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Abstract

The complement system is one of the key players in the defence against infections. Its activation during the innate immune response
leads to the generation of several proteins that contribute to the lysis and opsonization of microorganisms, regulate inflammatory reac-
tions and bridge innate immunity with the subsequent adaptive immune response. Complement is also activated in overwhelming bac-
terial infections that lead to sepsis, and its protective functions play a role in this frequently lethal disorder. However, despite its role in
protection, complement can also contribute to the development of severe complications that significantly worsen the prognosis of sep-
tic patients. Therefore, an understanding of the mechanisms involved in the activation of complement during sepsis is essential to our
efforts to introduce rational therapies targeting complement to the treatment of patients suffering from this condition. This review pres-
ents a current view of the mechanisms involved in the activation of complement in sepsis, in the context of the multiple interactions
between complement and other biological systems that are involved in the pathogenesis of this disorder.
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Introduction

Despite the laborious efforts of scientists and the pharmaceutical
industry to develop new and more effective antimicrobial thera-
pies, systemic infections remain a serious health issue even in
well-developed and wealthy countries of the Western Hemisphere
[1]. This situation is at least partially a result of mechanisms that
enable microorganisms to quickly modify their genomes and
acquire resistance to newly developed antibiotics [2]. Therefore,
the race between drug discovery and the lethal effects of virulent
pathogens on millions of patients worldwide seems to be endless.

The problems posed by infectious diseases have become even
more serious as a result of the increasing number of patients who
are receiving immunosuppressive treatment because of dissemi-
nated cancer or organ transplantation. In addition, the significant
rise in average life expectancy in recent decades has contributed
to an increase in the number of patients suffering from chronic
diseases, which increase the vulnerability of these individuals to

serious complications of infectious disease [3]. Under these cir-
cumstances, an ongoing discussion among scientists and physi-
cians concerning infections and sepsis is both timely and neces-
sary. In this review, we discuss the mechanisms that contribute to
sepsis-associated activation of the complement system.
Complement constitutes a crucial line of defence against microbial
invasion [4], but it is also often identified as an inducer of exces-
sive inflammatory host responses, which are thought to increase
mortality from sepsis [5, 6].

Sepsis – terminology and basic facts

The currently accepted definition of sepsis describes it as a systemic
inflammatory response syndrome (SIRS) induced by presumed or
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confirmed infection. SIRS is defined on the basis of clinical crite-
ria, which include body temperature, heart and respiratory rate,
blood pCO2 and white blood cell count. Under unfavourable cir-
cumstances, sepsis can progress to severe sepsis and ultimately
to septic shock. Severe sepsis is a syndrome associated with
organ dysfunction, hypoperfusion or hypotension. Septic shock is
described as a combination of sepsis-induced hypotension that is
unresponsive to adequate fluid resuscitation and the presence of
perfusion abnormalities [7].

According to studies published in 2003, the prevalence of sep-
sis in the United States was estimated to be approximately
750,000 cases per year [8]. Considering the steady rise in the
number of septic patients diagnosed each year, it has been pre-
dicted that this number will reach over 1 million cases by 2020.
Despite the decrease in sepsis mortality rates over the past 20
years, the increasing number of sepsis cases has resulted in a
tripling of the actual number of sepsis-associated deaths, to
215,000 deaths per year; remarkably, sepsis is responsible for
9.3% of all deaths in the United States [9]. These frightening num-
bers clearly indicate that the threat of infectious disease is one of
the main problems facing twenty-first century medicine.

Contrary to the popular understanding of sepsis biology, which
links this syndrome to infection with bacteria, the aetiology of sep-
sis is actually variable and includes fungi, parasites and viruses as
well as bacteria [9]. Sepsis development is often preceded by
localized respiratory or abdominal infections, although other
organ systems, including the urogenital tract, can also be a source
[1]. Currently, Gram-positive organisms outnumber Gram-nega-
tive bacteria as causative microflora, and an increasing number of
sepsis cases are associated with fungal infections [8]. In a small
but appreciable number of patients with a clinical presentation of
sepsis, causative organisms cannot be identified [10]. However,
even in the absence of a clear aetiology, these individuals should
be treated as septic patients.

