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Abstract

Platelets participate in a variety of responses of the blood to injury. An emerging body of evidence
suggests that these cells express an intrinsic capacity to interact with and trigger both classical and
alternative pathways of complement. This activity requires cell activation with biochemical agonists
and/or shear stress, and is associated with the expression of P-selectin, gC1gR, and chondroitin
sulfate. Platelet mediated complement activation measurably increases soluble inflammatory
mediators (C3a and C5a). Platelets may also serve as targets of classical complement activation in
autoimmune conditions such as antiphospholipid syndromes (APS) and immune thrombocytopenia
purpura (ITP). Retrospective correlation with clinical data suggests that enhanced platelet associated
complement activation correlates with increased arterial thrombotic events in patients with lupus
erythematosus and APS, and evidence of enhanced platelet clearance from the circulation in patients
with ITP. Taken together, these data support a role for platelet mediated complement activation in
vascular inflammation and thrombosis.
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Introduction

Complement activation is increasingly recognized as a major contributor to vascular
inflammation (Makrides, 1998, Goldfarb, 2005). Complement deposition has been observed
in atherosclerotic lesions (Niculescu et al., 2004, Niculescu and Rus 1999, Yasojima et al.,
2001), and a growing body of evidence suggests that complement plays a significant role in
ischemia/reperfusion injury (Arumugam et al., 2004). During complement activation, potent
inflammatory mediators, C3a and C5a, are generated (Marceau and Hugli, 1984), which have
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cytokine like properties, enhance leukocyte recruitment, and support the host inflammatory
response. Indeed, elevations in circulating C5a levels have been associated with increased
cardiovascular risk in patients with advanced atherosclerosis (Speidl et al., 2005). Moreover,
Clq, C3, and C4, as well as the generation of terminal complement complexes, C5b-9, have
been described in human atherosclerotic lesions (Niculescu and Ruf, 2004), with the highest
deposition of iC3b being reported in vulnerable and ruptured plaques (Niculescu and Rus
1999, Yasojima et al., 2001).

To better understand complement activation as a cause and/or consequence of vascular injury,
this review will focus on the interaction between platelets and the complement system. The
role of these hemostatic cells as mediators and also targets of classical and alternative pathway
complement activation will be discussed, and pathophysiologic consequences considered.
Under physiologic conditions, we propose that in situ complement activation may contribute
to the clearance of activated platelets and platelet microparticles from the circulation, via
deposition of C1q and generation of cell surface associated C3b (Makrides, 1998). Under
pathologic conditions, dysregulated complement activation on/by platelets may contribute to
vascular inflammation and thrombosis. Indeed, propagation of complement activation on/by
platelets is reflected by deposition of C5b-9, the lytic terminal complement complex, which
can activate platelets and induce expression of platelet membrane procoagulant activity
(Wiedmer and Sims, 1985, Wiedmer et al., 1986).

Complement Activation on Platelets

Platelets play important roles in hemostasis, thrombosis, inflammation, and vascular injury
(Wagner, 2005). Increasing experimental evidence supports the concept of direct classical
(Peerschke et al., 2006, Hamad et al., 2008) and alternative (del Conde et al., 2005) pathway
complement activation on/by platelets, producing measurable deposition of complement
components, C1g, C4, C3b, and C5b-9 on the platelet surface, as well as generation of C3a
and C5a inflammatory peptides (del Conde et al, 2005; Peerschke et al., 2006).

Complement activation requires platelet stimulation and is associated with the expression of
P-selectin (del Conde et al., 2005) and gC1gR (Peerschke et al., 2006) on the platelet surface,
as well as the secretion of chondroitin sulfate (Hamad et al., 2008) from internal platelet stores.
P-selectin has been associated with activation of the alternative complement pathway, whereas
gC1qgR and chondroitin sulfate activate the classical pathway. Platelet mediated complement
activation can be detected on adherent platelets and activated platelets in suspension, following
in vitro exposure to purified complement components, normal plasma or serum, by flow
cytometry or ELISA methods.

