebrehiwet 1993).
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In contrast, the amino terminal, globular domain of C1q binds the 33kDa gC1gR/p33 (gC1qgR)
(Ghebrehiwet, Lim, Peerschke, Willis, and Reid 1994). gC1qgR is a ubiquitously expressed
cellular protein (Ghebrehiwet and Peerschke 1998; Ghebrehiwet, Lim, Kumar, Feng, and
Peerschke 2001). Although its 73 amino acid presequence contains a mitochondrial targeting
motif (Dedio, Jahnen-Dechent, Bachmann, and Muller-Esterl 1998), the expression of gC1gR
in other cellular compartments, including the cell surface of platelets and endothelial cells, has
been confirmed (Ghebrehiwet et al. 1994; Mahdi, Mader, Figueroa, and Schmaier 2002;
Peerschke, Murphy, and Ghebrehiwet 2003).

Mature gC1gR exhibits a noncovalent trimeric structure (Ghebrehiwet et al. 1998; Jiang,
Zhang, Krainer, and Xu 1999). Multimerization is an essential process that increases the affinity
of gC1gR for multivalent ligands such as C1q (Ghebrehiwet et al. 1998). The geometry and
topography of the three dimensional structure of gC1gR indicates that gC1gR could engage
Clq via at least two, if not three, of its globular heads. This could induce the subtle
conformational change that is necessary to trigger C1 activation (Ghebrehiwet, Cebada Mora,
Tantral, Jesty, and Peerschke 2006). Indeed, recombinant gC1qR has been shown recently to
activate C1 (Peerschke et al. 2006).

The expression of C1q binding sites on human blood platelets (Peerschke et al. 1994; Peerschke
et al. 1997), combined with the ability of gC1gR to engage the globular domain of Clq
(Ghebrehiwet et al. 1994), suggests that platelets may possess an intrinsic capacity to initiate
the classical complement pathway. Indeed, platelet mediated activation of C4 has been
demonstrated recently using both solid phase and flow cytometric approaches (Peerschke et
al. 2006).

Deposition of C3b and C5b-9 on activated platelets was detected also. Platelet mediated
complement activation did not require thrombin generation (Peerschke et al. 2006). Thrombin
has the potential to directly activate C5 (Huber-Lang, Sarma, Zetoune, Rittirsch, Neff,
McGuire, Lambris, Warner, Flierl, Hoesel, Gebhard, Younger, Drouin, Wetsel, and Ward
2006) and other complement components (Huber-Lang, this volume), including C3. C3
activation on platelets was reduced in the absence of C1 or Factor B, suggesting a role, instead,
for classical and alternative pathway C3 convertases (Peerschke et al. 2006).

Data from our laboratory (Peerschke et al. 2006) show that platelet mediated classical pathway
C4 activation occurs in the presence of purified C1 and C4, and in diluted plasma or serum.
Dilution is necessary, presumably to alter the balance between complement components and
their circulating inhibitors. This is of interest, as it may have implications for clinical situations,
such as massive trauma or cardiopulmonary bypass, in which significant hemodilution occurs.

C4 activation on platelets further requires divalent cations and platelet stimulation. C4
activation appears particularly enhanced following platelet exposure to shear stress (1800 s -1,
60 min), and correlates with gC1gR expression (Peerschke et al. 2006). Antibodies directed
against gC1gR and exposure of platelets to plasmin, a protease previously shown to degrade
gC1gR (Peerschke, Petrovan, Ghebrehiwet, and Ruf 2004), inhibit C4 activation. Thus,
plasmin generation at sites of inflammation or vascular injury may regulate platelet mediated
classical complement activation. Further regulation of classical complement pathway
activation may be achieved by secretion of platelet alpha granule C1 inhibitor (C1 INH)
(Schmaier, Amenta, Xiong, Heda, and Gewirtz 1993).

Requirements for platelet mediated complement activation are summarized in Table 1.
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Complement Activation on Platelet Microparticles (PMP)

PMP are a storage pool for disseminating blood borne bioactive effectors (Morel, Toti, Hugel,
and Freyssinet 2004) such as tissue factor, procoagulant phospholipids, and inflammatory
mediators. Compared to activated platelets, PMP can express 50-100 fold higher procoagulant
activity (Sinauridze, Kireev, Popenko, Pichugin, Panteleev, Krymskaya, and Ataullakhanov
2007). They retain selected platelet membrane constituents, including glycoproteins Ib, l1b-
Illa, and P-selectin (Gawaz, Ott, Reininger, Heinzmann, Neumann 1996; George, Pickett,
Saucerman, McEver, Kunicki, Kieffer, and Newman 1986) which support vascular
inflammation by participating in heterotypic communication with leukocytes and vascular
endothelial cells (Martinez, Tesse, Zobairi, and Andriantsitohaina 2005; Barry, Pratico, Savani,
and FitzGerald 1998).

