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Abstract

The parallel expression of activation products of the coagulation, fibrinolysis, and complement
systems has long been observed in both clinical and experimental settings. Several
interconnections between the individual components of these cascades have also been described,
and the list of shared regulators is expanding. The coexistence and interplay of hemostatic and
inflammatory mediators in the same microenvironment typically ensures a successful host immune
defense in compromised barrier settings. However, dysregulation of the cascade activities or
functions of inhibitors in one or both systems can result in clinical manifestations of disease, such
as sepsis, systemic lupus erythematosus, or ischemia—reperfusion injury, with critical thrombotic
and/or inflammatory complications. An appreciation of the precise relationship between
complement activation and thrombosis may facilitate the development of novel therapeutics, as
well as improve the clinical management of patients with thrombotic conditions that are
characterized by complement-associated inflammatory responses.
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Introduction

In recent years, an increasing body of evidence has demonstrated that regulatory enzymes
participate in tightly organized processes that control a wide range of biological functions,
apart from protein catabolism. Among the enzymatic cascades, major roles are attributed to
the complement system [1, 2], the coagulation cascade [3, 4], and the fibrinolytic system [5,
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6]. One common characteristic of these three protein networks is that they consist mainly of
serine proteinases with trypsin-like activity, together with their activators and inhibitors [7—
9]. More specifically, both the complement and the coagulation serine proteinase cascades
have been associated with functions of the immune and cardiovascular systems. Description
of the components and roles of these systems began as early as in the seventeenth and
eighteenth centuries (reviewed in [4, 10] for coagulation and [2, 11] for complement).

The individual constituents of the complement and coagulation systems are finely
orchestrated to form two distinct multi-component protein networks, which can have several
crossover points linking these two cascades. The common role of these systems is to present
a first line of defense against pathogens and other invaders that may enter the circulation.
The common interactions of cascade components and their impact on inflammatory
responses will be discussed in the following sections. In addition, we will discuss the
possibility of using well-known anticoagulant or anti-inflammatory compounds as the basis
for developing therapeutics that can target the pathways shared by the complement and
coagulation systems.

Coagulation and fibrinolysis

Hemostasis, defined as the cessation of bleeding in the body, takes place continuously at a
very low level and slightly favors a balanced anticoagulant state, with procoagulant factors
becoming activated under tightly controlled conditions [4]. It is now well established that
hemostasis involves a combination of processes supporting blood clotting (coagulation) in
sites at which the vascular integrity has been compromised and a subsequent dissolution of
blood clots (fibrinolysis) [12]. Hemostasis is dependent on the functions of blood cells, the
vascular system, several soluble plasma proteins, and low molecular weight components
occurring in a strictly organized and timely fashion at the site of vascular injury. Platelets
play a major role in the regulation of hemostasis, their activation resulting in platelet
aggregation at the site of injury [13]. Activated platelets provide a negatively charged
surface in areas in which the clotting cascade is initiated, resulting in regulation of mediators
vital to effective hemostatic responses.

The concept of the stepwise activation of coagulation was introduced in 1964 [14]. Blood
coagulation has been considered to be the result of the activation of two different systems,
the intrinsic and extrinsic cascades, depending on the factor that acts as the initiator of the
cascade (Fig. 1a). The instigation of both coagulation cascades occurs at a cell surface
(platelets, foreign micro-particles, biomaterials or activated endothelium) [4], resulting in
proteolytic activation of soluble coagulation factors (serine proteinases) by other
components of the cascade. Although this abundance of activated enzymes raises the
possibility of functional duplication, each component of the cascade has a specific role in the
system. Both cascades culminate in the release of activated factor X (Xa), ultimately leading
to the proteolytic activation and conversion of prothrombin to thrombin. Recently, it has
been suggested that one common coagulation pathway, dependent on the activity of tissue
factor (TF; extrinsic pathway), can be activated on different surfaces in vivo, while the
importance of the intrinsic pathway at in vivo settings is not fully elucidated [4, 15].

Coagulation is resolved by fibrinolysis, which involves a distinct enzymatic cascade that
leads to the removal of fibrin deposits [6]. The key component of the fibrinolytic system is
plasminogen, the zymogen of the serine proteinase plasmin. Plasmin is chiefly generated by
two other serine peptidases, the tissue plasminogen activator (tPA) and urokinase
plasminogen activator (uPA) [16]. tPA is the activator that is mainly involved in fibrinolysis,
in which generation of active plasmin is triggered on the fibrin surface, while uPA is
responsible for the generation of soluble plasmin. tPA is clinically used to dissolve
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intravascular clots in the very early stages of acute myocardial ischemia [17] and in patients
with stroke [18].

Apart from their straightforward role in activating downstream components of the enzymatic
cascade, the coagulation and fibrinolysis systems can be viewed as intermediaries that
convert mechanical information (fibrin deposits, blood clots) from a damaged tissue or leaky
vessel into biochemical signals that trigger cell responses. In this regard, many of the
effector serine proteinases of the two systems can act as ligands to confer pro- or anti-
inflammatory properties on cells via a family of G-protein-coupled receptors, the proteinase-
activated receptors (PARs) [19, 20]. The prototype of this signaling is found in thrombin,
which activates PAR |, resulting in vascular biological and inflammatory responses,
especially those involving platelet aggregation [21]. Another novel proteinase-triggered
inflammatory mechanism has been discovered for plasmin; in addition to regulating PAR
activity [22], plasmin can cleave the annexin A2 hetero-tetramer, triggering chemotactic
responses by monocytes and macrophages [23, 24].