The intrinsic capacity of platelets to activate complement on /near their surface when exposed
to plasma or serum is proportional to the extent of platelet activation (Peerschke et al., 2006).
Platelets activated by weak agonists such as ADP and epinephrine support less complement
activation than platelets activated by thrombin or arachidonic acid. In addition to chemical
agonists, platelets exposed to shear stress (1800 sec™® for 60 min) support complement
activation. Interestingly, platelets activated by shear stress appear to preferentially activate the
classical complement pathway. In contrast, platelets activated by agonists such as thrombin or
its receptor activation peptide (TRAPg), which induce alpha granule secretion and P-selectin
expression on the platelet surface, appear to support predominantly alternative pathway
activation. This may reflect the secretion of C1 inhibitor (Schmaier et al., 1993), a potent
inhibitor of C1s in the classical pathway, from platelet alpha granules. Indeed, an inverse
correlation has been noted between C4 activation on/by platelets and P-selectin expression on
their surface (Peerschke et al, 2006).
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Classical pathway complement activation on/by platelets does not require immune complex
formation at the platelet surface. Activation of C4 has been observed following exposure of
activated platelets to purified C1 and C4 as well as to normal serum (Fig. 1A), and is
significantly reduced or absent in C1 depleted serum (Peerschke et al., 2006). In contrast, both
classical pathway and alternative pathways participate in C3b deposition on activated platelets.
Thus, reductions in C3b deposition on platelets relative to normal serum are noted with either
C1 or Factor B depleted serum (Peerschke et al., 2006). We believe that these findings reflect
the intrinsic capacity of platelets to activate complement (Figure 2A). As described in
subsequent sections, platelets also serve as targets of immune mediated complement activation.

Although, studies of complement activation on/by platelets to date have been conducted
exclusively in in vitro closed systems, evidence of in vivo complement deposition on platelets
has been presented also. Platelet associated C4d has been reported in approximately 18% of
patients with systemic lupus erythematosus (Navratil et al., 2006), and preliminary studies by
the authors (EIBP, BG) demonstrate detectable levels of C4d, iC3b and C5b-9 on circulating
platelets in approximately 14% of patients with coronary artery disease (n=5/35) (unpublished
observations). These findings suggest complement activation on/by platelets in disorders
associated with vascular inflammation and thrombosis, and lend strong support for the
continued investigation of the physiologic and pathologic relevance of platelet mediated
complement activation and its regulation.

Complement Activation on Platelet Microparticles

Platelet microparticles (PMP) are small vesicles that are released from activated platelets. They
are encountered in a variety of clinical settings, including arterial thrombosis and peripheral
vascular disease (Zeiger et al., 2000), hypertension, diabetes, stroke (Sinauridze et al., 2007;
Piccin et al., 2007; Choudhury et al., 2007) and atherosclerosis (Tan and Lip, 2005). PMP
enhance thrombus formation (Diamant et al., 2004; Tans et al., 1991) and contribute to platelet
activation (VanWijk et al., 2003). PMP have been described as a storage pool for disseminating
blood-borne bioactive effectors (Morel et al., 2004) such as tissue factor activity, procoagulant
phospholipids, and inflammatory mediators.

We have recently demonstrated complement activation on/by PMP generated by platelets
stimulated with the calcium ionophore A23187 (Yin et al., 2007). Results of a typical
experiment are illustrated in Fig. 1B and 1C. PMP were distinguished from platelets by flow
cytometry based on their light scattering properties/size. PMP were noted to express gC1qR
and P-selectin, associated with classical (Peerschke et al., 2006) and alternative (delConde et
al., 2005) complement pathway activation, respectively. Not surprisingly, therefore,
complement components ranging from C1q to C5b-9 could be demonstrated on PMP (Yin et
al., 2007), following incubation with plasma or serum.