The key events in sepsis pathogenesis involve complex multi-
dimensional pathogen-host interactions, which are not only
responsible for the clinical manifestations of sepsis but also
strongly contribute to the clinical course, prognosis and complica-
tions, and potentially to the associated mortality [11]. Therefore,
the overall picture of a septic patient is influenced by various fac-
tors that include aetiology, preexisting clinical conditions (‘comor-
bidities’), the extent of the inflammatory and immune responses
to pathogen invasion, and the disturbances of homeostasis that
are induced by pathogen- and host-derived factors. The reciprocal
interactions among all these variables contribute to the complexity
of sepsis pathophysiology and further complicate our efforts to
gain insight into the mechanisms regulating the host response
during sepsis.

The challenges that have limited our understanding of these
complex processes are well illustrated by the recent evolution of
thought concerning the role of inflammatory reactions in adverse
outcomes in septic patients. It has long been accepted that death
from sepsis-associated multi-organ failure is the result of an
excessive inflammatory response to pathogens. Therefore, anti-
inflammatory therapies have been seen as beneficial in decreasing

the rate of sepsis-associated complications [12–14]. However, vir-
tually all clinical trials of anti-inflammatory therapies have failed to
yield improved outcomes for septic patients [11]. These disap-
pointing results seem to be a consequence of inappropriately
applying data obtained from animal studies or inadequate design
of clinical trials. In some experiments, animals were infused with
large doses of bacteria or bacterial products, which, as expected,
induced a brisk inflammatory response. The factors contributing
to this inflammation were found to be directly responsible for the
death of experimental animals. However, the direct translation of
results obtained from animal studies to the clinic led to the prema-
ture conclusion that anti-inflammatory treatment would be of 
benefit to all septic patients, regardless of the severity of their
symptoms. This prediction did not take into account the fact that
the character of sepsis-associated inflammatory reactions evolves
with time and that the intense, dysregulated inflammation
observed in severe sepsis is absent from patients with less pro-
nounced symptoms. Furthermore, inhibiting inflammatory reac-
tions in the early phases of sepsis can, in fact, reduce the host’s
capability to cope with the invading pathogens [15]. Obviously, the
simple hypothesis that an excessive inflammatory reaction is the
main factor responsible for an adverse outcome in sepsis must be
reconsidered.

The pathways of complement 
activation

The complement system is an important contributor to the inflam-
matory reaction that occurs during sepsis. In mammals, the com-
plement system has three well-characterized initial pathways of
activation: the classical, lectin and alternative pathways. Although
traditionally complement activation is attributed to the presence of
invading pathogens, this process can also occur as a response to
tissue damage. Therefore, complement can be currently viewed 
as an alarm system, which is capable of recognizing structures
(danger-associated molecular patterns [DAMPs]) associated with
a risk of the disturbance of homeostasis of either infectious or
non-infectious origin. The classical pathway is activated by anti-
body-antigen complexes consisting of natural or immune
response-elicited immunoglobulins bound to multivalent antigens
on the surfaces of pathogens or altered host cells. The comple-
ment protein complex C1 (consisting of C1q with two molecules
of C1r and two molecules of C1s) binds to antibodies within these
immune complexes, and this binding stimulates the C1s-mediated
cleavage of the C4 complement component to C4a and C4b. In
turn, C4b binds to pathogen or cell surfaces. The cleavage of C4
by C1s also exposes the binding site for C2, which, once bound,
is also cleaved by C1s. These initial steps lead to the formation of
the C3 convertase, C4b2a, on pathogen or host cell surfaces [16].
C1q is a pattern recognition receptor that is capable of distinguish-
ing between self and non-self antigens through association with
pathogen-associated molecular patterns (PAMPs) [17]. In addition,
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C1q serves as sensor of danger of non-infectious origin by bind-
ing to fragments of cellular or subcellular membranes (e.g. mito-
chondrial membranes) and other modified host proteins and
phospholipids [18–21]. Furthermore, C1q can activate the classi-
cal pathway through its interaction with pentraxin pattern recog -
nition receptors, such as C-reactive protein (CRP) and serum
amyloid protein (SAP) [22]. C3 convertase composed of C4b and
C2a fragments is also generated as a result of complement activa-
tion through the lectin pathway. This pathway is triggered when
pattern recognition receptors such as mannose-binding lectin
(MBL) or ficolins bind to PAMPs or apoptotic host cells [23]. This
binding activates MBL-associated serine proteases (MASPs),
which are known to exist in three forms (MASP1, MASP2 and
MASP3). Like C1s, MASP2 cleaves C4, leading to the formation of
C3 convertase (MASP1 has also recently been shown to promote
C4 cleavage through activation of MASP2 [24]). The convertases
formed by the classical or lectin pathways cleave C3, the central
component of the complement system, into the anaphylatoxin C3a
and the opsonin C3b. The resulting C3b binds to the C4b2a com-
plex, creating the C5 convertase (C4b2a3b), which then cleaves C5
into C5a (a potent anaphylatoxin) and C5b [25].

