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Abstract
The complement system as a main column of innate immunity and the coagulation system as a main
column in hemostasis undergo massive activation early after injury. Interactions between the two
cascades have often been proposed but the precise molecular pathways of this interplay are still in
the dark. To elucidate the mechanisms involved, the effects of various coagulation factors on
complement activation and generation of anaphylatoxins were investigated and summarized in the
light of the latest literature. Own in vitro findings suggest, that the coagulation factors FXa, FXIa
and plasmin may cleave both C5 and C3, and robustly generate C5a and C3a (as detected by
immunoblotting and ELISA). The produced anaphylatoxins were found to be biologically active as
shown by a dose-dependent chemotactic response of neutrophils and HMC-1 cells, respectively.
Thrombin did not only cleave C5 (Huber-Lang et al. 2006) but also in vitro-generated C3a when
incubated with native C3. The plasmin-induced cleavage activity could be dose-dependently blocked
by the serine protease inhibitor aprotinin and leupeptine. These findings suggest that various serine
proteases belonging to the coagulation system are able to activate the complement cascade
independently of the established pathways. Moreover, functional C5a and C3a are generated, both
of which are known to be crucially involved in the inflammatory response.

1 Introduction
The complement system as a key sentinel of innate immunity and the coagulation system as
main actor in hemostasis belong both to the “first line of defense” against injurious stimuli and
invaders (Choi et al. 2006). Being descended from a common ancestor, interactions between
both cascades have often been proposed, but the precise molecular pathways of this cross-talk
have remained elusive. Immediately after severe trauma, massive activation of a series of
cascading enzymatic reactions results in fibrin deposition as well as synchronic fibrinolysis
(Lampl et al. 1994), which often causes an uncontrolled, systemic inflammatory response
(SIRS) (Levi et al. 2004). Furthermore, both cascades contain series of serine-proteases with
evidence of some shared activators and inhibitors, such as factor (F) XIIa, which is able to
activate C1q, and thereby the classical pathway of complement. Similarly, the C1 esterase
inhibitor acts not only as inhibitor of all three established complement pathways (classical:
C1q/r/s, lectin: MBL, and alternative: C3b) but also of the endogenous coagulation activation
path (kallikrein, FXIIa) (Davis 2004). Previously it has been shown that thrombin, generated
at inflammatory sites in response to complement activation, is a physiological agonist for the
PKC-dependent pathway of decay accelerating factor (DAF) regulation in terms of a negative
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feedback loop preventing thrombosis during inflammation (Lidington et al. 2000). The
complement activation product C5a has also been reported to induce tissue factor (TF) activity
in human endothelial cells (Ikeda et al. 1997) and may activate the exogenous (TF-dependent)
coagulation pathway. In a recent study, a novel C5a receptor (C5aR)-TF cross-talk in
neutrophils has been demonstrated (Ritis et al. 2006). Systemic inflammation is often triggered
by severe trauma with subsequent extensive activation and depletion of the coagulation
cascade. Findings from our laboratory suggest in accordance with other reports (Hecke et al.
1997; Ganter et al. 2007) that trauma leads not only to an early coagulopathy (DIC,
disseminated intravascular coagulopathy) but also to an early hyper-activation of complement
with generation of powerful anaphylatoxins, such as C3a and C5a, which may contribute to
the disturbance of the coagulation system, and vice versa.

Therefore, it is tempting to speculate that these significant interactions between the coagulation
and complement system may play an important role after trauma and for subsequent
inflammatory reactions and complications.

2 Serine Protease Systems
2.1 Coagulation System

It is well known that any traumatic input rapidly activates the coagulation cascade to stop
bleeding and to prevent invasion of microorganisms and the subsequent inflammatory
response. Therefore, the clotting system has been considered as a crucial part of innate
immunity. Most clotting factors (F) belong to the class of serine proteases (Fig. 1) with the
final aim to induce fibrin polymerization in order to seal off leaking and injured vessels and
also to wall off injured tissue and invading bacteria.