Increasing evidence is emerging to support cross-talk between coagulation and complement
systems (Markiewski and Lambris 2007; Markiewski, Nilsson, Ekdahl, Mollnes, and Lambris
2007). In this regard, PMP present a surface for the assembly and interaction of complement
and coagulation cascades. PMP were recently shown to express gC1gR and to activate C4 in
the absence of immune complexes (Yin, Ghebrehiwet, and Peerschke 2008). PMP further
supported C3 activation and deposition of C5b-9. Amplification of complement activation on
PMP may be achieved via exposure of P-selectin and engagement of the alternative pathway
(Del Conde et al. 2005). Although the extent of complement activation on PMP was low
compared to platelets, normalization of complement activation for PMP size suggests that PMP
may be several orders of magnitude more active than platelets, and likely present concentrated
activated complement components to vascular targets.

In addition, negatively charged phospholipids such as cardiolipin and phosphatidyl serine (PS)
are expressed on PMP and have been shown to activate C1 (Kovacsovics, Tschopp, Kress, and
Isliker 1985). Since PS is present on early apoptotic cells (Vermes, Haanen, Steffen-Nakken,
and Reutelingsperger 1995), we propose that complement activation on microparticles may be
involved in physiologic clearance mechanisms. Indeed, complement components C1q, Factor
B, and C3 have all been shown to participate in the phagocytosis of apoptotic cells (Mevorach,
Mascarenhas, Gershoev, and Eldon 1998).

Pathophysiology of Platelet Mediated Complement Activation

Potential pathophysiologic consequences of platelet mediated complement activation are
summarized in Table 2. Activation of the complement system is associated with generation of
potent proinflammatory peptides, C3a and C5a (Makrides 1998). C3a has been reported to
enhance platelet stimulation by subthreshold concentrations of traditional agonists such as ADP
or thrombin (Polley and Nachman 1983). In addition, both C3a and C5a bind receptors on
endothelial cells and stimulate upregulation of interleukins 8 and 1, in addition to RANTES,
and strongly activate the MAP kinase signaling pathway (Monsinjon, Gasque, Chan, Ischenko,
Brady, and Fontaine 2003). Thus, the association of PMP with endothelial cells (Mause, von
Hundelshausen, Zernecke, Koenen, and Weber 2005) may carry activated complement
components along the vasculature and accelerate endothelial responses to vascular injury. In
addition, C5a is known to induce tissue factor expression by endothelial cells and leukocytes
in vitro (Ikeda, Nagasawa, Horiuchi, Nishizaka, and Niho 1997;Muhlfelder, Miemetz,
Kreutzer, Beebe, Ward, and Rosenfeld 1979).

When complement activation goes to completion, the terminal complement complex (TCC)
(C5b-9) is formed. This complex is responsible for lysis of host pathogens and may contribute
to tissue damage. Moreover, sublytic quantities of TCC have been reported to activate platelets
and endothelial cells, leading to expression of procoagulant activity (Wiedmer, Esmon, and
Sims 1986). Thus, inhibition of potential injurious/inflammatory effects of complement
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activation by infusion of specific C5a antagonists (Allegretti, Moriconi, Beccari, Di Bitondo,
Bizzarri, Bertini, and Colotta 2005) is under intense investigation.

In addition, the complement cascade is linked to other protease activated cascades of the blood
including the coagulation (Polley and Nachman 1978), kinin (Kaplan, Silverberg and
Ghebrehiwet 1986), and fibrinolytic systems (Schaiff and Eisenberg 1997). Generation of a
novel thrombin dependent C5 convertase (Polly et al. 1978; Polley and Nachman 1979;
Zimmerman and Kolb 1976) has been described during blood coagulation, and direct activation
of C5 and other complement components by thrombin has been reported (Huber-Lang 2006
and this volume).

Deposition of complement components, C1q, C3, and C4, and generation of the terminal
complement complex C5b-9 has been shown in human atherosclerotic lesions (Niculescu and
Rus 1999). The extent of C5b- 9 deposition has been correlated with severity of the vascular
lesion (Vlaicu, Niculescu, Rus and Cristea 1985). Moreover, iC3b deposition appears to be
highest in vulnerable and ruptured plaques (Laine, Pentikainen, Wurzner, Penttila, Paavonen,
Meri, and Kovanen 2002). Moreover, elevations in circulating C5a have been associated with
increased cardiovascular risk in patients with advanced atherosclerosis (Seidl, Exner, Amighi,
Kastl, Zorn, Maurer, Wagner, Huber, Minar, Wojta, and Schillinger 2005).

However, the role of complement in atherogenesis in animal models remains controversial.
Deficiency of C5 fails to protect Apo E—/— mice from atherosclerosis (Patel, Thelander,
Hernandez, Montenegro, Hassing, Burton, Mundt, Hermanowski-Vosatka, Wright, Chao, and
Detmers 2001). Although these results suggest that C5 activation and by extension C5b-9
generation are not required for atherogenesis, they do not rule out important contributions by
complement components upstream of C5, including C3a, C3b, iC3b and C1q.