Complement system

The complement cascade was first described in the late 1800s (reviewed in [11]) and so
named to reflect its capacity to enhance antibacterial activity of humoral components [2, 25,
26]. The complement protein network was later shown to be an essential component of the
innate immune system, the first line of defense against microbial invaders (for review, see
[2, 25]). Complement is also responsible for the enhancement of humoral immune
responses, which are dependent on the production and binding of antibodies to foreign
substances in order to facilitate their elimination by the immune system [2, 27, 28]. Recent
studies have also suggested that complement participates in several non-inflammatory
processes, such as coagulation, hematopoiesis, reproduction, liver regeneration, apoptosis,
homeostasis, metabolism, and central nervous system development [2].

The complement system consists of numerous plasma and membrane-bound proteins [2].
This protein network is characterized by a level of complexity dictated by the diverse
structural and functional properties of its components. Because of the specific structural
nature of the initiators of the complement pathways, activation does not readily occur unless
a change in the microenvironment triggers an appropriate surface pattern (pathogen or
damage associated) and the subsequent binding of complement factors [2, 27]. The
complement pathways are stratified (Fig. 1b; [2, 25, 29]), according to their respective
surface recognition patterns, into three major pathways: (a) the classical pathway, which is
mainly initiated by antigen—antibody complexes; (b) the lectin pathway, which is initiated by
mannose-containing glycoproteins or carbohydrates on microbial surfaces; and (c) the
alternative pathway, which is triggered by spontaneous activation of complement component
3 (C3) by hydrolysis (C3y,0) or by binding of C3b molecules to properdin [25, 30]. All
three of these protein networks are activated through a series of ion-dependent proenzyme-
to-active serine proteinase conversions, resulting in the formation of a C3 convertase [2, 31,
32]. The convertase can in turn trigger activation of more C3 molecules amplifying the
generation of C3b (amplification phase). Subsequent steps of the cascade lead to production
of the effector molecules of complement. The main biological activities of complement
activation are as follows [2]: (a) the opsonization of pathogens mediated by the cleavage
products of C3 (i.e., C3b and iC3b) and C4 (C4b); (b) the recruitment and activation of
inflammatory cells by the anaphylatoxins C3a and C5a, which are proteolytically released
from C3 and C5, respectively; (c) the direct elimination of pathogens by means of
phagocytosis via complement receptors or by cell lysis as a result of formation of the
membrane attack complex (MAC, C5b-9); and (d) the tuning of adaptive immunity by
downstream stimulation of B and T cells.
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A major part in facilitating the inflammatory role of complement effector molecules is
played by cell-surface proteins that recognize and bind to the complement components [2].
For example, the anaphylatoxins C3a and C5a can signal to cells and tissues via two
members of the G-protein-coupled receptor family, the C3a receptor (C3aR) and C5a
receptor (C5aR) [33]. Furthermore, C5a receptor-like 2 (C5L2) has been described as a
putative receptor for ASP (the desArg derivative of C3a) [34, 35], while it has also been
proposed to act as a decoy/synergistic cell-surface receptor that can regulate the C5a and
C5adesA1E gjonals directed toward C5aR [36-38]. More recently, a link between the
complement lectin and thrombin-associated PAR pathways has been identified, in the form
of the complement mannose-binding lectin (MBL)-associated serine proteinase 1 (MASP-1),
which seems to be involved in PAR4-dependent activation of endothelial cells [39].

Related proteinases present in blood

In addition to the complement and coagulation components, several other pro- or anti-
inflammatory proteins are highly expressed by tissues and cells in close proximity to the
circulatory system or are derived from pathogenic microorganisms disseminated in blood.
Among these are the serine proteinases that are secreted by leukocytes, endothelial, and
epithelial cells. In particular, the neutrophil-released proteinases cathepsin-G, proteinase-3,
and elastase can mediate the inactivation of IL-6, while elastase and cathepsin-G can
proteolytically inactivate tumor necrosis factor (TNF), indicating a potential regulatory role
for these proteinases in neutrophil-dependent inflammatory responses [40]. An equally
important role in immune responses is played by proteinases of microbial origin, which are
released during bacterial infection and play a major role in bacterial immune invasion
strategies [2, 25]. For example, Pseudomonas aeruginosa elastase (an elastolytic
metalloproteinase) can disarm PAR, [41] and degrade plasma C3 [42], thereby attenuating
the inflammatory capacity of host tissues. Porphyromonas gingivalis has also been shown to
release proteolytic enzymes with degradative activity for C5aR [43], while at the same time,
these enzymes may be able to regulate the availability of active anaphylatoxins [44, 45]. The
potential interplay of these microbial proteinase networks with the coagulation and
complement enzymes and their capacity to modulate inflammatory responses make them
important players in the vascular/inflammatory niche.