Thrombin (FIIa) represents the central serine protease cleaving fibrinogen to fibrin, the
building block of a haemostatic plug. Generation of thrombin is initiated by tissue injury with
corresponding vessel wall exposure to tissue factor (TF), which forms a complex with the serine
protease FVIIa. The TF/FVIIa complex as part of the exogenous path activates the down-stream
serine protease FX, where the exogenous and endogenous pathways of the coagulation system
converge. The endogenous path involves other serine proteases, such as FXII, FXI, and FIX
which are sequentially activated upon contact to negatively charged surfaces (e.g. collagen).
Factor IXa and FXa assemble with their non-enzymatic protein cofactors (FVIIIa, FVa)
resulting in thrombin generation and finally in conversion of fibrinogen to fibrin.

2.2 Fibrinolytic System
Fibrinolysis is a physiological regulatory process with breakdown of fibrin to limit clotting
and to resolve blood clots. The fibrinolytic system is initiated when plasminogen is converted
into the potent serine-protease plasmin, which leads to degradation of fibrin, fibrinogen, FV,
and FVIII. Severe trauma and hemorrhage is associated with decreased plasminogen levels
and enhanced plasma levels of plasmin and plasmin-anti-plasmin-complexes, indicating early
fibrinolytic events (Lampl et al. 1994). It has been described that severe trauma induces
fibrinolysis almost synchronically with the massive activation and subsequent depletion of the
coagulation system. Hyperfibrinolysis due to excessive generation of plasmin seems to be the
major cause of trauma-induced disseminated intravascular coagulopathy (DIC) as bleeding is
most severe in trauma victims with low antiplasmin activity (Lampl et al. 1994). Fibrinolysis
is also promoted by activated protein C (APC) which acts as a strong serine protease by
interfering with important inhibitors of plasmin generation (plasmin activator inhibitor-1
[PAI-1], thrombin-activatable fibrinolysis inhibitor [TAFI]).
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2.3 Complement System
There is increasing evidence that the rapid activation of the coagulation cascade after trauma
is accompanied by a very early onset of an uncontrolled, progressive inflammatory response
with often lethal consequences (Hierholzer and Billiar 2001). Obviously, acute blood loss and
tissue trauma activate the complement cascade in humans (Hecke et al. 1997). Especially
generation of the powerful anaphylatoxin C3a and C5a, and consumption of complement may
play a detrimental role (Younger et al. 2001). Generally, the complement enzymes contain a
single serine protease with an extremely restricted substrate specificity. The classical pathway
proceeds through the sequential cleavage of C4 and C2 by active C1s and formation of the C3
convertase (C4b2a-complex). Additional binding of C3b leads to generation of the C5
convertase (C4b3b2a-complex). Both complexes develop their proteolytic activity via the
serine-protease domain of C2a. Similarly, the active center of the C3- and C5-convertase of
the alternative pathway (C3bBb- and (C3b)2Bb(P)-complex, respectively) resides in the serine
protease domain of factor B. Activation of the lectin pathway results in subsequent activation
of mannose associated serine proteases (MASP), which in turn activate C4 and C2 to assemble
C4b2a. Activated MASP-1 also reveals serine protease specificity for a direct C3 cleavage
(Lambris et al. 1998).

3 C3a and C5a Generation by Coagulation Factors
Recently, we have shown that authentic C5a was generated in the absence of C3 with thrombin
acting as a potent C5 convertase (Huber-Lang et al. 2006). In the presence of C3, thrombin did
also generate C3a dose- and time-dependently, as assessed by immunoblotting and ELISA.
The produced C3a dose-dependently increased the chemotactic response of the human mast
cell line-1 (HMC-1) more than threefold, indicating biological activity of the thrombin-induced
C3 cleavage product.