In evolutionary terms, the alternative pathway is considered to
be the oldest pathway of complement activation. Activation of
complement through this pathway leads to the formation of a C3
convertase that is significantly different from those formed via the
classical and lectin pathways. The internal thioester of C3 is spon-
taneously hydrolysed (referred to as the ‘tickover’ of C3) at a slow
rate, leading to the formation of C3(H2O), a conformationally
altered form of C3. The binding of C3(H2O) to the complement
protein factor B changes the conformation of factor B, making it
susceptible to cleavage by the constitutively active serum protease
factor D into Ba and Bb fragments. These reactions result in the
formation of the alternative pathway C3 convertase (C3(H2O)Bb).
Like the C4b2a convertase, this complex cleaves C3 into C3a and
C3b, with small amounts of C3b binding to the hydroxyl or amino
groups on susceptible surfaces; several studies show sponta-
neous C3b deposition on microorganisms and tumour cells
(reviewed in ref. [26]). Surface-bound C3b can bind directly to
factor B, and the factor B-C3b complexes can then be cleaved by
factor D to form the alternative pathway C3 convertase (C3bBb).
This ‘second’ C3 convertase represents an ‘amplification loop’ that
results in further cleavage of C3, which may augment the process
of complement activation induced by the classical or lectin path-
ways. Properdin (P) stabilizes the C3bBb convertase, and addi-
tional molecules of C3b resulting from C3 cleavage bind to this
enzymatic complex, forming the alternative pathway C5 conver-
tase, C3b3bBbP. Like the C5 convertase produced by the classical
or lectin pathways, the alternative pathway C5 convertase can
cleave C5 to yield C5a and C5b fragments [27].

Cleavage of C5 by the various convertases and the binding of
C5b to C6 begin the downstream terminal pathway of comple-
ment. C5b6 binds to C7, creating an amphiphilic complex that can
be incorporated into the lipid bilayer of cell membranes. One C8
molecule is bound by one C5b-7 complex, which then binds one
or more C9 molecules. The resulting C5b-9 complex, or mem-

brane attack complex (MAC), creates a physical pore in the mem-
brane that results in leakage and cell activation (at sublethal
doses) or cell lysis [5]. Interestingly, these downstream events do
not occur (i.e. no MAC is formed) when complement is activated
by CRP. It is assumed that ligands bound by CRP, such as cell wall
components of Streptococcus pneumonia [28], are opsonized by
C3 fragments generated by CRP-induced complement activation
and are targeted for phagocytosis [29].

Many recently published studies have demonstrated that com-
plement activation can also occur through mechanisms that differ
in several aspects from the traditionally recognized pathways 
of complement activation. For example, a new immunoglobulin-
independent mechanism for activation of the classical pathway
during S. pneumoniae infection has been described. Complement
activation through this mechanism is a result of C1q binding to the 
C-type lectin SIGN-R1 [30]. This is the first known example of a
cell-surface lectin directly initiating the classical pathway. SIGN-
R1 is expressed at high levels by macrophages of the spleen mar-
ginal zone and lymph nodes [31, 32] and is the principal receptor
for the S. pneumoniae capsular pneumococcal polysaccharide
(CPS) [33, 34]. Mice lacking SIGN-R1 are more susceptible to
pneumococcal septicemia, have deficits in C3 catabolism when
challenged with S. pneumoniae or CPS, and lack proper localiza-
tion of CPS to follicular dendritic cells (FDCs) in the follicles of the
white pulp of the spleen [30, 33, 34]. It has also been shown that
CPS does not bind to FDCs in C3-deficient mice, suggesting that
both SIGN-R1 and C3 are necessary for CPS binding to FDCs.
Thus, it appears that SIGN-R1 contributes to C3 fixation and,
therefore, to the ability of the spleen to defend the host against
certain encapsulated pathogens [30].