Coagulation and complement

As mentioned above, coagulation and complement are two distinct systems with unique
pathophysiological roles. Nevertheless, these networks have several common functional
attributes, which are often overlooked. (a) Both systems serve as innate defenses against
external threats (microbial invasion). (b) The presence of foreign or altered cellular surfaces
is required for initiation of both pathways. This requirement ensures tight orchestration of a
rapid but controlled initiation of the cascade in terms of its spatiotemporal localization. Such
localization, for example, in close proximity to the vascular endothelium, lowers the kinetic
requirements for the reaction to occur because it causes a local increase in otherwise
minimal local concentrations of the appropriate trigger. (c) The cascade reactions of both
systems can be organized into three phases: initiation, amplification, and propagation (Fig.
1), often occurring not only coincidentally but also in a self-reinforcing manner. The cascade
organization allows for multiple points of activation, amplification, negative or positive
regulation, and interaction with other systems. (d) Regulatory molecules (i.e., natural
inhibitors or cofactors) are present at the same settings and can physiologically regulate both
systems. Restraint of the coagulation and complement systems occurs at two levels:
inhibition of the actual enzyme activities and/or restriction of the binding capacity of a
cascade component. (e) Certain components of each cascade interact with cell-surface
receptors mediating the downstream biological effects. These common characteristics of the
coagulation and complement systems have allowed for multiple instances of cross-talk and
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can explain the association of both systems with several clinical inflammatory and
thrombotic conditions.

Interplay between the coagulation and complement cascades

Early observations have pointed to the existence of significantly higher levels of
complement activation products in human serum than in anti-coagulated blood, strongly
suggesting the development of complement activation during blood clotting [46]. The most
important interconnections of the complement and coagulation systems have emerged as
evidence for cross-talk between the components of the two cascades (Fig. 2). For instance,
early work has shown that the rabbit orthologue of plasma kallikrein is able to release the
anaphylatoxin C5a as a result of the limited proteolysis of C5 [47]. Furthermore, human
plasma kallikrein has been reported to affect the generation of active C3 fragments, either
directly of via activation of factor B [48-50].

Nevertheless, the potential initiation of complement cascade by proteinases of the
coagulation cascade has only lately come into sharper focus. Recent work has shown that
C5a can be generated in C3-deficient mice as a result of the proteolytic activation of C5 by
thrombin [51]. Furthermore, C5a released by the enzymatic action of thrombin possessed
significant chemotactic activity for neutrophils, indicating that a participation of thrombin in
an inflammatory pathway alternative to the activation of PAR| may occur. Subsequent
investigation has revealed that both C3 and C5 can be proteolytically activated by several
components of the coagulation cascade in addition to thrombin [52]. More specifically,
incubation of C3 or C5 with FIXa, FXa, FXIa (where the designation a denotes the active
form of the coagulation factor), thrombin, and plasmin resulted in the release of C3a and
C5a, respectively, while TF, FVII, FVIla, and activated protein C (APC) were unable to
proteolytically generate these anaphylatoxins. Apart from the coagulation factors, plasmin
can, therefore, serve as another common bridge between innate immunity and hemostasis.
Farther downstream in the coagulation cascade, platelet activation and subsequent
expression of P-selectin have been associated with complement activation, supporting a
novel mechanism for local inflammation at the site of vascular injury [53].

Activation of complement by components of the coagulation cascade can also occur
upstream of the C3 and C5 convertases. For instance, coagulation factor XIla is able to
activate the complement complex C1, leading to the initiation of the classical complement
pathway [54, 55]. Chondroitin sulfate on platelet surface can also contribute to binding of
Clgq, as well as the complement regulators C1 inhibitor (C1INH), C4b-binding protein
(C4BP), and factor H [56]. Furthermore, the interaction of fibrinogen/fibrin with recognition
molecules that trigger initiation of the lectin pathway can modulate the activation of
complement components C3 and C4 and the complement deposition on the surface of
microbial pathogens [57].

On the other hand, supporting evidence for a procoagulant effect of complement suggests
that the coagulation cascade is activated by complement either directly or indirectly; the
direct procoagulant activity of complement can be mediated on different levels. For
example, MASP-2, a component of the lectin complement pathway, plays a role in the
activation of thrombin and subsequent generation of the fibrin mesh [58, 59].

Complement effectors can also facilitate biochemical and morphological changes in the
endothelium, resulting in modulation of the clotting propensity of blood. For instance, C5a
in combination with antibodies against endothelial cells can trigger the release of the
endothelial surface proteoglycan heparan sulfate, independent of the formation of the MAC
and the lysis of endothelial cells [60]. Heparan sulfate can regulate the conformational
activation of antithrombin (AT) [61], an inhibitor of several components of the coagulation
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cascade. Heparan sulphate has also been shown to facilitate the properdin-mediated C3
deposition onto proximal tubular epithelial cells, suggesting a potential role in complement-
associated renal disease [62].

Considerable experimental evidence indicates that, in addition to regulating the individual
cascade components, complement activity can also modulate the aggregative properties of
platelets. An early report has indicated that combinations of C3 and MAC components
enhance the thrombin-mediated platelet aggregation and serotonin secretion [63], although
there may be important differences related to the species from which platelets are harvested.
Formation of complement C5b-9 on cell surfaces can trigger changes in the membrane-
associated components, affecting the activation of platelets and initiation of coagulation
[64]. Stimulation of platelets with sublytic concentrations of the MAC can cause transient
membrane depolarization [65], granule secretion [66], and induction of platelet-catalyzed
thrombin generation and clotting [67]. Formation of MAC mediates the release of membrane
microparticles from platelets [68] and endothelial cells [69], which can expose binding sites
for factor Va and serve as a basis for the proteolytic generation of thrombin from its
proenzyme by the prothrombinase complex. Platelet activation has also been reported after
the binding of Cl1q to its receptor on platelet surfaces, a process that can further induce the
aggregation of platelets via a P-selectin-dependent pathway [70, 71].