Interestingly, C4 deposition on PMP exceeded that of C3b and C5b-9. Although direct
quantitation of antibody binding was not performed, these findings may either reflect
differences in antibody sensitivities and accessibility to their respective complement antigens
on PMP, or, more interestingly, suggest potential regulation of C3 and C5 convertases, as well
as assembly of C5b-9 on PMP by intrinsic platelet complement regulators. Indeed, our
experiments have shown that PMP express complement regulatory proteins C1 INH, CD55
and CD59 (Yin et al., 2007), as shown in Fig. 1C. In addition, clusterin, a regulator of the
assembly of the terminal complement complex, is packaged in platelet alpha granules (Tschopp
et al, 1993), and is expressed on the surface of platelets (Gnatenko et al., 2003) and
microparticles (Perez-Pujol et al., 2005).
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Complement plays a major role in inflammation and thrombotic complications associated with
SLE and APS (Giannakopoulos et al., 2007; Levine et al, 2002). The risk of thrombosis is
particularly high in patients with SLE and anti phospholipid antibodies (aPL) (Petri 2000). In
vivo, complement activation is required for aPL-induced fetal loss and growth retardation
(Salmon and Girardi, 2004). Moreover, an increase in complement products in the serum of
patients with aPL has been associated with the development of stroke and transient ischemic
events (Davis and Brey, 1992), and a high frequency of complement fixing aPL has been
described in patients with APS (Shinzato et al., 2005).

In vivo and in vitro studies demonstrate that aPL activate endothelial cells and platelets and
contribute to thrombosis and tissue injury (Pierangeli etal., 1999; DeJong et al., 2000). A major
antigen recognized by aPL is beta2 glycoprotein 1, amember of the complement control protein
superfamily (Giannakopoulos, 2007; Shi etal., 1993). Platelet associated C4d has been reported
in 18% of patients with SLE, and is significantly associated with the presence of a lupus
anticoagulant and anticardiolipin antibodies (Navratil et al., 2006).

Indeed, platelets have been described as targets of circulating aPL (Machin, 1996). The
interaction of aPL with platelets has been reported to occur by several mechanisms, including
direct recognition of platelet antigens, crosslinking of apolipoprotein ER2’ receptor (Pennings
et al., 2007) and antibody interaction with platelet FcgRIIA receptors (Machin 1996). We
propose that depending on antibody isotype, platelet associated aPL may play a role in the
activation of the classical complement pathway.

To evaluate the role of platelets as targets of immune mediated complement activation in this
setting, we designed an ELISA approach to investigate the capacity of patient serum to activate
complement on fixed, immobilized test platelets (Peerschke et al., 2009b). Complement
component deposition on test platelets was expressed as a ratio (CAC) relative to normal human
serum, the latter representing the intrinsic capacity of platelets to activate complement
described above. A ratio exceeding 1.0 reflects enhanced serum complement activation
capacity relative to normal serum.

Using this approach, the complement activating capacity of sera from patients with SLE, SLE
with aPL or APS, and primary aPL or APS were evaluated. Patient sera were designated
complement positive (CAC +) if their complement activating capacity exceeded a ratio of 1.9
for C1qand/or C4 deposition on test platelets. Enhanced serum complement activation capacity
correlated with antiphospholipid antibody titer (1gG), as well as antibody titers directed against
B2 glycoprotein | (Fig. 3A). Interestingly, sera demonstrating enhanced complement activation
capacity (CAC+) inthe test system induced greater dense granule secretion from fresh platelets
than sera designated CAC - (Fig 3B), suggesting a correlation between in situ complement
activation on platelets and platelet stimulation. Indeed, a positive CAC was significantly
associated with an increased incidence of arterial thrombosis in patients with SLE and aPL
(Fig. 3C). However, a similar association with arterial thrombosis was not observed in patients
with primary aPL/APS.