It has also recently been shown that properdin is able to
directly activate the alternative pathway of complement.
Individuals with properdin deficiency are more susceptible to
infection by Neisseria and suffer mortality rates of 43–65% from
resulting meningococcal disease. Properdin was shown to bind
directly to C3b in vitro, with formation of the C3bBbP convertase
after treatment with factor B and factor D [35]. It is therefore pos-
sible that properdin may initiate assembly of the alternative path-
way convertase. Indeed, properdin-treated N. gonhorrheae bound
C3b and formed the alternative pathway convertase in the pres-
ence of factor B and factor D [36]. This binding was likely through
interaction with Neisseria lipo-oligosaccharide (LOS), a compo-
nent of lipopolysaccharide (LPS) found on other bacteria such as
E. coli. However, the LOS component is normally masked in LPS;
thus, properdin does not bind to LPS-expressing bacteria. When
E. coli strains that differed in their ability to bind properdin, due to
their various mutant forms of LPS, were tested, it was seen that
those with stronger properdin binding had faster complement
activation (including C3b deposition and conversion to iC3b)
through the alternative pathway [36]. Similarly, LPS from different
types of bacteria had various abilities to bind to human properdin.
In another study, it was observed that alternative pathway comple-
ment activation in sera from properdin-deficient mice was not
induced by LPS from Salmonella typhosa, Salmonella minnesota
(S) or E. coli [37]. Interestingly, both LOS and LPS were unable 
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to induce complement activation in properdin-deficient sera.
However, injection of LOS caused systemic complement activation
in wild-type but not properdin-deficient mice, while LPS-induced
systemic complement activation was still seen (though at reduced
levels) in properdin-deficient animals. Thus, LOS appears to acti-
vate the alternative pathway in vivo, likely through interaction with
properdin, whereas LPS activates complement through both alter-
native pathway-dependent and -independent mechanisms. Finally,
recent work has demonstrated that neutrophil-derived properdin
binds to early apoptotic T cells and initiates C3b deposition
through alternative pathway activation. This deposition facilitates
phagocytosis by CR3-bearing cells. Properdin-tagged T cells can
also be taken up by phagocytes without prior complement activa-
tion, through the direct interaction of properdin with the phago-
cytic cells [38]. All of these studies point to an important role for
properdin not only in supporting alternative pathway activation of
complement by stabilizing the convertase, but also in directly acti-
vating this pathway in response to some pathogens.

A growing body of research has also suggested that the com-
plement cascade can be initiated by factors that contribute 
to hemostasis such as platelets and coagulation or fibrynolytic
factors [39–41]. Thrombin has been shown to indirectly induce
complement activation in rabbits via the classical pathway by acti-
vating platelets [42–44]. This mechanism may be important for
the pathogenesis of sepsis, because platelets are activated during
sepsis; furthermore, it is known that once platelets are activated,
they release a serine/threonine Mn2�/Ca2�/Mg2�-dependent pro-
tein kinase (likely a casein kinase type I) that phosphorylates
residues of the C3d region of C3 [45]. Thus, both C3 and several
of its degradation fragments (C3b, iC3b and C3dg) are phospho-
rylated. The phosphorylation of C3b prevents its cleavage into
iC3b by Factor I, resulting in prolonged complement activation.
Therefore, parallel activation of complement and platelets during
sepsis can lead to phosphorylation of activated complement com-
ponents, a modification that may be important for regulating their
activity [45].