Finally, activation products of C3, namely, the anaphylatoxin C3a and its derivative
C3adesAre can directly induce platelet activation and aggregation [72]. Such aggregative
properties of complement are further supported by recent studies that demonstrated delayed
thrombosis after vessel wall injury in C3-deficient mice [73] and platelet hyper-reactivity in
mice deficient in the negative regulator of MAC, CD59b (a highly active mouse variant of
CD359) [74]. Binding of the non-proteolytically activated form of C3 (C3y,0) to the
activated platelet surface has also been reported; however, the impact of this interaction on
platelet aggregation was not investigated [75].

Regulation of TF expression on endothelial cells is another direct way in which complement
activation can affect coagulation. Under conditions in which the integrity of the blood
vessels is compromised, TF induction on endothelial cell surfaces allows coagulation factors
to initiate activation of the extrinsic coagulation pathway (Fig. 1a). C5a can trigger the
induction of TF expression and activity in human endothelial cells [76] and neutrophils [77]
(Fig. 2). This latter finding may explain the procoagulant properties of bronchoalveolar
lavage fluid in patients with acute respiratory distress syndrome [78]. A cytolytically
inactive form of the terminal MAC is also known to induce TF expression on human
endothelial cells [79].

In addition to platelets and endothelial cells, mast cells play an important role in the
regulation of coagulation. Mast cells are often present at sites of inflammation and can
prevent thrombosis through the expression of tPA, which generates the fibrinolytic
proteinase plasmin [80]. Treating mast cells and basophils in vitro with C5a causes an
upregulation in plasminogen activator inhibitor 1 (PAI-1), a vital regulatory component of
the fibrinolysis cascade that is able to neutralize the enzymatic activity of tPA [81]. By
inducing the expression of PAI-1, C5a can abolish the fibrinolytic activity of mast cells, in
favor of a procoagulant phenotype [82].

Less direct effects of complement activation on hemostasis have also been described. These
can occur via the regulation of specific cytokine networks, which may determine the balance
between anticoagulant and procoagulant pathways [83, 84]. For example, the C5a and C3a
anaphylatoxins are thought to influence the production and secretion of tumor necrosis
factor a (TNF-a) and interleukin 6 (IL-6) from Kupffer liver cells [85, 86]. TNF-a and IL-6
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may subsequently trigger TF expression from blood cells and endothelial cells [84, 87, 88],
while IL-6 may influence the clotting propensity of platelets [87, 89]. Inflammatory
cytokines can also modulate the levels of antithrombotic proteins, such as thrombomodulin
[83]. Furthermore, the C1g-dependent production of monocyte chemo-attractant protein 1
(MCP-1), IL-6, IL-8, and macrophage inflammatory protein 18 (MIP-1P) from gingival and
periodontal ligament fibroblasts has also been reported [90], although their role in the
activation of coagulation components remains unknown.

The interplay of coagulation and complement cannot only trigger the activation of both
cascades but also exert a negative regulatory effect on their biological activity. For instance,
thrombin can induce the expression of the complement regulator decay accelerating factor
(DAF) in a PAR-dependent manner [91]. This induction results in greatly reduced C3
deposition and the complement-mediated lysis of endothelial cells in vitro. In a similar
manner, thrombin-activatable fibrinolysis inhibitor (TAFI, also known as carboxypeptidase
R or plasma carboxypeptidase B), generated by a thrombomodulin—-thrombin complex, can
play a dual role in the inhibition of plasmin-mediated fibrinolysis and the inactivation of
C3a and C5a [92, 93].

Coagulation and complement in clinical settings

In clinical conditions, systemic inflammation often occurs together with coagulation
abnormalities of varying severity [94]. The coagulation system seems to play an important
role in host—pathogen interactions and the immune responses of the host. Localized
formation of the fibrin mesh offers a physical barrier to potentially invading bacteria at sites
of trauma [95]. It has been suggested that at the same time complement activation occurs
immediately after trauma, and the level of activation can determine the clinical outcome of
the injured patient [96]. This work has indicated C3a as a marker of trauma severity and a
prognostic indicator of survival.

Several investigators have noted that activation of the complement cascade is correlated
with thrombosis and the development of multiple organ failure. The most highly studied
clinical condition in which coagulation and complement-related inflammation coexist is
sepsis. However, several other inflammatory settings have also been connected to
thrombotic events and vice versa. In the next few paragraphs, we will discuss several of
these conditions.

Systemic Inflammatory Response Syndrome and Disseminated Intravascular
Coagulation—Sepsis is a multifaceted medical condition that is characterized by an
overwhelming systemic inflammatory response [97-99]. Worldwide, 13 million people
become septic each year, and about one-third of these individuals will eventually succumb
to the disease [100]. In the USA alone, septicemia accounts for approximately 215,000
deaths among the 750,000 reported cases per year, with mortality rates being higher in septic
patient with advanced disease severity. As the average age of the world’s population
continues to increase, accompanied by a higher incidence of related co-morbidities and
immunosuppressive conditions, sepsis is rapidly becoming a serious and increasingly
common clinical problem.