A proposed mechanism of aPL mediated complement activation on platelets is shown in Figure
2B. Circulating aPL antibodies bind to the platelet surface, forming immune complexes, which,
depending on antibody isotype, are recognized by C1q, and activate the classical complement
pathway, as demonstrated by C4d deposition on test platelets in the assay. In vivo, this may
result in complement mediated platelet activation via generation of C5b-9 (Wiedmer et al.,
1986), and the generation of complement derived inflammatory mediators (Markiewski and
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Lambris, 2007), conspiring to promote arterial thrombosis (Ikeda et al., 1997; Oksjoki et al.,
2007). In the setting of SLE, immune mediated vascular injury may create an environment that
predisposes to platelet accumulation and supports subsequent in situ complement activation.

Immune Thrombocytopenic Purpura (ITP)

ITP is an autoimmune disorder which manifests clinically as mucocutaneous bleeding in the
setting of a low platelet count (Cines et al., 2009). Platelet destruction in ITP occurs by a variety
of immune mediated mechanisms (Cines et al., 2009). Both humoral and cell mediated
mechanisms have been described, but the role of the complement system has not been well
defined (McMillan 2000). Limited studies of plasma complement deficiencies in patients with
ITP (Trentetal., 1980; Ohali etal., 2005) and elevated levels of platelet associated complement,
particularly C3 (Kayser etal., 1983; Foster et al., 1989; Panzer et al., 1986) have been reported.
The observed association between platelet associated 1gG/IgM and C3 suggests the potential
for classical pathway complement activation on the platelet surface.

Using our in vitro assay (Peerschke et al., 2009b) to measure serum complement activation
capacity on immobilized test platelets, we compared the complement activating capacity
(CAC) of plasma from healthy volunteers and patients with ITP, as well as patients with non-
immune mediated thrombocytopenia (Peerschke et al, 2009a). To prevent thrombin generation
while supporting complement activation in plasma anticoagulated with 0.32% sodium citrate,
these studies were performed in the presence of 1 mM MgCl,, 1 mM CaCl,, and 500 pM D-
phenylalanyl-L-prolyl-L-arginine chloromethylketone, a selective thrombin inhibitor. Plasma
complement activation capacity on test platelets exceeding a ratio of 1.9 relative to normal
plasma was observed with 58% of plasma from patients with ITP, but none of the plasma
samples from patients with non-immune mediated thrombocytopenia, who were
predominantly patients with malignancies treated with chemotherapy. These findings are
consistent with the presence of complement fixing anti platelet antibodies in the plasma from
patients with ITP. These antibodies recognize platelets in the test system and, depending on
their isotype, increase complement activation above baseline (Fig. 2 B).

Figure 4 demonstrates that despite significant overlap, patients with CAC+ plasma had a lower
peripheral blood absolute immature platelet fraction (A-1PF) than patients with CAC — plasma
(p<0.05). The A-IPF is widely regarded as a measure of effective thrombopoiesis (Rinder et
al., 1993,Richards and Baglin, 1995). In addition, a higher incidence of thrombocytopenia (Fig.
4B) was observed in patients with positive plasma CAC. These findings suggest that enhanced
complement fixation may be associated with decreased platelet survival in vivo due to
enhanced clearance of opsonized platelets by the reticuloendothelial system. Consistent with
this interpretation is the observation that patients with positive plasma complement activation
appear to have a higher response rate to splenectomy (Peerschke et al, 2009a). Moreover, since
enhanced C5b-9 deposition on target cells is associated with cytolysis, positive plasma CAC
may further contribute to thrombocytopenia by direct platelet damage and damage to
megakaryocytes, leading to ineffective thrombopoiesis.