Activation of complement can occur as a result of a direct
cleavage of C3 or C5, without the involvement of convertases,
through what has recently been termed the extrinsic protease
pathway [5, 46]. Various in vitro studies have indicated that fac-
tors related to the kinin and coagulation cascades, as well as to
fibrinolysis, are able to cleave complement proteins. Kallikrein iso-
lated from rabbit plasma can cleave C5, resulting in the generation
of active C5a, which induces neutrophil chemotaxis [47]. Plasmin
cleaves iC3b to C3c and C3dg in vitro [48]. In addition, the
Hageman factor fragment is capable of inducing complement acti-
vation through direct interaction with C1, which activates the C1r
and C1s subunits [21]. Incubation of thrombin with C5 leads to
C5a generation [49], and thrombin is also known to stimulate the
cleavage of C5 into C5a in vivo [50]. During acute lung inflamma-
tion, C5a is produced in C3-deficient mice, which lack C3 cleavage
products (i.e. C3b) [50]. It has also been shown that in the
absence of C3, thrombin becomes the dominant enzyme during
the inflammatory process that generates biologically active C5a.
Thus, in addition to playing an indirect role in regulating the

complement pathway through platelet activation, thrombin can
directly cleave C5 to initiate the downstream terminal pathway of
complement.

The various mechanisms of complement activation described
above are summarized in Fig. 1.

The role of the complement system 
in the pathogenesis of sepsis

At first glance, the role of complement in sepsis pathogenesis
might appear ambiguous or paradoxical: On the one hand, C3 defi-
ciency, which eliminates most complement effector functions,
clearly increases sepsis-associated mortality in animals [51–53];
these studies have emphasized the importance of complement as
a defence mechanism against invading microbes. Conversely,
other data have indicated that inhibition of C5a signalling
improves the survival of experimental animals [54]. This apparent
inconsistency between various studies may actually be an indica-
tion of the diversity of complement functions during the develop-
ment and progression of sepsis. During the early stages of wide-
spread bacterial infections, complement’s pro-inflammatory and
antimicrobial properties are critical for protecting the host from
the detrimental effects of an uncontrolled spread of microbes,
whereas in the later stages of sepsis development, C5a, in concert
with cytokines, contributes to the development of multi-organ fail-
ure and circulatory insufficiency.

The complement system, which was originally viewed as an
arm of humoural immunity, is now perceived as a central con-
stituent of innate immunity, defending the host against infections,
orchestrating inflammatory responses and connecting the innate
and adaptive immune responses [5]. This broad spectrum of com-
plement activities, together with the abundance of complement
proteins in the plasma, enables this system to cope with local and
systemic infections. In addition to plasma proteins that interact
with various cells and mediators of the immune system, several
membrane-bound regulators and receptors constitute an efficient
regulatory module of the complement system that is designed to
limit the activation of complement to pathogen surfaces or altered
host cells [55].

The anti-microbial properties of complement can be divided
into three distinct categories: (i ) opsonization and subsequent
killing of microorganism by phagocytes, (ii ) lysis of pathogens
(Neisseria species) and (iii ) coordination of inflammatory events
associated with the response to infection [4]. Opsonization
involves the coating of bacterial surfaces with complement pro-
teins such as C3b and iC3b. These cleavage products of C3 are
covalently bound to the pathogen surfaces and act as ligands for
receptors expressed by phagocytes. Engagement of these recep-
tors with their ligands significantly facilitates the phagocytosis and
killing of bacteria by neutrophils and macrophages [25]. Various
defects in opsonization are known to contribute to an increased
susceptibility to infections caused by pyogenic bacteria such as
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Haemophilus influenzae and S. pneumoniae [25]. Lysis of
pathogens occurs as a result of sequential activation of comple-
ment proteins on pathogen surfaces, forming the MAC, which
then creates pores in the bacterial cell wall and ultimately leads to
bacterial lysis [5]. Although direct lysis of pathogens by MAC is a
rare form of defence against invading pathogens, it has been
shown that inherited deficiencies in components of the MAC are
associated with an increased susceptibility to Neisserial diseases,
particularly Neisseria meningitides [56]. Complement-mediated
lysis is a major mechanism for neutralizing Neisseria species,
which are capable of intracellular survival.

The complement system plays an invaluable role in promoting
and coordinating the inflammatory process that is triggered in
response to pathogens. The anaphylatoxins C3a and C5a are
actively involved in the regulation of various critical events during
an inflammatory response, such as changes in vascular flow and
blood vessel calibre, increased vascular permeability, and leuko-
cyte extravasation and chemotaxis [5]. These processes are
essential for recruiting and activating the cells that are involved in
the innate immune response, including neutrophils, monocytes
and macrophages [57]. Anaphylatoxins not only directly coordi-
nate cellular inflammatory responses by binding to the reciprocal
receptors expressed by peripheral blood leukocytes or
macrophages but also provide coordination in an indirect manner
by controlling cytokine production and secretion [5]. These
cytokines, in turn, are capable of potentiating inflammation.