Despite the complexity of sepsis, there is good evidence to suggest that hyper-activation of
the complement and innate immune systems may be linked to the excessive septic
inflammatory response, referred to as the systemic inflammatory response syndrome (SIRS)
[101, 102]. Sparked by an initial condition such as bacterial infection, immune cells can
produce a variety of inflammatory mediators, including cytokines, chemokines, and
complement activation products that embody the septic proinflammatory microenvironment.
Failure of the regulatory safety switches to contain the inflammatory hyperactivation during
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sepsis can result in persistent inflammation; this unrestricted inflammation can eventually
lead to tissue/organ damage and, possibly, death.

In addition to trauma, sepsis is one of the most common causes of disseminated
intravascular coagulation (DIC) and multiple organ dysfunction syndrome (MODS) [103].
Coagulation in sepsis cause disseminated consumptive coagulopathy, in which organ
dysfunction can be the result of intravascular fibrin deposition following local coagulation
activation, inhibition of anticoagulants (such as AT), or blockage of fibrinolysis [101, 104].
As sepsis progresses, immune and endothelial cells are stimulated by proinflammatory
cytokines. The resulting expression of TF can lead to a systemic activation of coagulation.
DIC is characterized by an increased incidence of thrombin formation or hemorrhagic
diathesis (increased bleeding tendency) as a result of the consumption of platelets and
coagulation proteins in the circulation [97, 105]. DIC contributes to MODS, a clinical
complication that adversely affects the survival rates of patients with sepsis. MODS is the
leading cause of death in septic patients admitted to intensive care units [106, 107] and is
accompanied by hemostatic changes, complement and platelet activation, and release of
proinflammatory mediators [105, 108, 109].

Activation of platelets is a common event during sepsis, often associated with consumptive
coagulopathy and thrombocytopenia [110, 111]. Activated platelets can release a serine/
threonine protein kinase that is able to phosphorylate C3 [112, 113]. This modification can
potentially result in the generation of a phosphorylated C3b fragment that is resistant to
further proteolytic processing into iC3b by factor I. It has also been suggested that
phosphorylation can increase deposition of C3b and binding to its receptor CR1 [113].
Therefore, phosphorylation of C3/C3b could potentially perpetuate the formation of the
alternative pathway convertase and cause persistent complement activation.

The nature of the direct interactions between the coagulation and complement systems in
sepsis has been a matter of conjecture. Complement activation products, such as C3a, C4a,
and C5a, are elevated in patients with sepsis [109, 114]. Furthermore, increased
anaphylatoxin levels are correlated with an adverse outcome in sepsis [114]. Specifically,
C5a is a major player in the pathogenesis of disease (Fig. 3; [102]), possibly exerting its
deleterious effects via its receptors C5aR and C5L2 [101, 115]. C5a can also cause
activation of the coagulation cascade and Toll-like receptor pathways [45, 101, 116]. It also
modulates the release of various inflammatory components, such as chemokines/cytokines,
macrophage migration-inhibitory factor (MIF), and high mobility globulin B1 (HMGB1),
which can have pleiotropic effects [101, 102, 115-117]. Therefore, complement may
promote procoagulant activity or induce cytokine production, while the hemostatic changes
can in turn affect the level of complement activation as outlined in the previous sections.

The interconnections between coagulation and complement may be significant for the
management of septic patients, in whom amplification of the complement and coagulation
cascades parallels the clinical progression of the disease. Support for this hypothesis comes
from the potential of regimens that regulate coagulation, such as AT or APC, to improve the
overall survival of patients with sepsis, which will be discussed hereafter.

Other clinical manifestations of thrombotic complement activity linked to
intravascular thrombosis—Apart from SIRS, coagulation is activated in various other
clinical conditions that are manifested together with complement-related inflammation
[118]. C5a-mediated induction of TF in peripheral blood neutrophils has been described in
patients with antiphospholipid syndrome [77] and acute respiratory distress syndrome [78].
Atypical hemolytic uremic syndrome (aHUS), paroxysmal nocturnal hemoglobinuria
(PNH), and hereditary angioedema (HAE) are other clinical examples of dysfunctional
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complement regulation that lead to extravagant complement function associated with
thrombotic disturbances [2, 118]. Studies have suggested that the mechanisms of thrombosis
in PNH [119], aHUS [120], and HAE [121] are related to a complement-induced platelet
hyperactivation. In patients with glomerulonephritis or vasculitis, the presence of
downstream effectors of the complement system such as C3b is associated with
intravascular fibrin deposition [118, 122]. Furthermore, in glomerular-associated renal
failure, uPA, acting via its specific receptor (WPAR), induces the expression of C5aR [123].
A role for consumptive complement activation has also been suggested in thrombotic
diseases such as ischemic stroke [124] and ischemia—reperfusion injury [125]. More
specifically, in ischemic stroke, an MBL deficiency has been found to be associated with a
more favorable clinical outcome after acute stroke in both mice and humans [126].

Furthermore, systemic lupus erythematosus (SLE) is a diverse autoimmune disease that has
been mainly associated with a deficiency in Clq and a subsequently enhanced interferon-
alpha production [127]. A loss in other complement components, namely, Clr, Cls, C4, and
C2, has also been associated with SLE, but these deficiencies are less frequent [128].
Patients with SLE are at great risk for coagulation-related pathologies, including venous
thrombosis and atherosclerosis [129].