Investigations on other central molecules of the coagulation cascade revealed that FVIII and
tissue factor failed to interact with C3 and C5. This was in striking contrast to the coagulation
factors FXa and FXIa. Both serine proteases as representatives of the endogenous path cleaved
C3 and C5 with generation of C3a and C5a, as detected by ELISA and Western blots. Plasmin
as the strongest serine protease of the fibrinolytic system was capable of cleaving both C5 and
C3, respectively. The produced anaphylatoxins were biologically active as shown by a dose-
dependent chemotactic response of human neutrophils to C5a and HMC-1 cells to C3a.
Furthermore, the plasmin-induced cleavage activity could be blocked by the serine protease
inhibitor aprotinin and leupeptine.

4 Complement: New Activation Paths
It has been shown by our lab that phagocytic cells are capable of generating biologically active
C5a from C5 independently of the plasma complement system (Huber-Lang et al. 2002). The
actual findings indicate the existence of additional complement activation paths in the plasma
(Huber-Lang et al. 2006) besides the three established pathways of complement activation (Fig.
2).

5 Interaction Between the Coagulation and Complement Cascade After
Trauma

Many experimental and clinical studies have focused on the extreme coagulation challenge
after severe trauma and during hemorrhagic shock (Kaplan et al. 1981). When reflecting a more
philosophical consideration that “the end is in the beginning”, the very early and rapid
activation of both, the coagulation system and the complement system seem to be crucially
involved in the initiation and progression of the systemic inflammatory response and also in
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the deathly escalation of posttraumatic organ failure (Hierholzer et al. 2001). During
experimental hemorrhagic shock, pretreatment of rats with carboxypeptidase N inhibitor
(blocker of C5a clearance) turned out lethally (Younger et al. 2001). Furthermore, pre-shock
depletion of complement significantly improved post-resuscitation blood pressure. One in vitro
study claimed that C5a induces TF activity on endothelial cells (Ikeda et al. 1997) and may
thereby activate the exogenous coagulation pathway. Recently, a C5a-induced “switch” in mast
cells from a pro-fibrinolytic (t-PA release) to a pro-thrombotic phenotype (PAI-1 release) has
been reported (Wojta et al. 2004) thus modifying the balance between pro- and anti-
coagulation. To ameliorate the inflammatory response, various immune modulators have been
examined, some of which revealed regulatory effects on both the complement and the
coagulation system (Weiler and Linhardt 1991; Campbell et al. 2001). The C1-esterase-
inhibitor, which curbs not only complement components of all three pathways (C1r/s, mannose-
associated serine protease-2 [MASP-2], C3b) but also the endogenous coagulation cascade
(kallikrein, XIIa), evinced a cross-talk between both systems (Jansen et al. 1998; Davis
2004). Similarly, the application of the soluble complement receptor 1 (sCR1) revealed some
protective effects during hemorrhagic shock by blocking the endothelial dysfunction and the
post-shock vasoconstriction (Fruchterman et al. 1998). In addition, sCR1 has been shown to
decrease rolling, adherence, and influx of neutrophils in the mesenteric circulation and gut after
hemorrhagic shock (Spain et al. 1999). A nexus between complement and coagulation may
also be suggested by the successful use of recombinant activated protein C (APC) during sepsis
(Bernard et al. 2001; Rezende et al. 2004). The beneficial effects of APC during systemic
inflammation seem not only to be based on the interaction with the fibrinolytic system but also
on anti-inflammatory effects.

6 Conclusion
The findings suggest that various serine proteases belonging to the coagulation system are able
to activate the complement cascade independently of the so far established pathways.
Moreover, functional active C5a and C3a are generated, both of which are known to be crucially
involved in the inflammatory response. Consequently, a misdirected interaction of the
coagulation cascade and complement system may play a crucial role in hemorrhagic shock and
the subsequent systemic inflammatory response.
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Fig. 1.
Activation of the coagulation cascade by trauma with subsequent responses (DIC disseminated
intravascular coagulopathy; SIRS systemic inflammatory response). Grey circles = serine
protease
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Fig. 2.
Complement activation pathways (MAC membrane attack complex; MBL mannose binding
lectin; MASP-2 mannose associated serine protease-2; TF tissue factor.
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