The essential goal of inflammatory reactions is to eliminate haz-
ardous factors, which in the case of infection are microbes [57].
The contribution of the complement system is necessary to achiev-

ing this goal. When invading pathogens are successfully eliminated
through innate and/or adaptive immune responses, acute inflam-
mation subsides. Regulatory complement proteins can immedi-
ately shut down the activation process in the absence of threaten-
ing infection. However, under unfavourable circumstances,
pathogens can escape surveillance by the immune system. In these
situations, the ‘frustrated’ inflammatory response continues its
efforts to neutralize the danger, leading to the destruction of host
tissue and further exacerbation of inflammation [58]. This large-
scale inflammatory response, currently referred to as SIRS, is a
hallmark of sepsis. When this response occurs, a steady activation
of complement and the release of other inflammatory mediators,
combined with an inability to destroy pathogens, creates a vicious
circle leading ultimately to multiple organ dysfunction and
immunosuppression [59]. Disturbances in various organ and cir-
culatory system functions accompany severe sepsis. At this stage,
the decline in the overall condition of the patient and a decrease in
the patient’s ability to cope with the existing infection together facil-
itate the spread of microbes, contributing to a worsening of the
individual’s clinical status. With severe sepsis, the prognosis is
poor, and the risk of septic shock becomes higher.

A crucial requirement for successful sepsis therapy is the
capacity to break this vicious cycle of progressive infection and
exacerbating inflammation. The most effective way to do so is
through elimination of the infectious agent. In many cases, ther-
apy based on the empiric selection of antibiotics is sufficient to
prevent severe sepsis complications. However, early surgical
intervention is also critical in controlling and eliminating the focus
of infection if sepsis is related to perforation or obstruction of the
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Fig. 1 Activation of the complement system. (A) C1 can bind to various factors to initiate the classical pathway (CP). These include, most commonly,
antibody-antigen complexes, but also danger-associated molecular patterns (DAMPs) such as membrane fragments and proteins associated with tis-
sue damage. C1 also binds to C-reactive protein (CRP) and serum amyloid protein (SAP), which recognize pathogen-associated molecular patterns
(PAMPs) present on the surfaces of many pathogens. Binding by the C1q subunit of C1 activates C1r and C1s, which results in the cleavage of C2 and
C4 by C1s (i ). Binding of mannose-binding lectin (MBL) or ficolins to PAMPs or apoptotic host cells activates MBL-associated serine proteases
(MASPs), which cleave C4 (ii ). The result of activation through either pathway is that C4a is released and C2a and C4b form the CP C3 convertase on
the surface of the pathogen or apoptotic cell (iii ), resulting in cleavage of C3 into C3a and C3b fragments. The alternative pathway (AP) can be initiated
by spontaneous hydrolysis of C3 (‘tickover’) to form C3(H2O) (iv ). C3(H2O) binds to factor B (fB), which is cleaved by factor D (fD) into Ba and Bb frag-
ments, resulting in formation of the initial AP C3 convertase (v). Like the CP convertase, the AP C3 convertase cleaves C3 into C3a and C3b. The ana-
phylatoxin C3a induces chemotaxis and inflammation, while some C3b binds to the cell surface (opsonization) (vi ), which promotes phagocytosis by
CR3-bearing cells. Surface-bound C3b binds to factor B, and the resulting complex is cleaved by factor D to form the AP C3 convertase (vii ). This con-
vertase is stabilized by the binding of properdin (P). Through an amplification loop, the AP C3 convertase cleaves more C3 to augment complement
activation induced by the classical or lectin pathways (viii ). (B) After C3 is cleaved by the CP C3 convertase, C3b binds to the cell surface but also can
bind to the C4b2a complex to form the CP C5 convertase (i ). Similarly, C3b resulting from activity of the AP C3 convertase can bind to C3bBbP to form
the AP C5 convertase (ii ). These convertases cleave C5, leading to the generation of C5a, which acts similarly to C3a to promote inflammation and
chemotaxis, and C5b. C5b is bound by C6 and C7, which can insert into the cell membrane and bind C8. One or multiple C9 molecules then bind, result-
ing in formation of the membrane attack complex (MAC) (iii ). (C) C1 can bind to SIGN-R1 on marginal zone macrophages to result in formation of the
CP C3 convertase, and subsequent C3 cleavage (i ). P can bind directly to C3b through interaction with Neisseria lipo-oligosaccharide (LOS) and, in the
presence of fB and fD, can form the AP C3 convertase (ii ). P from neutrophils can bind to early apoptotic T cells to activate the AP and initiate C3b dep-
osition, facilitating phagocytosis (iii ). Phagocytosis can also be promoted through a direct interaction of P with phagocytes (without complement acti-
vation) when it binds to T cells (iv ). (D) C1 can interact with the Hageman factor fragment, which results in complement activation through the CP (i ).
Thrombin induces C3 cleavage through the CP through the activation of platelets (ii ). Activated platelets release a serine/threonine (ser/thr) kinase that
can phosphorylate (p) C3b to block its cleavage into iC3b by Factor I (fI) (iii ). Plasmin can directly cleave iC3b into C3c and C3dg (iv ). Similarly,
kallikrein and thrombin can directly cleave both C3 (v ) and C5 (vi ) to generate cleavage products.
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gastrointestinal, biliary or urinary tract, or if the abscess, which is
the source of pathogens, requires drainage. Extensive clinical
experience has confirmed that early intervention is essential for
successful therapy [9]. In order to have the best chance of curing
septic patients, appropriate treatment should be introduced before
severe deregulation of the inflammatory response develops.