An emerging field of research studying conditions where complement and coagulation
synergize is the biomaterial-induced inflammation [130]. Medical devices and
extracorporeal circuits commonly used for therapeutics, as well as vehicles used for drug
delivery can potentially facilitate the activation of complement and coagulation systems. In
this regard, a recent study has examined the procoagulant activity mediated by complement
in long-term hemodialyzed patients [131]. Biomaterial-induced generation of the
complement anaphylatoxin C5a was found to increase active TF expression in peripheral
blood neutrophils, pointing to an increased risk of hemodialysis patients for thrombotic
complications. This effect was abolished by the use of the complement inhibitor compstatin
in an ex vivo model of hemodialysis.

Similar activation may also occur in the case of organ transplantation, in which the fate of
the graft may be dependent on both complement and coagulation activity, as it has been
suggested by work on an ex vivo heart model of xenotransplantation [132]. Consistent with
this hypothesis, a recent proteomic analysis has pointed to 18 plasma proteins related to
inflammation, complement activation, blood coagulation, and wound healing that may be
associated with acute graft rejection [133].

The role of complement in other inflammatory conditions in which hemostatic dysfunction
has been implicated is only now beginning to unfold. For example, rheumatoid arthritis
[134], inflammatory bowel disease [135], and the inflammatory skin conditions urticaria and
psoriasis [136] can be characterized by a thrombotic phenotype. Some of this work has
pointed to a role for complement activation in the pathogenesis of acute dextran sulfate
sodium (DSS)-induced colitis [135], supporting the potential involvement of complement
and coagulation in inflammatory bowel disease (IBD). In principle, complement activation
in these conditions can facilitate the release of proinflammatory modulators such as C5a and
TNF-a, which can in turn also induce a TF-dependent initiation of coagulation [77, 78].

Furthermore, activation of the serine proteinases participating in both the complement and
coagulation cascades can potentially induce immune cell activation and inflammation via
PAR signaling [19, 39]. The parallel release of other active proteolytic enzymes from
immune cells and inflamed tissues can amplify the potential enzymatic cascade interactions
and signaling events that may take place within a shared inflammatory-thrombotic niche.
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Mutual endogenous and therapeutic regulators of coagulation and complement

The optimal functional level of any enzymatic cascade depends on the orchestrated timing of
its specific proteolytic activities. The control of excessive proteolysis is mainly dependent
on zymogen activation and enzyme deactivation, achieved through degradation or
interaction with proteinase inhibitors or factors that can alter the active structural
conformation of enzymes. Zymogen activation in both the coagulation and complement
cascades is normally maintained under tight control involving the binding of initiators such
as TF and MBL on cell surfaces, as discussed above. However, to counterbalance
downstream excessive cascade activities, natural inhibitors or de-activators are recruited to
sites of reaction immediately upon activation.

In an effort to manipulate the levels of complement activation in disease settings, several
complement inhibitors have been developed, some of which are under clinical investigation
[26, 137, 138]. Among the available complement inhibitors, the anti-C5 antibody
eculizumab acts as an inhibitor of C5 activation, thereby preventing both the generation of
C5a and the assembly of MAC [139]. Administration of eculizumab has been shown to
reduce the risk of clinical thromboembolism in patients with PNH, supporting the use of
complement inhibitors in thrombotic diseases. Similarly, pexelizumab, an eculizumab
fragment antibody, has been studied as an adjunctive therapy in ischemic heart disease
[140].

Given the prominent role of C5a in sepsis, interventions targeting complement at the level of
C5 may have significant value for the treatment of septic patients [98, 101, 115]. Inhibition
of the complement-mediated inflammatory response with an antibody against C5a has
resulted in reduced coagulation/fibrinolytic dysregulation in a rat model of sepsis [103].
More recent work has shown that complement lytic activity has a major role in the control of
bacteremia in septic mice [141]; this finding led the authors to suggest that inhibition of the
complement cascade at the level of C5a would be an effective strategy for the treatment of
sepsis, while the apparently favorable formation of MAC, along with opsonization and
phagocytosis, would remain intact.

Compstatin, a synthetic cyclic tridecapeptide and a selective C3 inhibitor, has been
successfully applied in several experimental disease models [142], such as a primate model
of early onset macular degeneration, where the formation of subretinal lipid/protein deposits
(drusen) was reduced and partially reversed [143]. Compstatin has been successfully
investigated in phase I clinical trials for the treatment of age-related macular degeneration
[144] and is now being pursued in phase II clinical trials [137]. Several recent studies have
also suggested that the compound may be efficacious in the management of systemic
thrombosis, an attribute which may be of clinical value in sepsis. For instance, in a non-
human primate model of Escherichia coli-induced sepsis accompanied by multiple organ
failure, administration of compstatin reduced the levels of TF and the PAI-1-mediated
coagulopathic response and preserved endothelial anticoagulant properties [145].
Furthermore, in an ex vivo model of hemodialysis, inhibition of C3 activity with similar
compstatin analogues reduced the TF-dependent procoagulant activity of neutrophils [131],
which may prove beneficial for dialysis patients with high risk of thrombosis.