A role for C1q in the pathogenesis of inflammatory tissue injury in a murine stroke model is
supported by accumulation of C1q in brain lesions within 3—-6 hours post ischemia (Mack,
Sughrue, Ducruet, Mocco, Sosunov, Hassid, Silverberg, Ten, Pinsky, and Connolly 2006).
Further studies demonstrate C1q mediated amplification of ischemic cerebral injury in
immature mice. Adult C1q deficient (—/—) mice, however, are not protected from stroke. In
contrast, mature C3 deficient (—/=) mice demonstrated a marked resistance to cerebral injury.
These observations are consistent with neuroprotective effects observed in mice treated with
a C3a receptor antagonist.

Complement activation and deposition on platelets may also contribute to ongoing thrombosis.
C4 fragments have been detected on platelets from a subset of patients with systemic lupus
erythematosus (SLE), and this correlated with a history of neurologic events and the presence
of antiphospholipid antibodies (Navratil, Manzi, Kao, Krishnaswami, Liu, Ruffing, Shaw,
Nilson, Dryden, Johnson, and Ahearn 2006). These observations are consistent with
preliminary data from our laboratory which suggest a statistically significant correlation
between classical complement pathway C1q and C4d deposition on platelets and arterial
thrombosis in SLE patients with anti phospholipid antibody syndrome (APS) (Peerschke, Yin,
Alpert, Salmon, Roubey and Ghebrehiwet 2007). Given the association of APS with circulating
autoantibodies, the thrombogenic potential associated with APS may involve activation of the
classical complement pathway on platelets and PMP.

Regulation of complement activity on platelets

Platelets are armed with a variety of mechanisms to prevent in situ complement activation.
Platelets contain C1 INH in their alpha granules and express C1 INH on their surface following
granule secretion (Schmaier et al. 1993). C1 inhibitor is an alpha globulin that blocks the
esterolytic activity of the first component of the classical complement cascade. The mechanism
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whereby C1 INH is expressed on the activated platelet surface is not yet known, but recent
work with endothelial cells demonstrates C1 INH binding to P-selectin (Shenghe and Davie
2003). This interaction does not interfere with CI INH activity, but prevents leukocyte rolling
on endothelial cells (Shenghe et al. 2003; Buerke, Prufer, Dahm, Oelert, Meyer, and Darius
1998).

Platelet alpha granules also contain releasable Factor H (Devine and Rosse 1987). Factor H
binds cell associated C3b and acts as a cofactor for the cleavage of C3b by Factor I. Factor H
can bind directly to platelets via GPIIb-Illa and indirectly via thrombospondin-1 (Vaziri-Sani,
Hellwage, Zipfel, Sjoholm, lancu, and Karpman 2004).

In addition to soluble inhibitors, platelets express a number of surface membrane anchored
complement regulatory proteins. Under physiologic conditions, platelet damage or lysis by
C5b-9 assembly is regulated by surface membrane CD55, CD59, and clusterin. Apparently
clusterin is more highly expressed on platelets than on other mammalian cell types (Gnatenko,
Dunn, McCorkle, Weissmann, Perrotta, and Bahou 2003). If stimulated platelets are indeed
actively engaged in the initiation and propagation of both classical and alternative pathways,
the arming of platelets with potent complement regulatory mechanisms would be necessary to
prevent uncontrolled cytolysis and production of inflammatory mediators.

Summary and Conclusion

Potential mechanisms contributing to platelet mediated complement activation are summarized
in Figure 1. Evidence for both immune complex independent and dependent classical
complement pathway activation on platelets and PMP has been reported, as well as
amplification of complement activation via engagement of the alternative pathway. These
observations provide strong support for the involvement of platelets in the generation of
complement derived inflammatory mediators and complement induced platelet and vascular
endothelial cell activation. We hypothesize that platelets focus complement activation to sites
of vascular injury, and that interactions between platelets and the complement system
contribute to acute and chronic inflammation and thrombosis. Thus, understanding
mechanisms of complement activation on platelets will have a significant impact on identifying
novel therapeutic targets for treating patients with thrombotic complications associated with
atherosclerosis, ischemia/reperfusion injury, and APS.
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Platelet Membrane

Figure 1. Proposed mechanisms for complement activation on and by platelets and PMP
Complement activation may occur directly via expression of gC1gR, P-selectin, and as yet
unidentified constituents expressed by or secreted from activated platelets. In autoimmune
diseases, complement activation may occur via assembly of immune complexes (1.C.) on
platelets. Complement activation leads to generation of inflammatory C3a and C5a peptides,
as well as assembly of the C5b-9 membrane attack complex.
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Table 1
Platelet Mediated Complement Activation

Positive Regulators

Negative Regulators

Platelet activation

EDTA

Platelet granule secretion

Clq deficiency

gC1qR/p33

C4 deficiency

Platelet associated IgG or immune complexes

Plasmin

P-Selectin

Factor B depletion
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Table 2

Pathophysiologic consequences of platelet and PMP mediated complement activation

Complement Component Pathophysiologic Effect

C3a, C5a, C4a Inflammatory cell recruitment

C3a Enhanced platelet response to agonists (e.g. ADP, thrombin)

Cba Endothelial cell activation, including tissue factor expression

C3b Recognition and phagocytosis of apoptotic platelets and microparticles

C5b-9 Platelet activation and expression of procoagulant activity; Endothelial cell activation
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