Currently, therapeutic interventions targeting the complex
network of inflammatory and immune responses appear to be a
risky approach, given that inhibition of these responses may sig-
nificantly impair the ability of the host to naturally cope with
infections [15]. However, the combination of appropriate antibi-
otic therapy introduced early during sepsis combined with inhi-
bition of inflammation in the late stages of the disease process
appears to be a promising mode of treatment of septic patients
in the near future.

Aetiology-dependent mechanisms 
of complement activation in sepsis

Although various factors influence the activation of complement
during sepsis, the specific aetiology of the syndrome in a particu-
lar individual has a decisive impact on the initiation of the comple-
ment cascade. In the last three decades, Gram-positive microor-
ganisms have become the leading etiological factors in sepsis,
with Staphylococcus aureus and S. pneumoniae being the most
commonly isolated pathogens. In the group of Gram-negative bac-
teria, E. coli, Klebsiella spp and Pseudomonas aeruginosa are
unquestionably the leaders [8].

Recently published data from human studies have indicated
that complement activation is initiated differently by Gram-positive
and Gram-negative bacteria that cause bacterial septicemia [60].
In patients with confirmed Gram-positive bacteria-induced sepsis,
there is a significant consumption of C1q, but not MBL, in the
acute phase of the disease; the opposite pattern is seen in sepsis
caused by Gram-negative bacteria. These data suggest that the
classical pathway of complement activation plays an essential role
in the sepsis induced by Gram-positive pathogens. C1q can bind
directly to bacterial surfaces or to immune complexes formed by
bacterial antigens and antibodies. In the case of Gram-negative
pathogens, the activation of complement is induced in sepsis
through the binding of MBL (the lectin pathway) predominantly to
LPS, which is a component of the outer cell wall of Gram-negative
bacteria [60].

This relatively clear picture becomes obscured when we con-
sider other reports relating to the mechanisms of complement
activation by particular species of bacteria. Gram-positive S.
aureus, which has developed numerous mechanisms to evade
complement attack [4], has been reported to activate the comple-
ment cascade through the lectin pathway, with no involvement of
alternative pathway amplification [61]. In line with these findings,
it has also been reported that L-ficolin, which initiates the lectin
pathway, binds to lipoteichoic acid (LTA), a cell wall component

found in a majority of Gram-positive bacteria [62]. Other studies,
however, have suggested that the lectin pathway preferentially
facilitates complement-mediated opsonophagocytosis of the fun-
gus Candida albicans, but not bacteria [63].