Although no reports of synthetic anticoagulants capable of negatively regulating the
complement system have yet appeared, several natural antithrombotic regimens have
demonstrated potent anti-inflammatory activity. For instance, it was observed that the
anticoagulant, dicoumarin, can decrease the lethality/virulence of streptococcal bacteria after
subcutaneous injection into rabbits [146]. Furthermore, TAFI, the metallocarboxypeptidase
that inhibits fibrinolysis by preventing the binding of plasminogen to fibrin clots, is also able
to control the inflammatory response by inactivation of the anaphylatoxins [92].
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Heparin has been reported to block both the classical and alternative complement activation
pathways, an effect that is enhanced in the presence of AT [147]. Therefore, the role of
heparin as an anti-inflammatory agent has been widely discussed. Heparin acts as an
inhibitor of IFN-y responses and also inhibits the transendothelial migration and arterial
recruitment of memory T cells [148]. Furthermore, heparin has been associated with
intravascular myeloperoxidase mobilization and improved endothelial nitric oxide
bioavailability [149]. Interestingly, the anti-inflammatory pharmacological attributes of
heparin seem to be for the most part independent of its antithrombotic activity [150].
Notably, heparin-coated biomaterial surfaces have been successfully utilized to protect
against the host immune response [130].

C1INH is another proteinase inhibitor that interferes at the level of both complement and
hemostasis [151, 152]. Decreased expression of C1INH or the presence of a dysfunctional
C1INH protein can be found in plasma of patients with HAE. Purified or recombinant forms
of C1INH have been, therefore, successfully used for the treatment of HAE [152, 153].
C1INH controls the activation of the classical complement pathway by inactivating the
proteinases Clr and Cls, and it also regulates the activation of the lectin pathway potentially
by inactivating MASPs 1 and 2 [151, 154, 155]. C1INH was also suggested to negatively
regulate the activation of the alternative pathway by binding to C3b [156]. On the other
hand, C1INH regulates the activation of the intrinsic coagulation pathway via the inhibition
of plasma kallikrein and coagulation factors XIa and XIIa [151]. A negative role for C1INH
in inflammation and coagulation has been also demonstrated in baboons experiencing lethal
E. coli sepsis, with inhibitor-treated animals exhibiting reduced amounts of several
cytokines such as TNF, IL-10, IL-6, and IL-8 [157]. Interestingly, CIINH administration has
recently been shown to ameliorate DSS-induced colitis via a mechanism that involves
suppression of leukocyte infiltration [135]. However, this study failed to single out the direct
inhibition of the complement or coagulation cascade as the major cause of the C1INH-
mediated favorable outcome of this disease. Nevertheless, overall, the findings suggested
that complement plays a role in the development of DSS-induced colitis and that blockade
of the complement system might be useful in the acute phase of IBD treatment.

The value of antithrombotic inhibitors for the treatment of sepsis in several experimental
studies and clinical trials of thrombomodulin, TF pathway inhibitor (TFPI), AT, and APC is
under ongoing investigation [158—160]. Soluble recombinant thrombomodulin has been
used in septic models due to its ability to cause a substantial increase in APC levels, as well
as block the coagulant activity of thrombin [158]. While preclinical studies have suggested
that treatment with thrombomodulin attenuates some of the sepsis-related coagulation and
inflammatory effects, the treatment of septic patients with DIC did not result in any 28-day
mortality rate improvement, as shown by a phase III clinical trial [159, 161, 162]. TFPI,
another protein that has been used to attenuate the coagulation cascade, has also not as yet
demonstrated clear survival benefits for septic patients [158].

In the case of AT, a clinical trial involving patients with severe sepsis did not point to a clear
benefit of AT in the survival of patients [163], in which the “gold standard” set by the FDA
is survival at 28 days. However, the survival outcome could have been adversely influenced
by the concomitant administration of heparin in a subgroup of patients [158, 163, 164], as
heparin is known to competitively block the cell surface binding of AT [165]. The use of AT
in the absence of heparin is, therefore, under clinical evaluation [166].

With respect to the antithrombotic inhibitor APC, several clinical trials have investigated its
efficacy for increasing the survival of septic patients [158, 160, 167]. While some of these
studies pointed to a potential clinical value for APC in the management of patients with high
disease severity, APC administration was associated with an increased risk of bleeding
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[168]. As in the case of AT, a potential adverse confounding effect of the heparin
administration was recognized [168], which was, however, not indicated by a subsequent
clinical trial [169].

The beneficial effects of APC during systemic inflammation can be independent of its
anticoagulant properties, but be rather based on its potential anti-inflammatory effects and
its interaction with the fibrinolytic system [167], as well as on the degradation of cytotoxic
extracellular histones [170]. Interestingly, recent work has suggested a role for APC in the
regulation of complement activity in an LPS-induced model of factor B expression in human
monocytes [171].

Collectively, the clinical studies on septic patients have thus far proven uncertain regarding
the use of antithrombotic regimens to attenuate the clotting cascade in sepsis. More
information is clearly needed regarding the molecular, i.e., inflammatory and/or thrombotic,
mechanisms that are unleashed during sepsis to resolve these issues. In line of these efforts,
the outcome of ongoing experimental and clinical studies addressing the issues evidenced by
the clinical trials discussed above is highly anticipated. Notably, the potential use of APC
mutants exhibiting reduced anticoagulant but enhanced cytoprotective properties [172, 173]
would be a valuable asset to future clinical trials involving septic patients.

Future avenues of research

Inflammation and thrombosis are two responses that are linked through a number of
mechanisms. Emerging biochemical, biological, and clinical findings indicate that the
complement and coagulation systems are interconnected at various levels in vivo. These
interactions point to alternative ways in which complement or coagulation components can
potentially become activated. In this regard, they can also suggest attractive targets for the
development of novel therapeutic interventions.