Conclusions and Future Directions

In vitro evidence is accumulating to support direct complement activation on stimulated

platelets. Under physiologic conditions, complement activation may contribute to the clearance
of spent platelets and microparticles from the circulation, in an effort to regulate prothrombotic
effects. Under pathologic conditions, complement activation on/by platelets may contribute to
thrombosis and thrombocytopenia. Further studies are required to characterize the molecular
mechanisms contributing to complement activation on/by platelets, particularly as these may
represent novel therapeutic targets. Clinical studies are required to further evaluate pathologic
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and physiologic sequelae associated with in vivo platelet mediated complement activation, and
to evaluate the effect of anti platelet therapies and complement inhibitors.
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Figure 1.

Complement activation on/by platelets and platelet microparticles. Results are of typical
experiments. Deposition of activated complement components on platelets and microparticles
was evaluated by flow cytometry using monoclonal antibodies to C1q, C4d, iC3b, and SC5b-9,
and an Alexa 488-conjugated secondary goat anti rabbit antibody (F(ab)',). Platelet and
microparticle suspensions were exposed to purified complement components, normal serum
(diluted 1/10 in buffer containing 1 mM CaCl, and 1 mM MgCly) or buffer, as a control.
Following incubation (60 min, 37° C), platelets and microparticles were washed by
centrifugation and resuspension, and probed with anti complement antibodies. Detailed
methods are provided in Peerschke et al., 2005, and Yin et al., 2007. Panel A illustrates the
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deposition of complement components on platelets stimulated with 10 uM ADP. Note that
detection of C4d on platelets is dependent on the presence of C1. Panel B compares
complement component deposition on platelets stimulated with 5 uM ionophore (A23187) and
resulting microparticles. Although complement deposition on microparticles is low compared
to platelets, when results are interpreted in the context of microparticle size, complement
component deposition on microparticles exceeds that on platelets. Panel C depicts complement
inhibitor expression on platelet microparticles, as well as classical pathway C4d detection on
microparticles following incubation with either purified complement components C1 and C4,
or normal plasma (reconstituted with 1 mM CacCl, and 1 mM MgClI, and a selective thrombin
inhibitor, 500 uM D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone, to prevent
thrombin generation and fibrin formation).
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Figure 2.

Proposed mechanisms of complement activation on/by activated platelets. Panel A depicts the
intrinsic capacity of platelets to activate the classical and alternative pathways of complement.
Panel B demonstrates immune mediated enhanced complement activation requiring immune
complex formation at the platelet surface (Panel B).
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A. Relationship Between Antiphospholipid
Antibodies and Serum Complement Activation
Capacity
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Serum complement activating capacity (CAC) in patients with antiphospholipid antibodies
(aPL), anti phospholipid syndrome (APS) and systemic lupus erythematosus (SLE). Panel A
illustrates the correlation between antiphospholipid (aPL) and anti beta 2 glycoprotein 1
antibody titers expressed in GPL and SG units, respectively, and serum CAC. Sera were
classified as CAC positive, if they produced a C1q and/or C4d deposition ratio on test platelets
that was greater than 1.9 when compared to the assay normal serum standard. Panel B shows
results of a typical experiment demonstrating the ability of CAC positive sera to activate
platelets, as reflected by serotonin release from platelet dense bodies (Peerschke and Wainer,
1985). Panel C summarizes the relationship between serum complement CAC and incidence
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of arterial thrombosis in patients with SLE and aPL/APS, and patients with primary aPL or
APS.
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Figure 4.

Plasma complement activating capacity (CAC) in patients with ITP. Panel A correlates CAC
and the absolute immature platelet fraction (A-IPF) in peripheral blood. A-1PF values reflect
number x 109/L. A low A-IPF suggests decreased or ineffective thrombopoiesis. Note that
patients with the highest plasma CAC ratios had the lowest A-IPF, and that none of the patients
with A-IPF >15 x 10%/L had a positive plasma CAC. Panel B shows the relationship between
CAC and thrombocytopenia, defined as circulating peripheral blood platelet counts less than
50K/ul. Plasma was classified as CAC positive, if it produced a C1q and/or C4d deposition
ratio on test platelets that was greater than 1.9 when compared to the assay normal plasma
standard.
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