Both Gram-positive bacterial strains (e.g. S. aureus and S.
pneumoniae) and Gram-negative E. coli have been shown to acti-
vate the C1q-dependent classical pathway [63]. In accordance
with these findings, the classical pathway of complement activa-
tion has been shown to be essential for innate immune responses
to S. pneumoniae. Interestingly, studies using various comple-
ment-deficient mouse strains and mice lacking secretory IgM have
demonstrated that the proportion of a population of S. pneumo-
niae bound by C3 depends on the classical pathway, whereas the
intensity of this binding is alternative pathway-dependent.

The classical pathway of complement activation is initiated by
the binding of natural IgM to S. pneumoniae surfaces. The lack of
IgM in deficient mice results in rapidly progressing sepsis and
alterations in macrophage function [64]. However, it appears that
an antibody-independent mechanism of classical pathway activa-
tion by S. pneumoniae is equally important. As described earlier, it
has recently been reported that the direct binding of C1q to SIGN-
R1, a C-type lectin that is an uptake receptor expressed at high 
levels by spleen marginal zone and lymph node macrophages,
contributes significantly to complement activation and opsoniza-
tion of S. pneumoniae by C3 cleavage products [30].

A detailed discussion of the large number of other studies
investigating the mechanisms of complement activation by various
pathogens goes far beyond the scope of this review. However, the
overall picture that emerges from these investigations indicates the
enormous diversity in the mechanisms of complement activation
that contribute to the response to infection. It appears that the simple
assignment of a single pathway to particular pathogen is an inap-
propriate approach that can lead to an oversimplification of this
process. In addition, activation of complement can also be
enhanced in a pathogen-independent manner by acute phase pro-
teins, whose levels increase during sepsis. For example, as men-
tioned earlier, the acute phase protein CRP can bind to C1q, and
this interaction triggers the classical pathway [29].

Sepsis-associated coagulopathy 
and complement activation

Coagulation is generally activated during the course of sepsis
[65]. Sepsis-associated coagulopathy can occur in various forms,
including disseminated intravascular coagulation (DIC), a particu-
larly severe complication that significantly and adversely affects
the prognosis in sepsis [66]. DIC is a condition in which an
increased tendency toward coagulation leads to the formation of
multiple thrombi in the microcirculation. This massive formation
of thrombi is responsible for the consumption of clotting factors,
which in turn leads to haemorrhagic diathesis [67]. Clinical 
studies have suggested that DIC contributes to the development of 
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multi-organ dysfunction, ultimately increasing mortality in patients
with sepsis. In addition, treatment regimens that attenuate coagu-
lation have been postulated to improve overall survival [68].

Increased thrombogenicity in sepsis is a result of the upregu-
lation of tissue factor (TF) expression on circulating leukocytes
and endothelial cells in the blood. Under normal physiological
conditions, contact between TF and blood clotting factors is
largely prevented by anatomical barriers, and leukocytes and
endothelial cells do not express TF. However, when these cells are
stimulated by inflammatory mediators, including complement
effectors, they become key contributors to the increased tendency
toward clotting in various clinical conditions that are associated
with inflammation [39]. Several studies have demonstrated that
complement activation can be triggered by the activation of the
coagulation or contact systems [40], as described in the previous
section of this review. Thus, cross-talk between the coagulation
and complement systems represents another way of amplifying
complement activation in sepsis.

Concluding remarks

The existence of rare human complement deficiencies and the
results of various animal studies have established an essential role

for the complement system in the defence against infections,
including those that may eventually lead to sepsis. Complement
creates several barriers that prevent the spread of microorgan-
isms and contribute to their clearance. At virtually every step in the
development of the infectious process, including the activation of
adaptive immunity, complement proteins are engaged in the battle
against pathogens. These multiple tasks require prompt and effi-
cient activation of the complement cascade in coordination with
other immune mechanisms, resulting in the generation of a num-
ber of effector molecules that participate in the response to infec-
tion. This review has highlighted how such activation is achieved
by multiple pathways acting in concert to ensure both the devel-
opment of a response that is proportional to the scale of danger
and a timely delivery of complement effectors to the sites of infec-
tion. It also appears that in addition to the previously well-studied
pathways of complement activation, various newly discovered
mechanisms can either initiate or amplify the activation of the
complement cascade in sepsis.
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