The equilibrium between the complement and coagulation components and their interacting
mutual inhibitors can determine the overall biological activity and the outcome of a disease.
Investigation of the levels of these factors in disease settings in which complement-mediated
immune responses and thrombotic events clinically manifest together is vital. Understanding
this fine balance is imperative for approaching patients with diseases, such as sepsis, in
which traditional therapeutics directed toward immune components can further compromise
the innate immune response of the host and result in progression of the disease. These
investigations can also provide the basis for the development of common therapeutic
regimens and potentially single out diagnostic or prognostic markers for specific
inflammation-associated thrombotic diseases.
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C5aR C5a receptor

C5L2 C5a receptor-like 2

DAF Decay accelerating factor

DIC Disseminated intravascular coagulation

DSS Dextran sulphate sodium

HAE Hereditary angioedema

HMGB1 High mobility globulin B1

IBD Inflammatory bowel disease

IL Interleukin

LPS Lipopolysaccharide

MAC Membrane-attack complex

MASP Mannose-binding lectin-associated serine proteinase

MBL Mannose-binding lectin

MCP-1 Monocytes chemoattractant protein 1

MIF Migration-inhibitory factor

MIP-1 Macrophage inflammatory protein 1

PAI-1 Plasminogen activator inhibitor 1

PAR Proteinase-activated receptor

PNH Paroxysmal nocturnal hemoglobinuria

SIRS Systemic inflammatory response syndrome

SLE Systemic lupus erythematosus

TAFI Thrombin activatable fibrinolysis inhibitor

TF Tissue factor

TNF Tumor necrosis factor

tPA Tissue plasminogen activator

uPA Urokinase plasminogen activator

uPAR Urokinase plasminogen activator receptor
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Fig. 1.

Coagulation and complement cascades. a The coagulation branch of the hemostatic system.
Coagulation takes place via the intrinsic and extrinsic pathways. The intrinsic pathway is
initiated in vitro by contact activation of factor XII, in a plasma kallikrein-high molecular
weight kininogen-dependent fashion (contact system). Triggering of the extrinsic pathway,
which is considered the primary mode of in vivo coagulation, is tissue factor (TF) dependent
and takes place on the surface of activated cells. The two pathways are based on the
sequential activation of the coagulation factors, which converge in the catalytic generation
of active thrombin by its zymogen proteinase. Thrombin is responsible for the proteolytic
transformation of fibrinogen to fibrin and the subsequent generation of fibrin clots. The
designation “a” following the various clotting factors represents a state of activation of the
factors. Activated platelets have a major role in this process, as they can provide their
negatively charged phospholipid area as a surface for initiation of coagulation. b
Complement activation pathways. The components of complement system can be organized
into three major pathways: the classical pathway is mainly initiated by the binding of Clq to
antigen—antibody complexes, whereas the lectin pathway is triggered by binding of
mannose-binding lectin (MBL) or ficolins to glycosylated surfaces on microbial cell walls.
Both pathways lead to the formation of a common C3 convertase, an enzyme complex with
serine proteinase trypsin-like specificity. The alternative pathway, on the other hand, can be
triggered by spontaneous hydrolysis of the internal thioester bond of C3, leading to the
formation of C3y,0. This non-proteolytically activated form of C3 can lead to the formation
of the alternative pathway C3 convertase by interacting with factors B and D. This
convertase formation can be further induced and stabilized by properdin. C3 convertases
generated by all pathways are able to cleave C3 into C3a and C3b, the latter of which forms
additional convertases, thereby rapidly amplifying complement response. C3b vitally
contributes to the clearance of pathogens by phagocytes (macrophages and neutrophils) and
is a major component of the C5 convertase, which in turn cleaves C5 to C5a and C5b. The
anaphylatoxins C3a and C5a mediate the inflammatory responses of complement. C5b
subsequently takes the lead in formation of the terminal C5b-9 complement complex, also
called MAC, ultimately resulting into cell lysis. Potential roles in the proteolytic activation
of C3 and C5 have also been assigned to non-complement proteinases, including enzymes of
the coagulation and fibrinolysis cascades
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Fig. 2.

Interconnections between coagulation and complement. Components of the coagulation,
fibrinolysis, and complement cascades are highlighted to demonstrate the potential vital
intercommunication that the three systems may exhibit in vivo. More details on these
interactions are discussed in the text. Proteolytic cleavages are represented by blue lines,
while black-colored lines depict non-proteolytic interactions. Related inhibitory actions on
the pathway components are shown by dotted lines
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A potential cardinal role for the complement anaphylatoxin C5a in septicemia. In patients
with sepsis, systemic activation of complement and persistent release of C5a can induce the
upregulation of tissue factor (TF) by immune and endothelial cells, leading to the
development of disseminated intravascular coagulation (DIC). DIC, in cooperation with the
C5a-mediated release of pro-inflammatory cytokines, can lead to the multiple organ
dysfunction that characterizes the systemic inflammatory response syndrome (SIRS). In
advanced sepsis, C5a can elicit neutrophil dysfunction, adversely affecting the host’s
immune response to opportunistic infections. C5a can also cause apoptosis of thymocytes,
possibly lymphocytes, and adrenal medullary cells, resulting in immunosuppression or
septic shock. C5a has further been implicated in the development of septic cardiomyopathy
leading to heart failure. The aforementioned outcomes of C5a induction can potentially be
triggered by cell signaling via its two receptors, C5aR and C5L2 (reviewed in [101, 102,
115])
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